

  ijms-21-06726




ijms-21-06726







Int. J. Mol. Sci. 2020, 21(18), 6726; doi:10.3390/ijms21186726




Review



In Vitro Innovation of Tendon Tissue Engineering Strategies



Maria Rita Citeroni 1,*,†, Maria Camilla Ciardulli 2,†, Valentina Russo 1[image: Orcid], Giovanna Della Porta 2,3[image: Orcid], Annunziata Mauro 1[image: Orcid], Mohammad El Khatib 1[image: Orcid], Miriam Di Mattia 1[image: Orcid], Devis Galesso 4[image: Orcid], Carlo Barbera 4, Nicholas R. Forsyth 5[image: Orcid], Nicola Maffulli 2,6,7,8[image: Orcid] and Barbara Barboni 1[image: Orcid]





1



Unit of Basic and Applied Biosciences, Faculty of Bioscience and Agro-Food and Environmental Technology, University of Teramo, 64100 Teramo, Italy






2



Department of Medicine, Surgery and Dentistry, University of Salerno, Via S. Allende, 84081 Baronissi (SA), Italy






3



Interdepartment Centre BIONAM, Università di Salerno, via Giovanni Paolo I, 84084 Fisciano (SA), Italy






4



Fidia Farmaceutici S.p.A., via Ponte della Fabbrica 3/A, 35031 Abano Terme (PD), Italy






5



Guy Hilton Research Centre, School of Pharmacy and Bioengineering, Keele University, Thornburrow Drive, Stoke on Trent ST4 7QB, UK






6



Department of Musculoskeletal Disorders, Faculty of Medicine and Surgery, University of Salerno, Via San Leonardo 1, 84131 Salerno, Italy






7



Centre for Sports and Exercise Medicine, Barts and The London School of Medicine and Dentistry, Mile End Hospital, Queen Mary University of London, 275 Bancroft Road, London E1 4DG, UK






8



School of Pharmacy and Bioengineering, Keele University School of Medicine, Thornburrow Drive, Stoke on Trent ST5 5BG, UK









*



Correspondence: mrciteroni@unite.it; Tel.: +39-(347)-940-0970






†



These authors contributed equally to this review.









Received: 19 August 2020 / Accepted: 7 September 2020 / Published: 14 September 2020



Abstract

:

Tendinopathy is the term used to refer to tendon disorders. Spontaneous adult tendon healing results in scar tissue formation and fibrosis with suboptimal biomechanical properties, often resulting in poor and painful mobility. The biomechanical properties of the tissue are negatively affected. Adult tendons have a limited natural healing capacity, and often respond poorly to current treatments that frequently are focused on exercise, drug delivery, and surgical procedures. Therefore, it is of great importance to identify key molecular and cellular processes involved in the progression of tendinopathies to develop effective therapeutic strategies and drive the tissue toward regeneration. To treat tendon diseases and support tendon regeneration, cell-based therapy as well as tissue engineering approaches are considered options, though none can yet be considered conclusive in their reproduction of a safe and successful long-term solution for full microarchitecture and biomechanical tissue recovery. In vitro differentiation techniques are not yet fully validated. This review aims to compare different available tendon in vitro differentiation strategies to clarify the state of art regarding the differentiation process.
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1. Introduction


Tendons connect muscles to bones and allow movements. Lesions and inflammation can occur in tendons because of mechanical stress, aging, genetic predisposition, or lesions and inflammation [1]. Tendinopathy is term used with refering to tendon disorders, and it is a generic descriptive term for the clinical condition in and around tendons arising from overuse [1]. The major conditions affecting tendons are tendinitis and tendinosis; the first is characterized by inflammation and pain, while the second is probably caused by tendinous degeneration [2]. In tendinopathy, the homeostasis of the tissue may be deeply affected resulting in permanent changes of the native tendon structures and mechanics [3]. Spontaneous adult tendon healing results in scar tissue formation and fibrosis, and it is accompanied by alterations in the biomechanical properties of the tissue. Adult tendons have a limited natural healing capacity and often respond poorly to current treatments focused on exercise, drug delivery, and surgical procedures [3]. The incapacity of complete healing derives from the nature of tendon with its poor cellularity, limited vascularization, and low metabolism [3,4]. The cellular component of the tendon is very low, and with age, it tends to diminish and change in morphology, with loss of stemness markers [5,6,7]. As the tendon is a mechanosensitive tissue and extracellular matrix (ECM) remodeling is influenced by mechanical stimulation [8,9], prolonged rehabilitation is considered a valid alternative to surgery that offers great support and is more efficient than pharmacological therapy. Regeneration, studied in fetal healing, is characterized by restoration of the native structural and functional properties of the tissue, without scar formation [10]. Therefore, it is of great importance to identify key molecular and cellular processes involved in the progression of tendinopathies and in tendon response to them to develop effective therapeutic strategies and drive the tissue toward regeneration. Unfortunately, the understanding of tendon biology and healing is incomplete, and the development of innovative treatment modalities is still lagging behind increasing demands [1]. To treat tendon diseases and support tendon regeneration, cell-based therapy, as well as tissue engineering approaches, are now considered as potential approaches to reproduce a safe and successful long-term solution for the full microarchitecture and biomechanical tissue recovery. The first step prior to any stem cell-based procedure or tissue-engineered approach to improve tendon healing and regeneration in vivo is the in vitro model. In vitro techniques are fundamental to:




	
Identify and/or compare the tenogenic plasticity of different stem/progenitor cell sources,



	
Define and drive cell mechanism and environmental conditions leading tenogenesis,



	
Control step-wise signaling molecules and pathways,



	
Direct stem cell pre-commitment before transplantation (reducing tumorigenic risks with embryonic stem cells (ESCs), unwilling differentiation path of mesenchymal stem cells (MSCs) or to increase tissue integration),



	
Study the tenogenic properties of stem cells,



	
Test teno-inductive properties of new scaffolds,



	
Validate biomechanical teno-inductive stimuli.








At this current time, in vitro differentiation techniques are not yet validated. This review aims to compare available in vitro tendon differentiation strategies to clarify the state of art with respect to a differentiation process that remains an open biological challenge for researchers, bioengineers, and clinicians. We will begin with tendon structure, functions, and biology before describing different sources of stem cells, and finally proceeding with collating the most used tendon-inductive techniques (hypoxia, physical stimuli, biomaterials, growth factor, and co-culture) (Figure 1).



1.1. Tendon Structure


Tendons are fibro-elastic structures that connect muscles to bones or other insertion structures, have a high resistance to mechanical loads, and allow the conduction, distribution, and modulation of the force exerted by the muscles to the structures to which they are connected. The point of union with the muscle is the myotendinous junction, whereas the point of union with the bone is the osteotendinous junction or enthesis. Healthy tendons have high strength and minimal elasticity to resist mechanical loads. Human tendons rupture happens at 8% strain, while 4% strain produces plastic deformation. Tendons are made up of millions of a “base unit”, the fascicle, which consist of twisted bundles of collagen fibrils, whose number and thickness determines the final size of the tendon [11].



1.1.1. Paratenon, Epitenon, and Endotenon


Tendons are surrounded by a loose areolar connective tissue called paratenon, whose main components are type I and type III collagen fibrils, elastic fibrils, and synovial cells lining the inner surface of the paratenon. It is elastic, and allows free movement of the tendon with respect to the surrounding tissues.



The epitenon is a thin connective tissue sheath that surrounds the entire tendon below the paratenon that contains the vascular, lymphatic, and nervous structures. The epitenon and paratenon together are often defined as the peritendon.



The epitenon on its inner surface is in contact with the endotenon, which wraps around the collagen fibers themselves and contains the blood vessels, nerves, and lymphatics [12].




1.1.2. Tendon Properties


The structure of tendons is organized to provide resistance against longitudinal stresses generated by muscles. Microscopically, healthy tendons are dense connective tissues predominantly composed of parallel, closely packed collagen fibers and cells within a well-ordered extracellular matrix (ECM). Collagen represents the major component (60% to 85% dry weight) of the ECM, collagen type I being the most abundant and responsible for the fibrous structure [12]. In the tendon, collagen molecules are arranged in a hierarchical manner. Collagen is alternated with the ground substance, a less fibrous and high hydrated matrix (Figure 2) [13]. This organization is called fiber composites, and collagen is structured in an aligned fiber composite in each level of hierarchical levels from nano- to macro-scale. Collagen type I molecules aggregate to form collagen fibrils, the basic nanostructural tendon unit. In particular, the soluble form of tropocollagen molecules crosslinks in order to produce insoluble collagen molecules that gradually aggregate into defined units, which are clearly visible under the electron microscope and referred to as collagen fibrils. Bundles of fibrils form fibers, which become fiber groups, into fiber bundles or fascicles. Collagen fascicles are aligned in the direction of force application [14]. Each fascicle is surrounded by a connective tissue compartment (endotenon) to form larger bundles that are surrounded by another connective tissue sheath (epitenon), where nerves, blood vessels, and tendon stem/progenitor cells are situated.



The collagen fibers are spatially organized in a different manner according to the various structures that make up a tendon: those in the epitenon have a mainly longitudinal path, while in the peritenon, they become oblique and transverse, and finally, in the endotenon, they have a complex three-dimensional structure [15].



The complexity of a tendon structure is very important where its basic function is to transmit the force created by the muscle to the bone to make joint movement possible. This is determined by the macro and complex microstructure of tendons and tendon fibers. During the various stages of the movement, tendons are exposed to longitudinal, transverse, and rotational forces. In addition, they must be able to withstand the contusion and compression. The three-dimensional internal structure of the fibers forms a buffer system against the forces of various directions and thus prevents damage and breakage of the fibers. The alteration of the physical forces that influence a tendon in increasing or reducing stress or compressive load causes a marked and predictable change in the tendon composition and structure. In general, stress segments may have greater responsiveness and regeneration than pressure areas. This may partly explain the clinical problems encountered in the treatment of tendon injuries within the tendon sheath.



Tendon cells, which are localized in the tendons ECM, are key players in growth, maintenance, ECM synthesis and turnover, homeostasis, and remodeling in the case of minor or more severe disturbances to tissue. Mature tendons contain predominantly tenocytes and tenoblasts, which account for around 90–95% of the cell population [3].



Since there is no specific marker for these cells, the terms simply refer to cells of different shapes [16]. Tenocytes are spindle-shaped, fibroblast-like cells with elongated nuclei and a thin cytoplasm that form a complex network of cytoplasmic processes that link adjacent cells via gap junctions [5,17]. Gap junction communication is essential to create networks amongst tenocytes that can exchange ions and small molecules (<1 kDa), ensuring electrical coupling [18] and facilitating the diffusion of signaling and nutrients in this poorly vascularized tissue [19]. Gap junction communication in tendons allows the coordination of synthetic responses to mechanical stimuli (i.e., mechanotransduction). Tenocytes are terminally differentiated cells typically anchored to the collagen and located throughout tendon tissue. Fully differentiated tendon cells (tenocytes) are localized between the collagen fibers [1]. The resident tenocytes finely regulate the anabolic and catabolic processes taking place in the extracellular matrix, and they mediate tendon repair by a complex modulation of tendon homeostasis. Recently, specific miRNAs have been described for tendon matrix healing and regeneration [20].



Tenoblasts are relatively round cells with larger ovoid nuclei contained mainly in the endotenon [16]. They are immature tendon cells that give rise to tenocytes. It is suggested that tenoblasts are dominant in young tendons and that they transform into tenocytes during maturation and aging [21]. Resident tendon stem/progenitor cells (TSPC) have been recently characterized in tendon tissue of several species [22,23,24,25]. TSPCs represent 1–4% of tendon resident cells, and they exhibit the same characteristics as adult mesenchymal stem cells (MSC) [25]. TSCPs can be sorted on CD44 positivity [26] and express MSC markers Stro 1 and CD146 and tenogenic markers α-smooth muscle actin (α-Sma) and tenomodulin (Tnmd) [21,27,28]. The characteristics of this cell population are affected with age; in particular, their number and self-renewal potential decrease with time [26]. This could explain the low ability of adult tendons to spontaneous healing.




1.1.3. Tendon Components


Tendons are a fibrous connective tissue formed mainly by collagen fibers, which determine mechanical and physiological properties, and elastin fibers that give it elasticity [29]. Collagen and elastin are immersed in a matrix of proteoglycans and water, where the collagen is 60% to 85% of the dry mass of the tendon, while the elastin is just 2% [30]. Collagen type I is the predominant protein, with small amounts (about 5%) of collagen type III and type V.




	(1)

	
Collagen









The basic unit of collagen type I is formed from tropocollagen, which is a protein made by three polypeptide chains that give rise to a right-handed triple helix. The alpha chains of collagen are characterized by a specific repeating triplet of amino acids: glycine, proline and 4-hydroxyproline. The glycine residue, every three positions, allows the spiraling of the chains, while the other two amino acids stabilize the helix through the formations of hydrogen bonds. The presence of hydroxylysine is also essential for the formation of intermolecular cross-links, which are responsible for the high tensile strength of collagen fibers [31]. The hydroxylation of proline and lysine residues, having fundamental importance for the stabilization of the tendon structure, takes place through specific enzymes (hydroxylase) utilizing as a cofactor vitamin C, which is an essential micronutrient for the health of the tendon.



Collagen degradation is provided by collagenases that cut the alpha chain collagen, leading to despiralization and denaturation of the molecules that occur through cathepsin G, chymotrypsin-like, and elastase proteolytic enzymes [32].



Collagen type III is the second most abundant matrix collagen protein component, and it regulates the size of type I collagen fibrils during collagen fibrillogenesis [32]. It could be found also in the endotenon [33], but its function is still unknown.



In the center of collagen I fibrils, there is collagen type V, which is probably involved in fibrillogenesis [34]. Low amounts of non-fibrillar collagens are found in tendons such as collagen type VI in the pericellular matrix. Collagens types XII and XIV provide a connection between type I collagen and other matrix molecules, and they have a role in the tendon development process [35].




	(2)

	
Elastin









Elastin, the most abundant and core protein of elastic fibers, is an essential structural constituent of tendons responsible for maintaining structural integrity and elasticity during normal function, allowing the tissue to return to its original shape once subjected to tensile force or strain. In some tendons, elastin acts to increase the efficiency of locomotion by stretching and storing energy during landing, which it can release later during the locomotion cycle [36]. In addition, it allows the return of the tissue to its original shape without energy input, which is extremely important during regeneration. Elastin is composed of amino acids glycine, valine, alanine, and proline, which form the basic units of tropoelastin, and they are joined together by covalent bonds to give a strong and elastic structure [29]. Elastogenesis is the process responsible for the formation of elastin within the elastic fibers. However, even if elastin is considered one of the most stable proteins in the body due to its highly resistance to proteolytic degradation, its turnover is limited to the physiological reduced postnatal elastogenesis, making the regeneration of the elastic fibers extremely compromising [37]. Moreover, with aging, elastin content is reduced, which may contribute to increasing tendon stiffness and reduce its resilience, leading to a complete tendon regeneration failure [38].




	(3)

	
Proteoglycans









The most abundant tendon non-fibrous protein is proteoglycans, and they are the 1–5% of the tendon dry weight. They have a core protein attached to one or more polysaccharides called glycosaminoglycan (GAG), which are negatively charged and attract water into the tendon [13]. Decorin is the most abundant proteoglycan and represents 80% of the total proteoglycan. Decorin has an important role in fibrillogenesis during development and maturation. Together with biglycan and lumincan, decorin is involved in the early stage of development [39]. Decorin also influences the mechanical properties of tendons, transferring the load to collagen fibrils and promoting slides between fibrils [13,40]. Tendons, as well as cartilage and bone, are also rich in other GAGs such as chondroitin sulfate [41].




	(4)

	
Glycoprotein









Glycoproteins are glycosylated proteins that have a similar structure to proteoglycans with less branched components. These structural proteins create a “bridge” between the molecules present in the ECM and the cell component present in the same matrix [4,29]. The most represented glycoprotein in tendons is cartilage oligomeric protein (COMP). It is located in the inter-fibrillar matrix, but it is not present in the endotenon [33]. COMP’s role is uncertain; as knockout mice did not show any tendon defect [42]. Another glycoprotein present in tendons in low quantity is Tenascin-C (Tnc), which is composed of six subunits bound together by N-terminal inter-chain cross-links. It may have a role in tendon elasticity, as it is present in the tendon region submitted to high forces, and its levels are modulated by mechanical stress [43].




1.1.4. Tendon Vasculature


Tendons are vascularized, but less than muscles and ligaments, and the level of vascularization depends on the structure and site. Nutrients can also reach tendons due to the diffusion of synovial fluid that provides a significant amount of nutrients for many tendons [44]. The tissues enclosing and surrounding the tendon provide cellular and vascular factors that are useful for healing and the nutrition of the internal tissue. During development, tendons are supplied with a rich capillary network and have high cellular and metabolic activity [5,45]. However, mature tendons are poorly vascularized [46]. Blood vessels are generally arranged longitudinally within the tendon, passing around the collagen fiber bundles in the endotenon [5,47].



Angiogenesis is regulated by a series of growth factors and cytokines whose role is not yet well identified in normal, injured, and healing tendons [48,49]. Vascular endothelial growth factor (VEGF) has the key role in tendon healing, as it is expressed in early stages of the healing process [48]. VEGF is also a key element of homeostasis restoration during regeneration, and it contributes to the ECM biomechanical properties [50]. Active angiogenesis is required for the formation of the intravascular plexus after injury during the formation of granulation tissue, but for the complete recovery of the biomechanical properties, a specific blood vessel network must be formed to replace the vascular plexus [51].



In this context, it has been demonstrated with stem-cell based therapies conducted on experimental injured tendons that amniotic epithelial stem cells (AECs) induce healing through a rapid blood vessel regression and remodeling that promotes a regenerative program [50,52]. Even if the angiogenetic mechanisms involved in tendon healing remain unknown, they can be related to the modulatory influence of AECs on VEGF expression/synthesis and/or to the widespread anti-inflammatory effects promoted in situ. A prompt VEGF inhibition represents a positive event to maintain/reach tendon homeostasis [50,52].



VEGF gene therapy was applied to improve tendon vascularization [53,54]. VEGF165-transfected bone marrow-derived MSCs significantly promoted angiogenesis during graft remodeling of anterior cruciate ligament reconstruction, allowing restoration of the mechanical properties in rabbits [55].



VEGF is also demonstrated to have a role in sustaining the protection and survival of tendon cells [56]. Healthy human tenocytes express several VEGF isoforms [56], and VEGFA mRNA is strongly upregulated following hypoxia under both low- and high-serum conditions. Additionally, VEGF protein released in culture medium increased fourfold by anoxia, exercising a rescue role from cell death [56].



There is a paucity of literature concerning the distribution of receptors for potential angiogenic growth factors, such as those for VEGF (VEGFR-1, VEGFR-2, and VEGFR-3). An understanding about these growth factors and their receptors would help to further determine the role that they play in tendon injury and pathology.




1.1.5. Tendon Innervation


Tendon innervation regards the surrounding structures that comprehend paratenon, endotenon, and epitenon. The tendon proper has non-innervation. Nerves in tendons are characterized by a low degree of myelinated nerves fast transmitting Aα- and Aβ-fibers and by a higher degree of unmyelinated, slow transmitting Aγ-, Aδ-, B- and C-fibers [57]. The nerves that end with Aα- and Aβ-fibers are nerve types I–III and mediate mechanoreception, while nerves that end Aγ-, Aδ-, and C-fibers are type IVa, and they are called nociceptors. Nociceptors mediate deep tissue pain and hyperalgesia, which is responsible for the pain in tendinopathy. The autonomic nerves ending with B-fibers are made of type IVb fibers, and they are mainly localized in the walls of small arteries, arterioles, capillaries, and post-capillary veins exerting vasomotor actions [58]. The peripheral nervous system is involved in the regulation of various efferent physiological responses.



Indeed, the nervous system plays an important part in pain regulation, inflammation, and tendon homeostasis. This neuronal regulation in healthy and damaged tendons is mediated by three major groups of molecules, including opioids, neuroregulators, autonomous, and excitatory glutamatergic neurotransmitters, which act on cell proliferation, the expression of cytokines and growth factors, inflammation, immune responses, and hormone release [58].



After tendon injury and during the healing phase, there is an extensive nerve in-growth in the tendon proper, followed by a time-dependent different neuronal release that is autonomous and glutamatergic, which amplifies and regulates inflammation and tendon regeneration [59].



In particular, substance P (SP) and calcitonin gene-related peptide (CGRP), are supposed to be stimulators of cell proliferation and stem cells recruitment because of their presence in sprouting free nerve in fibroblast during tendon healing [60,61]. They also stimulate the proliferation of endothelial cells [62,63], suggesting a role in angiogenesis [58].



However, if in damaged tendons there is an excessive and prolonged presence of sensory and glutamatergic neurotransmitters, this condition suggests an association with inflammatory and hypertrophic responses of the tissue, followed by an abnormal augmentation of sprouting sensory nerves and SP expression supposed to trigger pain signaling and hyper-proliferative/degenerative events associated with tendinopathy [64]. In the future, pharmacotherapy and tissue engineering strategies selective for neuronal mediators and their receptors could be used as effective therapies for tendon disorders [65].





1.2. Tendon Function


The tendon’s function is to transmit force from muscle and absorb external forces, limiting the damage to them [66]. They exhibit high mechanical strength, good flexibility, and an optimal level of elasticity in playing their unique role. Tendons are viscous elastic tissues that show stress, relaxation, and slow movement [67].



The mechanical behavior of collagen depends on the number and types of intramolecular and intermolecular bonds [68]. At rest, the collagen fibers and fibrils show a curled configuration [69]. The initial concave portion of the curve (“start”), where the tendon is brought to a 2% level of stress, is the lowering of the curled model. Beyond this point, the tendons are deformed into a linear style as a result of an intramolecular sliding of collagen triple helices, and the fibers become more parallel. With a mechanical stress below 4%, the tendon behaves as an elastic, returning to its original length. When stress is above 4%, microscopic damage can occur. Micro stress damage ranging from 8% to 10% occurs intra-fibril with a molecular slip [70]. X-ray diffraction studies show that the elongation of collagen fibrils initially occur as a result of molecular elongation, but the space between the molecules increases with the stress augmentation, resulting in slippage of the adjacent lateral molecules [71]. After this, the full damage occurs rapidly, and the fibers quickly entangle on themselves.



The breaking strength of tendons is related to their thickness and collagen content. A tendon with an area of 1 cm2 can support a weight that varies from 500 to 1000 kg. During activities such as jumping and lifting weights, tendons are intensely stressed [72]. It was measured that the Achilles tendon was submitted to a force corresponding to 12.5 times the body weight during a race [73].



The primary function of the tendon is to transfer force generated by muscle contraction to the skeleton, facilitating movement around joints and positioning the limbs, playing an important role in locomotion [74,75]. For efficient function, tendons must be strong and stiff under uniaxial tension, but also they have to retain viscoelasticity properties [76,77]. Tendon composition and the hierarchical organization of structural molecules in the ECM confer these properties to the tissue.



The correct orientation of collagen molecules within the fibrils is responsible for the high mechanical strength of the tendon. The fibrils are stabilized by chemical cross-links between collagen molecules [78,79,80]. These cross-links are formed by lysyl-oxidases that exert their enzymatic activity on specific lysine and hydroxylysine residues at the ends of the collagen molecules in the telopeptide regions, increasing the mechanical strength of the collagen fibrils [81]. At first, reducible cross-links connect two amino acids [80]. As the tissue ages, these combine with another adjacent amino acid to form mature trifunctional cross-links. The best-characterized mature cross-links are hydroxylysylpyridinoline. The amount of hydroxylysylpyridinoline in a given connective tissue is related to its mechanical function [79]; tendons have a high hydroxylysylpyridinoline content compared with other soft tissues [82], although there are substantial differences between the different types of tendons [34]. The hydroxylysylpyridinoline content does not change significantly after skeletal maturity, and these cross-links probably do not contribute to the altered physical properties of ageing tendons [83].



Some tendons are energy-storing structures, since they have the supplementary role of managing energy expenditure in humans and animals [74,84]. Compared to positional tendons (i.e., equine common digital extensor tendon (CDET) and human anterior tibialis tendon), energy-storing tendons (i.e., equine superficial digital flexor tendon (SDFT) and human Achilles tendon) are more elastic and extensible. Indeed, being subjected to high strains, they are required to stretch and recoil. Maximum in vivo failure strain for the CDET is 2.5% [85], which is almost 4 times lower than the 9.7% estimated in vitro for the SDFT [86]. By contrast, in vivo strain of 16%, recorded in the SDFT during gallop [87], is similar to the failure strain of 15–17% measured in vitro [77,88]. However, despite the SDFT having a very low safety margin, some horses compete in very top-level races without ever suffering from a tendon injury.



The calf muscles act on the Achilles tendon during contraction, determining the plantar flexion of the foot. Standing on the toes, walking, running, and jumping all depend on this contraction. The Achilles tendon sustains the person’s entire body weight during each step, so it may be subjected to substantial forces connected to speed, stride, terrain, and additional weight being carried or pushed [88]. To various degrees, tendons store elastic energy, and the Achilles tendon has been shown to be specialized in this very important capability. It has been demonstrated that the shorter the time between the switch from dorsi- to plantarflexion, the greater the elongation of the tendon. Furthermore, the higher the switch frequency, the greater the increase of the work loaded onto the tendon [89]. Dorsiflexion of the foot, immediately followed by plantarflexion (i.e., in walking, running and jumping), has been shown to store and release more elastic energy to the tendon, compared to the solely plantarflexion, which is probably because of the nearly isometric work of the muscle fibers of the calf during the switch [90]. This demonstrates that the coordination of structural elements in the muscle and tendon is important to withstand the very rapid force shifts present in these tissues. Thorpe et al. [14] reported that energy-storing tendons exhibit a specialized endotenon with low stiffness and fatigue resistance, which may enhance tendon elastic behavior in order to stretch and recoil efficiently. With aging, endotenon loses these characteristics, especially in energy-storing tendons, making them more prone to injury [91].



This could be also due to the fact that elastin, which localizes in the endotenon of energy-storing tendons, reduces in quantity and becomes more disorganized with aging [38].



Furthermore, tendon is a viscoelastic tissue, meaning it combines viscous and elastic behaviors. Tendon viscoelastic behavior [70,92] depends on age and activity, and it derives from a network of interactions that involves collagenous proteins, water, collagens, and proteoglycans. The unloading curve of a viscoelastic material/tissue does not proceed along the loading curve, and the material/tissue will not return to its initial shape and dimension immediately upon the removal of the applied deformation. In respect to this behavior, known as hysteresis, the area between the loading and unloading curve represents the amount of energy lost during the cycle. In viscoelastic materials, the hysteresis is considerable, and a lot of energy is lost during loading. It is generally thought that hysteresis derives from the reorganization of the multilevel fibers composite structure, with a water movement through the tissue [13].



Tendon development, homeostasis, pathology, and injury healing are driven by applied mechanical loads [93]. Mechanical forces are translated, by means of mechanotransduction processes, into biochemical signals that are able to activate and control key signaling pathways into tendon cells [94,95]. However, if on the one hand normal mechanical loads are essential for appropriate tendon development/maintenance and to induce anabolic responses in tendon cells [95], on the other, abnormal mechanical forces cause pathological conditions (such as tendinopathy), determining the cellular catabolic adaption of the tendon [1,96].



Mechanical in vitro tests on tendons involve separate clamps to grip the isolated tendon sample, ensuring it firmly. The tendon is loaded along its longitudinal axis, and the force and displacement are recorded at a constant speed until the tissue fails. Tendon mechanical response is described plotting the applied extension and the resulting force as a stress–strain curve. The stiffness of the samples is represented by the slope of the curve: for a stiffer tendon, a steeper gradient indicates greater forces to extend the sample [97].



In a typical stress–strain curve, three distinctive regions can be identified (Figure 3). (1) First, there is a toe region that indicates the stretching out of the crimped pattern of the collagen fiber bundles, which is visible by polarized light microscopy. This crimped configuration, not observable under tension, acts as a buffer against fiber damage and reappears only when the stress stops and the stretched collagen bundles back to the resting state, thanks to the elastin fibers in the ECM [98]. (2) The toe region is followed by a linear region. The slope of this region is constant and represents the stiffness, or Young’s modulus. At this point, the collagen fiber bundles have no longer a crimped configuration. (3) Lastly, there is a failure region where the collagen fibers fail, leading tendon tissue to rupture. Therefore, the mechanical characteristics of the collagen fibers are directly correlated to the mechanical properties of the tendon [99]. Up to 4% elongation, a series of stretches reproduce the stress–strain curve, but when this limit is exceeded, the crimped configuration undergoes subsequent deformations not reproducing the original curve. Eight percent elongation or more, caused by acute stress, leads tendon tissue to rupture [23].



The initial concave portion of the curve (toe region), where the tendon is brought to a 2% level of stress, is the lowering of the curled model.



Recently, mechanical characterization methods have focused on an in vivo analysis of tendon mechanics, in particular about Achilles tendon mechanics. Achilles tendon mechanical properties are usually studied under an applied load. Ultrasound is used to measure the stretching, which is obtained when the muscles apply a force to the tendon [101]. However, this is feasible only for superficial tendons, focusing the in vivo studies on the Achilles or patellar tendons. The movement of the tendon-to-muscle interface is tracked by means of ultrasound within the calf, establishing tendon extension and length. Motion markers are usually arranged on a known location (the calcaneus) to check undesired movements during measurements.



This provides a considerably more representative measure of stiffness during the tendon loading range [102].



The function, age, sex, location, and species of individual tendons define their specific physiological loads. Moreover, tendon tissue is not isolated, but it communicates with both bone (enthesis) and muscle (by means of the myotendinous junction). In these transition regions, the tissue composition, material properties, and strain distributions can vary [103], often constituting the initiation sites of tendon injury, with following modifications in the cellular/matrix response [104]. The precise loading levels required for tendon repair and the exact level of stimulation (magnitude, frequency, and duration) required for tendon homeostasis remain unknown, but the comprehension of these aspects is essential to know the mechanobiological stimuli required to induce anabolic activity or reduce catabolic activity in tendon tissue [94].




1.3. Tendon Biology


Tendon biology is an essential key to understanding the mechanisms involved in tendon differentiation. However, little is known about tendon ontogenesis and development.



Tendon is a dynamic tissue that continually remodels itself from prenatal to postnatal life throughout adulthood and aging.



In prenatal lifetime, during embryogenesis, cartilage develops from sclerotome and muscle from myotome, while tendon ontogenesis derives from the dorsolateral sclerotome, which is called the syndetome [105]. This compartment was identified thanks to the discovery of the beta helix–loop–helix transcription factor Scleraxis (Scx) [105,106], which is an early marker of tendon development and differentiation [107,108].



Tendon specification happens firstly with the appearance of progenitor cells and secondly with the commitment and differentiation as a consequence of signaling cascade [109].



The first tendons in mice embryogenesis appear around embryonic day E9.5–12.5. These are the axial tendon progenitors that connect muscles to the spinal column. These tendons originate from the syndetome and express the beta helix–loop–helix transcription factor Scx [108].



The role of surrounding cells is crucial to drive tendons’ differentiation. In fact, the final commitment to tenocytes comes from the signal of the upper myotome that, after somite formation, expresses myogenic factor 5 (Myf5) and myoblast determination protein 1 (Myod1) in the muscle progenitors. Additionally, to controlling muscle specification, Myf5 and Myod1 are responsible for the activation of fibroblast growth factors (FGFs), whose signaling pathway induces Scx in the dorsolateral sclerotome of mouse [110].



Limb tendons develop differently when compared to the cells from which derive axial tendons. In fact, tendon progenitor cells of the limb tendons do not have a specific location in the somite, but they are localized around the lateral plate mesoderm and they are mixed with myoblasts [111,112]. FGF and transforming growth factor superfamily proteins (TGF-β) have been reported to be inducers of limb tendons [113,114,115]. TGF-β is a key signal in tenogenesis. In fact, double mutant TGFβ 2−/−/TGFβ 3−/− mouse embryos lose tendons and ligaments in the limbs, trunk, tail, and head [116]. Recently, a new transcription factor, Mohawk (Mkx), was found to be responsible for the promotion of tendon lineage commitment and differentiation influencing the expression of collagen type I, type XIV, and tenomodulin (Tnmd) [117,118,119,120,121,122].



Tnmd is the best-known mature marker for tendons [123,124,125]. Tnmd mRNA expression was detected at day E14.5 corresponding to the differentiation stage of tendon progenitors [115]; however, Tnmd transcript was found already at embryonic day E9.5 [126]. This could mean that Tnmd is not only a mature tendon marker, but it could have a role in tendon development.



Early growth response 1 and 2 factors (Egr1/2) act as molecular sensors for mechanical signals [127] and are involved in collagen maturation and final tendon commitment [117,128,129,130]. Recent evidence has demonstrated that the protein kinase B-mammalian target of rapamycin (AKT–mTOR) axis is essential for tenogenesis. Cong et al. [131] showed its importance in mesenchymal stem cells (MSCs) and tendon differentiation. In particular, AKT–mTOR was found to be involved in collagen production and tendon differentiation, and it is a downstream signaling of TGF-β, which is involved in regulating tenogenic transcription [131].



Tendons differentiation combines the specialization of cellular compartment with the organization of the extracellular matrix (ECM), which is crucial to define tissue biomechanics properties such as elasticity and strength [132].



ECM proteins deposition is led by the transcription factors responsible for tenocytes’ development and differentiation. In particular, Scx has a crucial role in triggering the deposition of collagen type I and II. In fact, the loss of Scx in Scx−/− mutant mice has a negative effect on tenocyte differentiation, resulting in the atrophy of force-transmitting tendons and into a disorganized tendon ECM [133]. Moreover, the expression of the structural collagens, Col Ia1, Col Ia2, Col III a1, and Col XIV a1, is strongly reduced as Scx controls directly collagen transcription [134,135]. In addition, the glycoprotein tenomodulin is downregulated in Scx−/− mutants [133,136]. The loss of Scx also results in alteration at the structural level of tendons, disrupting the sheets surrounding the collagen fibrils [133]. This evidence demonstrates that Scx is involved tendon ECM production, which is necessary for effective force transmission.



Both Egr1 and Egr2 are fundamental for tenocyte differentiation, regulating the tendon ECM and binding to tendon-specific enhancer elements of Col Ia1 and Col Ia2, which are also bound by Scx [129,130,135]. Egr1−/− mutant mice also downregulate Tnmd and these mice, in adult age, heal slowly after tendon injuries [129].



Mohawk is another regulator of ECM deposition. In fact, Mkx−/− mutant mice form normal tendons at first, but later, they show reduced levels of Col Ia1, Col Ia2, Tnmd, fibromodulin (Fmod), and decorin (Dcn) as well as thinning of collagen fibrils [120,121,122]. As well as Scx, Mkx can function as a transcriptional activator after the complexation with proteins receptors of TFGβ super-family Smad 2/3 (the acronym Smad refers to the homologies of the Caenorhabditis elegans SMA and Drosophila MAD), to promote Collagen I a1, Collagen I a2, tenomodulin and decorin expression [118,119].



In postnatal lifetime, tendons retain a small population of cells with stem cell properties, which are called tendon-derived stem/progenitor cells (TSPCs) resident in the tendon stem cell niche. The stem-cell niche has been defined as a specialized microenvironment that maintains a balance of quiescence, self-renewal, and cell-fate commitment of the stem cells it hosts. The stem-cell niche is a 3D structure composed of stem cells, cytokines, and specialized ECM [137].



Bi et al. [21] showed that human and mouse TSPCs resided in a niche environment. In particular, they are localized in the long parallel chains of collagen fibrils and surrounded predominantly by ECM components. TSPCs, isolated from the stem cells niche, show adult mesenchymal stem cell (MSC) properties such as the presence of specific surface antigens, self-renewal, clonogenicity, and three-lineage differentiation capability (adipogenic, osteogenic, and chondrogenic). They also express tendon-related genes such as scleraxis and tenomodulin. In fact, TSPCS were proven able to differentiate into tenocytes in vitro [21,30]. Moreover, Bi et al. [21] demonstrated that ECM changes affect TSPCs’ fate and behavior. Of note, stem cell properties were strictly under the control of an ECM biglycan (Bgn) and fibromodulin (Fmod)-rich niche. Indeed, the depletion of two critical components using mice-deficient models resulted in impaired tendon formation and lower Scx and Tnmd expression. This is a crucial discovery in tendon biology, providing evidence of the existence of a specialized tendon stem cell microenvironment maintaining tissue homeostasis and modulating the inflammatory response, the interaction between cells, and the environment during inflammation [138]. TSPCS opened new perspectives in tendon healing and regeneration strategies even if the key aspect of the reduced availability of autologous tendon tissues continues to limit the practical impact of this discovery.



During life, ECM is continually remodeled in response to mechanical force. In fact, tenocytes actively sense mechanical stimulation, and this leads to changes in gene expression, cytoskeletal organization, and ECM protein secretion [8,9]. Remodeling of the ECM depends on the activities of matrix metalloproteinases (MMPs) and their corresponding tissue inhibitors (TIMPs), as well as disintegrin and metalloprotease with thrombospondin repeats (ADAMTS) proteases [9,139,140,141].



In an ovine model of tendon maturation from fetus to adult lifetime, the cell nuclei morphology, cellularity, PI (proliferation index), and Cxs 43 and 32 (connexins involved in gap junction present mostly in immature tendon) decreased. Moreover, biochemical changes induced a dramatic reduction of ECM molecules, growth factors, such as TGFβ1, vascular endothelial growth factor (VEGF) and nerve growth factor (NGF), as well as blood vessels and nerve fibers in adult tissues [5]. Further, molecular changes in senescent accelerated mouse induced acute tendon lesion [142]. In particular, they demonstrated increased inflammation and decreased tendon remodeling in injured aged tendons. In fact, they found an upregulation of interleukin (IL)-6 in an injured aged mouse, lower levels of tenomodulin and collagen type III, impaired expression of TIMP, and higher metalloproteinases [142]. Alteration in tenomodulin level causes inferior tendon repair process, resulting in adipocyte accumulation and fibrovascular scar formation during early tendon healing [143].



The ability of tendon-derived stem/progenitor cells to differentiate into tenocytes diminishes with age [133,144]. Aging in tendons results in morphological and molecular changes that involve both cells and ECM. In fact, in adult life, tendon becomes a specialized tissue with few cells that reduce their communication and synthetic activity [7]. With aging, TSPCs lose their stem markers, and they undergo a series of changes that affect their healing ability [6].



Taken together, these data suggest that aging affects the ability to repair after injury.



Next to physiological aging, there are a series of pathological situations that affect tendons such as injury or tendinopathy [3].



Thanks to new technologies in proteomics, we know that when tendinopathy occurs, there are changes in the expression of many ECM tendon proteins [3,145]. For example, there is an increase in collagen I and III, metalloproteinase (MMP)-1-9-13, tissue inhibitor of metalloproteinase (TIMP)-1, and VEGF with a decrease in MMP-3 [146].



Tenascin-C expression is sensible to mechanical strain and it is upregulated with tendinopathy. Glycoproteins such as fibronectin and thrombospondin have a role in tendon repair as they are highly expressed during tendon regeneration [3]. Proteoglycans enable the diffusion of water-soluble molecules and the migration of cells into areas of tendon injury. Type III collagen is overexpressed during repair, and it is replaced by type I collagen during post-injury remodeling [147]. The ratio of type III to type I collagen may be an indicator of the tendon repair process [147].



All the evidence collected to date demonstrated that tenogenesis is a stepwise process characterized by sequential markers. Scx is the early marker of tenogenesis, and it is also considered a crucial gene in adult tissue during the early phase of progenitor cell commitment [108] and in modulating tenocyte mechanotransduction. Mendias et al. [148] demonstrated that Scx-GFP mice subjected to a treadmill training program increased gene expression of scleraxis, tenomodulin, and type I collagen [148]. Mutant mice Scx−/− showed alteration in tendon matrix and disorganization that led to an intermixing of tenocytes and endotenon cells. Moreover, these mice had a limited use of paws and were unable to move the tail [133].



Equine tendon fibroblasts exposed to siRNA targeting of Scx showed an impaired ability to migrate on softer surfaces, and they exhibited differences in focal adhesion morphology compared to controls, suggesting a potential role for Scx in modulating tenocyte mechanotransduction [149].



Dyment et al. [150], using a murine patellar defect model and Scx-GFP reporter mice, described an Scx role during the healing process. After injury, the cells of the paratenon that normally do not express Scx migrated toward the defect site and expressed scleraxis and smooth muscle actin alpha by day 7. Cells contained in the injured site displayed an increase of Col I and Col III but a decreased expression of tenogenic transcription factors (Scx and Mkx) and collagen assembly genes (Fmod and Dcn). By contrast, Egr1/2 and Tnc were upregulated. These results suggest that paratenon cells, which normally do not express Scx, turn on Scx as response to an injury, and they deposit matrix to overcome the defect [150]. This evidence demonstrated that Scx is not only involved in tendon development, but it has a role also in adult physiology and illness.



Mohawk can be considered another marker of tendon development as it regulates the deposition of Col I and tenascin C through the binding of Smad3. In fact, Mkx−/− mutant mice show defects in total collagen deposition and a small collagen fibers diameter. Moreover, the tendon tensile strength of mutant mice is decreased, suggesting a role of Mkx in affecting the mechanical properties of tendons [120].



Early growth response 1 and 2 factors (Egr1/2) are involved in tendon differentiation, regulating transcription factors and ECM deposition. In fact, knockout mice display less Scx and Col I expression [130]. Egr also displayed functions in tendons healing as tendon-injured mice, after Egr1-transfected cells, showed an increase in tendon gene expression, including Egr1, Scx, Col I a1, Col I a2, and Tnmd [129].



Furthermore, the mammalian target of rapamycin (mTor) is emerging as an important regulator of tenogenesis. It has a role in tendon differentiation, as it was upregulated in the tenogenesis of MSC [131]. Apparently, it is involved in tendon healing, as it is downregulated in tendinopathy tissue. Moreover, an ablation of mTor in tendons results in less deposition of Col I [131].



Mature tendons are characterized by the expression of tenomodulin and thrombospondin [151].



Tenomodulin was first discovered by Brandau et al. [126] and Shukunami et al. [151], and it is considered a late marker in tendons [136]. Studies demonstrated that Tnmd is downregulated in Scx and Mkx mutant mice, suggesting that in tendon development Tnmd is regulated by these transcription factors [122,133]. Tnmd knockout mice revealed reduced tenocyte proliferation, premature ageing of TPSCs, and abnormal collagen fibrils [123,124].



In human tendon rupture, Tnmd was downregulated, while VEGF and MMP 1, 2, and 13 increased [152]. Tnmd presence has a positive role in tendon and cells function [153].



Thrombospondin (Thbs) is considered another late tendon marker [154]. It was demonstrated that knockout mice displayed abnormal collagen fibrils, glycosaminoglycan modifications, decreased expression of a TGF-β receptor beta-glycan, decreased activity of lipoprotein lipase, and decreased uptake of very low-density lipoprotein (VLDL), and forelimb grip strength was reduced [155]. Thbs has a role in regulating ECM deposition and also in the repair of myotendinous junction (MTJs) [156].



Tenascin C is an important component of the extracellular matrix, and it was found in MTJs [157,158]. Moreover, it could play a role in collagen fibers orientation [157]. Tnc is regulated by mechanic stimulation, and it is upregulated in the case of tendinopathy [158,159,160]. An interesting study of Mehr et al. [160] showed that Tcn mRNA and protein expression was upregulated, in vitro, in the portion of tendon subjected to compression with respect to the portion not directly affected by mechanical stimulation. Moreover, they demonstrated that the Tnc used in culture is able to decrease cell adhesion to fibronectin. All these data suggest that Tnc is modulated by mechanical stimuli and has a role in maintaining the fibrocartilaginous region of tendons [160].



Among tendon markers, Col I and Col III can also be considered. They are the major component of ECM, and their deposition is controlled by transcription factors Scx, Egr1/2, and Mkx [120,130,134]. Collagen content is essential for healthy tendons. In fact, alteration of the Col I and Col III ratio can be an indicator of tendinopathy [147]. Moreover, during the healing process, they have different functions, as Col III appears during the proliferative phase and Col I is more deposited during the last phase of remodeling [3].



Therefore, the transcription factors Scx, Egr1/2, Mkx, mTOR, and molecules tenomodulin, thrombospondin, tenascin C, and collagen type I and III can be considered as the most important markers associated with tendons.



Tendon biology comprehends different factors that together create a delicate balance that can be easily disrupted. Tissue engineering could be a solution to tendinopathy, because tendons are not able to repair themselves properly during aging or after injuries.





2. In Vitro Tenogenesis Techniques


In vitro tenogenic techniques are fundamental to understanding tendon biology and to mimic the physiological environment that allows tenogenesis to proceed in vivo. The first step in assessing an in vitro technique is the choice of the cell source, and the literature generally describes the use of either tendon-derived stem cells (or tendon progenitor stem cells), tenocytes, stem cells from fetal or adult origin, including embryonic stem cells, amniotic-derived stem cells, and mesenchymal stem cells from different tissue origins (bone marrow, adipose tissue). Then, there is technique selection seeking to reproduce the complex microenvironment to support tendon differentiation. Scientometric research on the Scopus database revealed a significant bibliographic production of tendon differentiation techniques, but in vitro technique publications represent a minor part compared to the total papers found (Figure 4). Moreover, the scientometric research revealed four main topics in the field of tendon differentiation corresponding to stem cells, growth factors, physical stimuli, and biomaterials (Figure 5).



Here, we are going to focus on the in vitro application of these four main topics and two further promising in vitro techniques: hypoxia and co-culture. The term hypoxia term has relevance only when used in describing a reduction in oxygen tension below that which would routinely be considered as normoxic for that tissue. The physiological, normoxic, and oxygen conditions for a tendon in vivo due to its low levels of vascularization is in the range of 1–5% O2. Scaffolds are able to reproduce the ECM, mechanical stimulation is the condition to which the tendon is subjected in vivo, growth factors are naturally involved in tendon development and repair, and co-culture allows communication between tissue and stem cells, or between two different stem cells, producing a soluble factor that is able to stimulate tendon differentiation.



2.1. Stem Cells


Different types of stem cells sources have been explored in vitro to determine their capacity to differentiate into tenocytes for use in regenerative medicine. The scientometric analysis revealed a consistent production on this topic (Figure 6). Many techniques have been used to induce tenocyte differentiation, but a validated protocol still does not exist [161]. The validation of the tendon-inductive techniques is essential for the in vitro model, since it represents a preliminary step to all the applications in which differentiated cells can be used. The tenogenic potential of stem cells from different origins have been tested in vitro in order to find the most suitable stem cell type for applications in regenerative medicine.



Here, we will review the tenogenic potential of pluripotent stem cells, which are the most plastic, proceeding with multipotent stem cells derived from tendons and other tissue. Among pluripotent stem cells, both embryonic and induced pluripotent stem cells have been investigated. Embryonic stem cells (ESCs) could be suitable for tissue engineering because of their ability to differentiate into all tissues derived from the three germ layers [162]. The proliferation capacity of ESCs is a clear advantage by providing sufficient cell numbers [163].



The stepwise differentiation of hESCs into tenocytes through a mesenchymal transition stage has been achieved by first passaging at confluence into 10% serum replacement medium plus fibroblastic growth factor-2 (FGF-2) followed by a second passaging at confluence into 20% fetal bovine serum containing media. Then, cells were seeded at colony-forming densities and emergent colonies with fibroblast-like morphologies were designated as hESC-derived mesenchymal stem cells (hESC-MSCs) and cultured under uniaxial static tension to produce an engineered tendon. After 14 days, the construct showed a high level of Scx gene expression. The hESC-MSCs engineered tendon was also able to improve tendon healing and regeneration in vivo after implantation [164].



Chen et al. [165] demonstrated that hESCs-MSCs obtained with the above protocol [164] were induced to tendon differentiation with the combination of Scx overexpression and mechanical force stimulation. In particular, Scx overexpression led hESCs to a tenocyte commitment characterized by the expression of Col 1 and Tnc and a reduced expression of SRY-box transcription factor 9 (Sox9) [165].



Then, this protocol [164] was further elaborated when following on from the induction of mesenchymal transition, the hESCs-MSC were seeded onto a knitted silk–collagen sponge scaffold [166]. When subjected to mechanical stimulation in vitro, hESC-MSCs exhibited tenocyte-like morphology and an expression of tendon-related gene markers such as Col I, Col III, Scx, and mechanosensory structures and molecules such as cilia, integrins, and myosin. When implanted in vivo, the engineered construct resulted in enhanced tendon regeneration in situ and superior mechanical performance characteristics [166]. Mechanical stimulation free differentiation of hESCs was also proven under a 2% O2 condition combined with the supplementation of BMP12 and BMP13. These cells displayed a tenomodulin expression pattern and morphology consistent with that of the primary tenocyte used as control. Moreover, they demonstrated a consistent expression of Col I, Col III, Dcn, Tnc, Thsb4, and Tnmd gene levels [167].



Induced pluripotent stem cells (iPSCs) can avoid the ethical concerns associated with hESC [168,169]. In principle iPSCs should have no biological difference to hESC and should also be suitable for tenodifferentiative purposes, although to this point, few studies have explored this [170]. Recently, Komura et al. [171] have demonstrated that murine iPSCs can be differentiated into tenocytes. They created reporter mice that expressed enhanced green fluorescent protein (EGFP), driven by the promoter of the tendon-specific Scleraxis (Scx) transcription factor gene, from which they generated iPSCs. The iPSC-derived EGFP-positive cells were treated with a tenogenic differentiation protocol designed to mimic tendon development and differentiation in embryogenesis. In particular, they supplemented the culture media with growth factors and molecules involved in tendon development at different stages of culture. On day 2, Wnt3a and Activin A were added; on day 3, embryonic bodies (EBs) were cultured in differentiation medium supplemented with basic fibroblast growth factors-2 (bFGF-2). On day 5, EBs were harvested and dissociated to single cells that were cultured in differentiation medium supplemented with insulin-transferrin selenium, TGF-β1 and bFGF. These iPSCs exhibited elevated expression of tendon-specific genes, including Scx, Mkx, Tnmd, and Fibromodulin (Fmod). These cells were also able to promote tendon regeneration in mice after transplantation into injured tendons, reducing scar formation via the paracrine effect [171].



Another category of stem cells comprehends fetal and adult multipotent stem cells derived from tendons or other systems. Fetal multipotent stem cells used to reproduce tenogenesis in vitro are amnion-derived and umbilical cord stem cells. Interestingly, these cells are emerging as a new resource for tissue engineering and regenerative medicine [172,173], since they conjugate a remarkable plasticity with associated safety properties [172].



Amnion-derived stem cells can include amniotic epithelial stem cells (AECs), amniotic mesenchymal stem cells (AMCs), and amniotic fluid stem cells (AFCs). Amniotic epithelial stem cells are a relevant and promising resource for tissue engineering and regenerative medicine [174,175]. Several reports describe how AECs display anti-inflammatory [176,177,178], anti-fibroblast [179], and antimicrobial properties [180] together with a low immunogenicity and tumorigenicity [181,182]. Moreover, they can be collected from human or animal amniotic membranes from the placenta as a discarded tissue with few ethical issues [173,183].



The tenogenic potential of amniotic-derived cells has been demonstrated both in vitro and in vivo [184,185,186,187,188,189].



Barboni et al. [184] showed that ovine AECs, by following a stepwise differentiation process, can develop a fully differentiated tendon phenotype. The protocol relied on exposing AECs to a co-culture microenvironment with ovine calcaneal fetal or adult tendon explant or tenocytes that resulted in AECs displaying a tenocyte morphology and a high level expression of tendon-related genes such as Scx, Tnmd, Thsb4, Col I, and protein such as Col I and Connexine 32, 43. Moreover, they expressed mesenchymal marker αSma. Interestingly, tenocyte differentiation was optimal with AECs co-cultured with fetal tendon explant or tenocytes than with adult tendon or tenocytes.



AECs tenocyte differentiation was also tested on a poly(lactic-co-glycolil) acids (PLGA) electrospun tendon-mimetic scaffold. They displayed an expression of mesenchymal markers (Snail, Vimentin, αSma) after 48 h and tenogenic marker expression (Col I and Tnmd) after 28 days of culture [190].



AECs could be well suited to develop an understanding of the efficiency of tendon induction techniques as they lack mesenchymal and tenogenic markers when harvested but acquire them through the differentiation process [184,188,191,192].



Amniotic mesenchymal stem cells were shown to differentiate toward the tenogenic lineage in a transwell co-culture system after growth factor induction. Specifically, human mesenchymal amniotic stem cells (hAMSCs) co-cultured in a transwell system with human anterior cruciate ligament fibroblasts (hACLFs) and exposed to basic fibroblast growth factor (bFGF) and transforming growth factor beta-1 (TGFβ1) showed an increased deposition of collagen types I and III and mRNA upregulation of collagen types I and III, fibronectin, and tenascin C [193].



Moreover, amniotic fluid-derived stem cells showed the ability to differentiate into tenocytes after bone morphogenetic protein 12 (BMP-12) stimulation displaying an upregulation of Tnmd and Dcn [194].



Mesenchymal stem cells from the umbilical cord (UB) are also described as undergoing tenogenic differentiation when culture with BMP12 resulted in the expression of mohawk homeobox, collagen type I alpha 1, scleraxis, tenomodulin, and decorin at day 10 of culture [195,196].



Adult stem cells belonging to the mesenchymal stem cell family have a differentiation potential and paracrine effect reported to play a crucial role in their beneficial properties by promoting angiogenesis, stimulating local progenitor and mature cells, or regulating inflammation and immune cell functions [197]. Adult MSCs are mainly isolated from bone marrow (BMSCs) and adipose tissue (ADSC).



Bone marrow mesenchymal stem cells (BMSCs) are the most widely used stem cell type. BMSCs are described as being tenocyte differentiation competent following exposure to growth factors such as GDF5, BMP14, and/or mechanical stimulation [198,199,200].



BMSCs showed tenogenic commitment as a consequence of the combination of bone morphogenetic proteins (BMP-12 and 14) alongside transforming growth factor beta (TGF-β) and vascular endothelial growth factor (VEGF) both in 2D and 3D cultures within fibrin-based constructs. The expression of tenogenic gene markers, such as Tnc and Col I after 7 days of culture and Tnmd and Col III after 14 days [201] were noted. A fibrin hydrogel merged with an elastic braided hyaluronated band scaffold was also described as committing human BMSC into a tenogenic phenotype under cyclic strain [198,202]. Dai et al. [203] showed that BMSCs are more responsive to bone morphogenetic protein-12 (BMP-12) stimulation compared to ADSCs [204].



However, BMSCs also have some limitations, such as painful harvesting procedures with frequently low cell yield, reduced MSC quality with advanced donor age [204], ectopic ossification, and higher risk of adhesion formation when transplanted in vivo [205].



MSCs derived from adipose tissue (ADSCs) are an attractive candidate cell type due to their easy isolation, multi-potentiality, and high responsiveness to distinct environment stimuli [206]. This cell type’s tenogenic ability has been shown including when exposed to tendon extracellular matrix and TGFβ3 [207]. Moreover, ADSCs seeded on a tropoelastin-coated biomimetic scaffold, after 21 days, showed an increased protein expression of tendon-related markers such as Scx and Tnmd and were able to secrete extracellular matrix components such as Col I, Col III, Tnc, and Dcn [203].



ADSCs’ ability to undergo tenogenic differentiation was successfully tested with a tenocyte-imprinted substrate on polydimethylsiloxane (PDMS). After 14 days, ADSCs expressed tendon-related protein scleraxis and tenomodulin [208]. However, the main disadvantage of ADSCs is their preference toward adipogenesis [209].



Stem cells can also be genetically modified to either maintain a tenogenic phenotype or promote differentiation toward the tenogenic lineage [210]. A risk of cell application is a phenotypic drift of primary cells during the in vitro differentiation protocols, as ESCs and MSC can form teratoma or ectopic bone tissue, respectively. Gene transfection can be used also to improve the paracrine properties of stem cells in order to have a major effect in vivo [1].



Human embryonic stem cells transfected with Scx following on from mesenchymal transition showed tenogenic commitment after mechanical stimulation. In fact, these cells expressed more tenomodulin gene expression and more ECM deposition with respect to control cells or to those treated with only Scx overexpression or mechanical stimulation [165]. BMSCs transfected with BMP-12 induced differentiation into tenocytes enhancing Col I and Scx mRNA expression [200]. Further evidence showed that BMSC can be induced toward tenogenic differentiation after transfection with an adenoviral vector carrying bFGF or BMP-2 increasing the expression of Scx and Col I [211]. Guerquin et al. [129] demonstrated that forced Egr1 expression programmed MSCs toward the tendon lineage, promoted the formation of in vitro engineered tendons, and increased the formation of tendon-like tissues in a rat model of Achilles tendon injury. They suggested that the ability of EGR1 to promote tendon differentiation was partially mediated by TGF-β2 [129]. Hsieh et al. [212] tested Scleraxis-programmed mesenchymal stem cells (hMSC-Scx) in the healing of a rat Achilles tendon defect. hMSC-Scx reduced ectopic bone formation and increased the ECM protein expression of collagen type I and III, biglycan, decorin, lumican, and elastin [212].



Tendon-related somatic stem cells have created the possibility for tendons to use a precommited source of tissue specific stem/progenitor cells. Tendon progenitor stem cells (TSPCs) represent a particular category of multipotent stem cells being tendon-derived with inherent pro-tenogenic abilities. TSPCs were first reported and described in 2007 [21] and subsequently identified in different tendons, isolated from different species, and further characterized [213]. TSPCs express higher mRNA levels of tendon-related gene markers including the transcription factor Scx and the late differentiation factor Tnmd [214]. TSPCs spontaneously undergo tenocyte differentiation in vitro [215] and exposure to tendon ECM component in vitro, such as biglycan; they also enhance TSPCs differentiation into tenocytes, as they express late tendon-specific markers such as thrombospondin 4 and tenomodulin at gene and protein levels [93].



As TSPCs are poor in number when harvested, they need to be amplified in vitro, but their expansion leads to an overexpression of osteogenic markers and a loss of morphological characteristics [216,217]. Stem cells can be a solution to improve tendon healing and regeneration, but each of them have many advantages and disadvantages. Different techniques can be used to induce tendon differentiation, but the stepwise process could avoid unanticipated differentiation.




2.2. Hypoxia


Oxygen is one of the most important environmental factors for cells both in vivo and in vitro. It is a vital molecule serving as a metabolic substrate and a signaling mediator [218] in maintaining tissue homeostasis and supporting tissue regeneration [219,220]. Cellular adaptation to oxygen levels relies on a family of hypoxia-inducible transcription factors (HIFs) that sense changes in environmental oxygen and orchestrate a complex transcriptional program, especially HIF1 α, which is defined as the “master regulator” of hypoxia, as it is the best characterized key player in cellular response to hypoxia [221]. In cellular or tissue normoxic, or physiological normoxia, environments, HIF1a is constantly expressed, but its conserved proline residues are hydroxylated by Prolyl hydroxylase domain enzymes (PHDs). This oxygen-dependent hydroxylation creates a binding site for the von Hippel–Lindau (VHL) protein, which is a component of the E3 ubiquitin ligase complex that leads the HIF1α subunit to proteasomal destruction [222]. When lower than normoxic oxygen concentrations occur, the HIF-1α protein is stabilized and accumulates inside the nucleus [223], where it can induce the transcription of many genes with adaptive functions [224]. Indeed, HIFs’ contribution to oxygen homeostasis is linked to several molecular mechanisms, including the synthesis of DNA, mRNA, microRNA, and protein [225].



Curiously, while the addition of exogenous growth factors has been largely adopted in cell culture for the induction of tenogenic differentiation [226], less attention has been paid to the influence of oxygen. Oxygen plays an important role in different aspects of cell biogenesis such as metabolism, migration, angiogenesis, proliferation, differentiation, and apoptosis [227]. For this reason, low O2 tension cultures have been employed in recent years to reproduce physiological normoxic environments of cells [228,229]. Scientometric analysis highlights that scientific production on the use of hypoxia for in vitro tenogenic techniques remains low compared to the other techniques (Figure 7). Generally, for historical reasons, cell and tissue culture is performed at atmospheric O2 levels that correspond to 160 mmHg (20–21% O2), but once air is inspired, the oxygen pressure already begins to decrease to 150 mmHg, and when oxygen is delivered via the blood circulation into alveolus, it moves down along a gradient of about 100–120 mmHg [230]. In the body districts, oxygen tensions become progressively lower, and although it is difficult to record the exact oxygen level that cells experience within their specific microenvironment, oxygen concentrations between 2% and 9% (14.4–64.8 mmHg) have been considered as the “physiologic normoxia” [231] depending on the vascular density [219] and the balance between oxygen supply and consumption [230].



In bone marrow, a primary source for mesenchymal and hematopoietic stem cells, pO2 concentrations range from 1.5% O2 [232] to 7% [233].



Fully mineralized bone tissue exists at a very low pO2, and the oxygen concentration of articular chondrocytes is less than 10% at the surface and decreases at 1% in the deepest layer [234]. Hence, the blood flow regulates the tissue oxygen pressure [235], whereby less vascularized organs receive less oxygen, and their pO2 is significantly lowered [220].



Tendons and ligaments are poorly vascularized tissues in comparison to other body districts [75], but to the best of our knowledge, there are no exact recordings of oxygen values in tendons. Skeletal muscle oxygenation is about 2–5% O2 [236] ranging from 7.5 to 31 mmHg where the high variability depends on the rate of oxygen consumption of muscles [235], and the oxygen consumption of tendons and ligaments is 7.5 times lower than skeletal muscles [3]. This means that tenocytes can be anticipated to live in a physiological low O2 environment [237]; thus, a lower oxygen tension appears to be critical for tendon recovery and remodeling in vivo or for the preservation of resident cells phenotype ex vivo. The two major types of cells contained in tendons are tenocytes and the recently isolated tendon stem cells (TSCs) [93], which can promote tendon repair [238].



In TSCs culture, oxygen tension control promotes in vitro expansion and phenotype maintenance [239]. Primary tenocytes cultured in low O2 tensions (2% O2) showed enhanced proliferation at different passages in comparison to tenocytes cultured in air oxygen (20% O2), without modifications in their function and phenotype [240]. In addition, culturing tenocytes in low O2 tension decreased matrix metalloproteinase-1 (MMP-1) expression, leading to increased collagen deposition that could be beneficial for engineered tendon maturation [240].



Maintaining cells in vitro at low pO2 would also favor stemness over differentiation [241]. Indeed, under the 5% O2, human TSC (hTSC) grow faster, showing a significantly higher expression of stem cell marker genes levels (Oct-4 and Nanog) and exhibiting a more potent multi-differentiation capacity in terms of adipogenesis, chondrogenesis, and osteogenesis. Moreover, when implanted with an engineered tendon matrix (ETM), hTSCs cultured in hypoxic conditions produced more extensive tendon-like structures [242].



The increase of clonogenicity, cell proliferation, and DNA synthesis of hTDSC and their higher levels of tendon-related marker tenomodulin (Tnmd) at 2% O2 confirm that tendon normoxia might be helpful for an efficient expansion of hTDSCs in vitro and consequently for tendon tissue engineering [238]. However, a recent study reported that 5% O2 improved hTSCs self-renewal enabled the recovery of sufficient TSCs for tissue engineering, while the self-renewal capacity of hTSCs kept in a physiologically hypoxic 0.5% O2 was inhibited. Furthermore, expression levels of stem cell markers nucleostemin (NS), homeobox protein Nanog (Nanog), octamer-binding transcription factor 4 (Oct-4), and stage specific embryo antigen 4 (SSEA-4) were inhibited in 0.5% O2 and 20% O2. These results suggest that precise oxygen levels must be determined and kept within a certain range for optimal outcomes [243]. The difficulties linked to tendon repair led to the development of novel strategies for tissue replacement such as stem cell therapy, which has received increasing attention as an alternative therapeutic option [244]. In fact, oxygen tension can modulate tenogenic differentiation also in different stem cells sources, such as adipose-derived mesenchymal stem cells (ADMSCs), embryonic stem cells (ESCs), and mesenchymal stem cells (MSCs).



Evidence suggests that HIF-1a might play a role in regulating differentiation under hypoxia [224]. Indeed, HIF-1a expression was found to be significantly upregulated during adiposed derived mesenchymal stem cells (ADMSc) differentiation into tenocytes-like cells, but when ADMSCs were treated with HIF-1a inhibitor, the effect of hypoxia on the differentiation was attenuated. More in detail, the increase of collagen I and III (Col I and Col III), Tnmd, thrombospondin-4 (Thbs-4), and Scleraxis (Scx) were significantly reduced in the HIF-1a inhibitor-treated group in comparison to the vehicle-treated group in hypoxic co-culture system with tenocyte [226].



Due to the challenge of in vitro tenogenesis, it could be a good strategy to combine more factors in order to improve the development of stem cell-based therapies for tendon treatment. In this context, Dale and others [167] combined tendon normoxia and growth factors. They demonstrated that human ESCs cultures supplemented with a cocktail of bone morphogenetic protein-12, -13 (BMP-12, BMP-13) and ascorbic acid (AA) can induce tenogenic differentiation in vitro when cultured under low oxygen (2% O2) conditions. The stable transcription of tendon-linked and specific genes was observed alongside the deposition of a tendon-like matrix and elongated, synapsing, cells with concurrent tenomodulin expression [167]. Another factor that may influence tenogenesis is the microRNA 210 (miR-210), which has been linked to HIF1a activity [245,246]; in fact, miR-210 is upregulated in response to hypoxia. When oxygen levels decrease, HIF-1 protein and its transcriptional activity increase as well as miR-210, which triggers a positive feedback loop, suppressing the activity of a negative regulator of HIF-1, glycerol-3-phosphate dehydrogenase 1-like (GPD1L), resulting in HIF-1 stabilization [247].



The local administration of synthetic miR-210 into the injured Achilles tendon enhanced its healing via the acceleration of angiogenesis in an early phase. After 2 weeks of recovery from the surgery, they found regular dense collagen fibers with higher diameter in the miR-210 treated in comparison to the control. After 12 weeks, the miR-210 group exhibited parallel and dense fibers in repaired Achilles tendons, while wavy and loose fibers were still observed in the control group [248].



MSCs are an important source in regenerative medicine and have received great attention in the tenogenic differentiation and regeneration of functional tendons [203]. When cultured in normoxic conditions, MSCs display enhanced proliferation rates, retention of stem cell properties, inhibition of senescence, and increased differentiation ability [249,250]. The therapeutic effects of MSCs transplantation could depend on the release of paracrine factors such as growth factors and cytokines [251]. Conditioned media derived from normoxic MSCs have been applied for stimulating wound and fracture healing [252]. It has been demonstrated that normoxic MSCs increased bone repair capacity in vivo in an immunocompromised mice model of a calvarial defect [253] and Achilles tendon healing with enhanced biomechanical strength compared with air oxygen cultured MSCs [254].



Finally, amniotic epithelial cells (AEC) are another source of stem cells that are able to differentiate toward the tenogenic lineage both in vitro [184] and in vivo [52]. This was evidenced in Achilles Tendon Regeneration [52] due to their spontaneous inclination toward epithelial–mesenchymal transition (EMT) during in vitro amplification [191]. Through the EMT process, epithelial cells acquire a mesenchymal phenotype, and several studies have proved that low oxygen is an important factor in the regulation of multiple genes involved in the EMT process [255,256]. HIF-1α stimulates the transcription of Twist, which is a factor that leads EMT [257]. Although there is no evidence of an oxygen effect on AEC tenogenic induction, we can speculate that the modulation of EMT by oxygen levels might improve this process in AEC, enhancing their natural tendency in mesenchymal differentiation and their capacity of differentiating into tenocyte lineage.



In conclusion, it is necessary to acquire a holistic view of stem cell regulation and reproduce the physiological conditions of stem niches that provide all the signals necessary for the maintenance of resident cells properties. For this reason, controlling oxygen tension from atmospheric (20%) to a more physiological level could be a good strategy to reach this goal. It is essential to note that tissue normoxia varies substantially in vivo, existing as gradients within tissue [258], whereby cell cultures could be influenced by oxygen concentrations [243] or time of exposure [259], and this means that the choice of adequate cell culture conditions is critical in order to develop effective cellular therapies.




2.3. Physical Stimuli


Tendon development, homeostasis, and regeneration following injury are based on the ability of tendon cells to biologically respond to externally applied forces. Tendons response to physiologic loading is strictly linked to its structure, cellular organization, and to the dynamic interactions between cells and their microenvironment [94].



Indeed, tendon cells are highly sensitive to mechanical inputs, and according to the magnitude, frequency, direction, and duration of the applied loads, they can adapt to their extracellular matrix in a catabolic or anabolic way [260,261,262]. Mechanical stimuli can also induce the activation of a biologic response that involves a complex set of pathways between the cell surface (ion channels, focal adhesion kinases, integrins, cytoskeleton) and the nucleus [94]. Just as physiologic loads are important to maintain tendon homeostasis [263,264], abnormal ones can cause injuries [265,266,267]. The study of tendon mechanobiology is essential to understand both the pathophysiology in tendon disease and the benefits of controlled applied loading during tendon healing and regeneration [94]. In fact, the bibliographic production on in vitro physical stimuli is still increasing (Figure 8).



Tendon tissue engineering strategies are largely scaffold-based, relying on decellularized structures, polymers, and/or gels that, mimicking the extracellular matrix environment, are able to provide an initial supportive structure to which mechanical loads can be applied. Choosing the scaffold with an appropriate mechanical behavior, e.g., stiffness and elasticity, a given load is delivered to the seeded cells. Scaffold mechanical properties have to match specific biochemical features such as bioresorbability and bioavailability to promote new tissue formation at the same time when implanted in vivo [166]. In this context, a bioreactor can act as a system that is able to recreate in vitro a suitable culture environment, which mimics the in vivo dynamics experienced by cells during tendon maturation, allowing cellular proliferation/differentiation and matrix production. Bioreactors for tendon tissue engineering require specific basic components such as an actuating system and a culture chamber, which provide, respectively, a construct’s mechanical stimulation and a controlled culture environment; continuous loading monitoring plus a feedback actuating system have been also described [268]. In this sense, both biopolymer scaffolds and bioreactors are complementary paradigms of tissue engineering, both converging to develop highly predictive in vitro biomimetic systems to study tendon regeneration and healing strategies.



Bioreactors can provide a given physical stimulus by direct or indirect modes. Indeed, tensile strain can be delivered directly by applying a cyclic and programmable load to the scaffold system, aiming to mimic in vitro the biomechanical environment of tendon tissue. Alternatively, a given strain indirectly provided to cells can be achieved by using different physical stimuli such as magnetic fields or acoustic waves. Based on these concepts, several custom-made bioreactors have been developed [202,263,264]. Two of these have become commercially available such as the LigaGen system (www.tissuegrowth.com/) or The Bose®ElectroForce®BioDynamic® system (www.bose-electroforce.com). Commercial bioreactors are well designed even if they cannot meet all the specific requirements such as an easy and rapid scaffold fixation operation, adequate number of in vitro duplicates, or the necessity of a reduced amount of medium in the culture chamber [268].



Several in vitro studies are described using custom-made bioreactor systems including mechanical stimulation bioreactors. Compared to static, planar, and culture, scaffold-based approaches that undergo specific strain stimulation display more elongated cellular morphology and increased cell density. Moreover, compared to a load-free culture environment, a bioengineered scaffold can show up to a 9-fold increase in the cell number after 2 weeks of cyclic stretching [269]. On the contrary, it has been demonstrated that after 4 weeks in static conditions, tenocytes lose their typical elongated shape, becoming rounded, and the collagen fibers appear more crimped [270]. Tensile loads can deliver to the cells specific input to increase collagen synthesis with spatial organization along the stress direction and provide protection from collagenase [261,271,272]. Mechanical stimulation promoted the formation of bundles with parallel collagen fibrils, upregulating proteoglycans (decorin, biglycan, fibromodulin, and fibronectin) in the extracellular matrix [273,274]. The formation of collagen fibers along the direction of loading also results in an enhancement or optimization of the mechanical properties of the bioengineered tissue, such as stiffness, elastic modulus, maximum tensile stress, and maximum load [275,276,277].



The gene expression of tenogenic markers is also positively influenced by cyclic strain. For example, collagen type 1 expression under dynamic conditions has been reported to be three times higher than static conditions after 2 weeks of culture [278]. Furthermore, mechanical stimulus has been reported to orchestrate tenogenic differentiation upregulating Scleraxis, a helix–loop–helix transcription factor specific for tenocytes and their progenitors and particularly responsive to mechanical inputs [165,279,280,281]. Consistently, recent studies a showed reversible loss of Scleraxis expression after a gradual and temporary loss of tensile strain [282]. Another study demonstrated the upregulation of collagen type 1, collagen type 3, and Tenascin-C in human marrow stromal cells encapsulated in an oligo (poly (ethylene glycol) fumarate (OPF) hydrogel and cultured under cyclic tensile strain (10%, 1 Hz, 3 h of strain followed by 3 h without) for 21 days [283]. Additional data showed that only 24 h of moderate cyclic axial stretching (2% strain, 1 Hz) promoted the tenogenic differentiation and tendon matrix synthesis by equine adipose-derived mesenchymal stromal cells seeded on decellularized tendon matrix scaffolds, upregulating collagen type 3, decorin, Scleraxis and Tenascin-C [284]. Moreover, it has been reported that an intermittent cyclic tensile strain (10% applied strain, 1 Hz, 10 min every 6 h) enhanced the proliferation and tenogenic differentiation of human bone marrow-derived mesenchymal stem cells cultured in anisotropic collagen–glycosaminoglycan (CG) scaffolds, via time-dependent activation of ERK 1/2 and Smad 2/3 pathways. Cyclic strain promoted the activation of tendon-related (Tenascin-C, Mohawk and Scleraxis) and extracellular matrix biosynthesis-related genes (collagen type 3, Decorin, COMP) [285]. The effect of mechanical stimulation was further investigated on human embryonic stem cells-derived mesenchymal stem cells seeded on a collagen–silk scaffold. It was found that dynamic mechanical stimulation directed cells into a tenocyte-like morphology, expressing tendon-related markers (collagen type 1 and 3, Scleraxis) and other mechanosensory molecules (cilia, integrins, and myosin) [166]. However, the frequency of stimulation appears to be important in human tendon tissue engineering [276].



Moreover, also the percentage of strain applied can have different effects on tenogenic differentiation. For instance, tenocytes cultured for 12 days upon poly(glycerol-sebacate) (PGS) sheets under 6% cyclic strain exhibited a tendon-like gene expression profile compared to 3% and 0% strain groups [286], while uniaxial cyclic tensile stretching at 8% strain exclusively induced tenogenic differentiation of human bone marrow-derived mesenchymal stem cells, with protein and gene expression comparable to primary tenocytes [287]. On the other hand, constant strain has been found to negatively affect tendon diameter [288], also inhibiting cell proliferation and increasing apoptosis, potentially through the increase of heat shock protein (HSP)-72 expression [289]. In conclusion, maximum load, frequencies and cyclic strain are all parameters that have to be taken into account in order to achieve a highly predictive in vitro tendon-like bioengineered system. However, despite the importance of the choice of proper bioreactor device and operative parameters, this aspect has to be strictly merged with the scaffold mechanical properties. Indeed, it has to be underlined that any mechanical input can only be effectively delivered to a scaffold (i.e., to the cells on board) by taking into account the mechanical behavior such as the stiffness and elasticity of the specific scaffold chosen. In this sense, scaffold characteristics and mechanical performances have to be strictly selected and adapted to the bioreactor device.



Specific load to cells can be delivered using bioreactors designed with magnetic fields or shock waves. These bioreactors are designed for tendon tissue engineering because both electromagnetic field and shock waves are non-invasive therapies [290] and directly applicable in vivo to the injury site for the treatment of inflammation response, post-surgery re-tears [291,292] or tendinopathies [293,294,295,296]. Even if both therapies have been reported to have biological effects on impaired tendon tissue in vivo, including the local release of angiogenic factors and neovascularization, the differentiation of mesenchymal stem cells, and reduction in inflammatory mediators, the mechanism that induces regenerative and tissue-repairing effects in vivo is still under debate [297].



Magnetic bioreactor in vitro systems mainly provide a specific stress when the scaffold is designed with magnetic nanomaterials that are capable of responding to the applied magnetic field. In this sense, magnetic nanoparticles can act as magnetic actuators that are able to induce a specific strain that can trigger intracellular pathways or the release of biochemical signals [298]. Alternatively, magnetic particles can also be used as mechanotransduction platforms that are able to transmit forces to the cells in a localized manner, enabling the downstream activation of key tenogenic signaling pathways [299]. As mechanical bioreactors require scaffolds with proper elastic properties, Alternate Magnetic Force (AMF) bioreactors must be implemented with magnetic scaffolds and fabricated with biomaterials incorporating magnetic nanoparticles, resulting in magnetically responsive systems that are able to remotely boost cell mechanotransduction pathways [300,301]. The combination of magnetic fields and magnetic nanoparticles embedded within a 3D scaffold can create transient physical forces that are transferrable to cells present in the scaffold in close proximity to the nanoparticles, promoting the activation of signaling pathways involved in tendon development, homeostasis, and repair [302]. For instance, 3D printing technology has been used to fabricate an aligned fibrous structure of starch with poly(ε-caprolactone) (SPCL) carrying iron oxide magnetic nanoparticles and human Adipose Stem Cells (hASCs). The magnetic stimulation, obtained by an external magnetic field, promoted hASCs tenogenic differentiation, as confirmed by the expression of tendon markers and a collagenous tendon-like matrix [303]. More recently, magnetically responsive fibrous scaffolds have been obtained with an aligned electrospun thread of PCL and cellulose nanocrystals coated with iron oxide magnetic nanoparticles. Magnetomechanical stimulation of hASCs promoted their tenogenic commitment with higher degrees of cell cytoskeleton anisotropic organization, increased expression of tendon-related markers, and a pro-healing inflammatory gene profile, compared to unstimulated samples [304]. Moreover, magnetic nanoparticles can be attached to the cell membrane, and specific receptors can be activated using Alternating Magnetic Fields (AMFs) [298,305,306]. As a consequence of these simulations, a mechanotransduction event is obtained, evidencing the ability of cells to respond to mechanical stimuli using biochemical signals [307] Specific receptors on the cell membrane can be tagged with magnetic nanoparticles and then mechanoactivated with remote magnetic fields [308,309]. This approach was explored to induce the tenogenic differentiation of hASCs. The Activin receptor type IIA (ActRIIA) in hASCs was targeted with anti-ActRIIA functionalized magnetic nanoparticles and externally activated using an oscillating magnetic bioreactor. The results showed hASCs commitment into the tenogenic lineage via activation of the TGF-β/Smad2/3 signaling pathway [310].



Shock Waves bioreactors (SW) use transient short-term acoustic pulses with high peak pressure and a very short rise time to peak pressure (nanoseconds with short pulse duration) generated with a piezoelectric device. A combined treatment of shock waves and tenogenic medium (basal medium supplemented with 50 ng/mL of human insulin-like growth factor-1 and 10 ng/mL of human transforming growth factor β1) improved the differentiation of hASCs toward tenoblast-like cells, as evidenced by the upregulation of specific tendon markers, spindle-shaped cell morphology, and extracellular matrix fiber deposition [311]. Moreover, waves enhanced the functional activities of injured tendon-derived tenocytes, such as proliferation and migration [312], or they seemed to accelerate the induced differentiation of human tendon-derived stem/progenitor cells [313].



The above highlights the importance of a dynamic culture for tendon tissue engineering strategies where an appropriate pattern of mechanical stimulation plays an important role in the design of engineered tendon-like in vitro models. On the other hand, it is also evident that a dynamic cultivation can be obtained when taking into account scaffold composition and design, fabrication, and functionalization. Only through consideration of these aspects can the physical input can be effectively delivered to the cells and a biological response generated. In this sense, the mathematical modeling of the force distribution along the tridimensional scaffold after a specific load or force applied may further help the understanding of the biological output [202,314].




2.4. Biomaterials


The design of a tissue regeneration matrix is based on two essential aspects: the material that constitutes it and the structure it should have. The ideal support matrix, “scaffold”, should possess optimum cell compatibility and should not draw out an inflammatory response or demonstrate immunogenicity or cytotoxicity [315,316]. Moreover, the scaffold must be bioresorbable, so that its by-products are eliminated through natural metabolic pathways in the human body with no residual side effects [315]. In particular, the scaffold designed for tendon tissue engineering must mimic the architecture of the native healthy tissue and compensate for its mechanical properties [315]. Three features of the tendon-like scaffold are crucial for tendon tissue engineering; the scaffold should be teno-inductive (capable of inducing the cell differentiation toward the tenogenic lineage), teno-conductive (support tendon growth and promote the ingrowth of surrounding tendon), and capable of teno-integration (integrate into surrounding tendon) [316]. The teno-inductive potential of the tendon-like matrix will be taken into consideration, since only in vitro studies will be discussed and described in Figure 9.



2.4.1. Materials


Biomaterials play a pivotal role in scaffold fabrication providing three-dimensional templates and synthetic extracellular matrix environments for tissue regeneration. To fulfill the diverse needs in tissue engineering, various materials have been exploited. Polymers, materials widely used for scaffold design, are divided into two different categories: natural and synthetic. Polymers and their applications are crucial in tendon tissue engineering.



	(1)

	
Natural Polymers







Polymers of natural origin, such as collagen, silk, and chitosan, represent an interesting material choice for mimicry of the natural structure of a tendon and its properties. Collagen may be considered a good platform for tendon repair and reconstruction, since it represents the major component of the tendon and is characterized by its good biocompatibility properties [317]. For this reason, many researchers have focused on producing scaffolds with collagen alone or mixed with other molecules such as proteoglycans [318,319]. Despite the attraction offered by its biocompatibility, the main drawbacks of collagen scaffolds lie in their unsuitable mechanical properties linked to rapid degradation kinetics and poor structural stability as well as potentially their immunogenic character due to animal origin [320]. Alternative materials have been proposed for tendon reconstruction such as silk, which is a fibrous material secreted by spiders and by the caterpillars of certain butterflies (caterpillar of the mulberry bombyx) [321,322]. Silk possesses exceptional mechanical properties in terms of strength, toughness, and elasticity, making it popular in the field of tendon tissue engineering [323]. However, when used alone, silk does not allow sufficient cellular attachment or growth [322,323], forcing its use in combination with other materials that share similarity with native tendon ECM to improve its bioactivity [324,325]. Chitosan is another natural polymer that has been identified as a promising candidate for tissue engineering, since it shares many structural similarities with glycosaminoglycans (GAGs) present in native tendon ECM [326,327]. It is characterized by its biocompatibility, biodegradability, antibacterial capacity, and non-toxicity [328]. Despite these advantages, the high stiffness of chitosan membranes makes them challenging for applications in tendon tissue engineering due to their low mechanical properties [327].



	(2)

	
Synthetic Polymers







Another attractive material candidate for tendon tissue engineering is the synthetic polymers. This is due to their high flexibility and reproducible mechanical properties when compared to natural ones. The interest in bioresorbable synthetic polymers lies in the possibility of modulating their properties by varying their chemical composition and their structure, for example by choosing a particular molar mass or crystallinity or by combining two polymers with different characteristics. On the other hand, these polymers are mostly inexpensive, can be scaled industrially, and are thermoplastic, making them moldable and allowing the development of a wide variety of different structures [317,329,330]. Synthetic materials are common in tendon tissue engineering and belong mostly to aliphatic polyesters such as polyglycolic acids (PGA), polylactic acids (PLA), and polycaprolactones (PCL), as well as their copolymers poly (lactic-co-glycolic) acids (PLGA) and poly (lactic-co-caprolactone) acids (PLCL) [329,331,332,333,334]. Other materials are also used such as Poly (ester urethane) urea (PEUUR) [335,336], polyurethane (PU) [337], and polyethylene oxide (PEO) [338,339,340].




2.4.2. Scaffold Fabrication


Different traditional techniques have been used to fabricate scaffolds for tendon regeneration including sponges [341,342,343], freeze-drying [323,324,344,345], supercritical fluid processing [346,347], extruding [348], electrochemically aligned collagen [319,349,350], and electrospinning [322,325,332,333,351,352]. Recently, 3D bioprinting has emerged as an novel technique in the field of tissue engineering aiming at fabricating organized scaffolds with complex shapes [352,353,354,355,356]. In comparison with the conventional techniques above listed, 3D scaffolds possess a better controllable pore size and geometry as well as with good mechanical properties that are easily designed and fabricated using 3D printing to mimic the ECM of the tissue to be regenerated [357]. Many 3D printers are now available to fulfill the requirements of the ECM to be fabricated with heterogeneous structures or interfaces [358,359].



To date, amongst these techniques, considering the morphology of native tendons and their oriented fibrillary structure, the electrospinning process is selected for its capability to obtain fibrous constructs, with an average diameter ranging between the nano- and the micro-scale, aimed at resembling the architecture of the native tendon ECM [360]. The scaffolds produced via electrospinning are considered and discussed. Electrospinning is a shaping technique that has become very popular in the fields of biomaterials and tissue engineering due to its potential to produce fibers of micrometric or even nanometric diameters via the application of an electrostatic field [361,362,363,364]. In detail, when a high voltage is applied on the polymer solution, a pendant drop will be formed at the needle tip. Two electrostatic forces will be applied on the formed pendant drop and are divided into electrostatic repulsion and Columbic forces that are formed between the surface charges and exerted by the external electric field, respectively [361,362,365]. The obtained structures have the advantage of being three-dimensional and are increasingly comparable to real tendon structures. The microstructure of the produced support matrices possesses a large specific surface area that aims to increase the cell adhesion capacity, promote protein adsorption, and present more anchoring sites for receptors on the cell membrane [363,365,366]. Such microporous architectures are in fact close to the morphology of the collagen fibers constituting the tendon ECM, allowing a biomimetic character to strongly promote cell colonization and differentiation [190,318,325,367]. The produced fibers can be adjusted and modified by varying the polymer (concentration, conductivity, solvent) and electrospinning process parameters (flow rate, voltage, collector, distance between needle and collector) [190,318,328,368,369]. Different synthetic polymer scaffolds can be fabricated by optimizing electrospinning process parameters for tendon tissue engineering. It is of great interest to understand how scaffold parameters including fiber alignment and diameter size affect cell behavior by controlling and modulating their proliferation and differentiation. The fabricated synthetic scaffolds can have a fiber diameter ranging from nanometers (<1 μm) to micrometers (>1 μm) with fiber alignment ranging from randomly oriented fibers to aligned fibers arranged in parallel. Fiber alignment is considered as a key factor for mimicking tendon ECM and can be modulated and optimized on the basis of the collector used. Randomly oriented fibers can be obtained using a ground collector while those with aligned topography can be fabricated using a rotator drum/mandrel [190,338,340,350,370] and parallel copper electrodes [301]. By using an electrospinning technique, different scaffold shapes for tendon tissue engineering have been fabricated such as aligned meshes [190,328,335,339,340,350,370], bundles [371], multilayer scaffolds [368], and stacked and braided scaffolds [166,367,372]. In the biomimetic concept of tendon-like ECM, the effect of fiber orientation and diameter size are evident on the mechanical properties of the produced electrospun scaffolds (Table 1) as well as on the cellular biological response (Table 2).




2.4.3. Tendon Biomimetic Scaffold Structure and Mechanical Properties


Taking into consideration the native tendon structure characterized by aligned collagen fibers, electrospun scaffolds with aligned fibers seem to be an interesting target for mimicking tendon ECM (Table 1). Full et al. produced PLGA/ColI/PU random and aligned fiber scaffolds using a static and rotator mandrel collector at 300 rpm, respectively. Two different PLGA compositions were used: 85:15 and 50:50 for lactic acid/glycolic acid, respectively. The mechanical properties in terms of Young’s modulus and tensile stress were higher in the aligned fibers with respect to random fibers and especially for those fabricated with PLGA (50:50) ColI/PU [350]. Moffat et al. produced PLGA scaffolds with aligned fibers using a rotating ground collector at a speed of 20 m/s. The elastic modulus and the ultimate stress as well as the strain were three and 10 times higher than that of random fibers [371]. Moreover, Russo et al. produced electrospun PLGA fleeces with randomly oriented and highly aligned fibers using a cylindrical rotator drum at a rotational speed of 100 and 1000 rpm, respectively [190], while Zhang et al. [340] produced CS/polylacticacids (PLLA)/Gelatin/PEO nanofibers with randomly oriented and aligned fibers using a ground collector and rotating drum at 1000 rpm [340], respectively. The produced PLGA and CS/PLLA/Gelatin/PEO fibers with aligned fibers again showed better mechanical properties compared to the random ones [190,340]. Zhang et al. [338] produced PLLA/PEO mats loaded with trichostatin A (TSA) with randomly oriented and aligned fibers using a grounded and rotator drum with 1000 rpm speed, respectively. The ultrastructure analysis of the produced mats showed that the insertion of TSA into the PLLA/PEO led to thinner fiber. The mechanical properties of the aligned fiber groups appeared to be superior compared to the random ones, since the tensile strength and Young’s modulus of the aligned fibers were about 5 and 10 times higher than those of the random ones [338]. Moreover, Nitti et al. produced CS-PEO random and aligned nanofibers using static and rotating drum collectors, respectively. The rotation of the collector varied between 800 and 2500 rpm [339]. The produced aligned nanofibers showed an improvement in the mechanical properties in terms of Young’s modulus, stress at break, and elongation at break by increasing the rotational speed of the collector that allows obtaining highly aligned fibers with respect to random nanofibers [339]. Yin et al. [370] produced PLLA aligned fibers using a rotator mandrel at a rotational speed of 4000 rpm, and they demonstrated that the mechanical properties of the aligned in terms of failure force, Young’s modulus, and stiffness were enhanced by 11, 36, and 50 times, respectively, compared to random fibers [370]. Lee et al. [337] produced PU nanofibers with a diameter of about 657 nm with aligned and randomly oriented fibers. Confirming the previous results, they also demonstrated that fiber alignment improved the mechanical properties of the scaffolds in which Young’s modulus and the ultimate strength were 5 and 3 times higher compared to the randomly oriented fibers [337]. Some researchers have considered that the electrospun sheet matrix should not be considered as a 3D environment, so it is necessary to modify the electrospinning set-up devices in order to obtain an improved scaffold with 3D structure. For this reason, Orr et al. [366] fabricated aligned and random PCL multilayer scaffolds by combining ceramic magnet and parallel copper electrode methods using a reservoir containing distilled water. The assessment of mechanical properties revealed that fiber alignment of the PCL multilayer scaffold enhanced the mechanical properties (elastic modulus, yield strength, and yield strain) compared to the random PCL multilayer scaffolds [366]. Sensini et al. [371] produced two different electrospun bundles with aligned fibers using two different composition ratios 75:25 and 50:50 for PLLA/Col I. The single fiber and the bundle diameter size were unaffected while better mechanical properties were obtained with bundle PLLA/Col I (75:25) [371]. Moreover, Rothrauff et al. [367] designed braided and stacked scaffolds made up of PCL and PLLA. Although the fiber diameter size of the produced electrospun aligned polymer sheets was similar, higher Young’s modulus and stiffness values were obtained with the stacked scaffolds, especially the PLLA ones [367]. Wu et al. [373] fabricated 3D electrospun yarns made up of PCL mesh with aligned fibers with a final diameter of 209 μm. When compared to the 2D aligned and random PCL mesh, 3D yarns exhibited higher ultimate tensile strength and Young’s modulus [373]. Moreover, Tomàs et al. [304] proposed the fabrication of PCL yarns with dodecanethiol nanoparticles (DT-NP) at different concentrations (0%, 2.5%, and 5%). The resulting PCL/DT-NP meshes, after being collected onto the surface of a grounded liquid bath, were pulled by a roller at a constant speed to form the threads. The resulting threads showed an increase in their diameter by increasing DT-NP concentrations (44.9 μm vs. 184.9 μm for PCL and PCL/DT-NP5). Twelve threads were twisted to form the different yarns in which their diameter size was ranged from 313 to 346 μm. It was noticed that the incorporation of DT-NPs within the PCL constructs had a positive impact on their mechanical properties since increasing DT-NPs content (from 0% to 5%) increased in turn the Young’s modulus (from 12 to 22 MPa), strain at break (from 3.4 to 4.2 mm·mm−1), and the stress (from 2.9 to 4.8 MPa) [373]. Czaplewski et al. [374] fabricated braided submicron aligned fibrous scaffolds (BSMF) with a diameter of about 970 nm made up of a PCL and PLLA blend with different PCL/PLLA ratios (100:0; 75:25; 50:50, and 25:75) and a varying number of stitches per inch (8, 12, 16, 20, and 24). The mechanical characterization revealed that increasing PLLA content influences negatively on the mechanical properties in terms of Young modulus, ultimate strength, and yield strength. Moreover, it was noticed that braided scaffolds with 8 SPI (characterized by a braiding angle of about 67°) increase the Young’s modulus of the scaffolds compared to other studied stitches per inch (SPI) values [374]. As mentioned before, the electrospinning technique allows producing a fibrous matrix with a fiber diameter size in the nano- and micro-range. Few studies have evaluated the effect of changing fiber microarchitecture on scaffold characterization, which could be of a great concern in tendon tissue engineering. Erisken et al. [375] produced PLGA fibers with diameter of 320 nm, 680 nm, and 1.80 μm by using different polymer concentrations to mimic tendon ECM during the different stages of the healing process. In terms of mechanical characterization, they found that while the tensile modulus increased by increasing the fiber diameter size, ductility and elongation at break decreased [375]. In another study, Kim et al. [376] produced four PCL mats with different diameter size in the range of 0.11–3.43 μm. They found after mechanical characterization that Young’s modulus, ultimate tensile strength, and strain at break increased consequently by 4, 7, and 9 times when increasing the fiber diameter size [376]. In another study, Cardwell et al. [336] fabricated different poly (ester urethane) urea scaffolds with either random and aligned fibers possessing different diameter size <1 μm, >1–2 μm<, and >2 μm. They found that smaller fiber diameter side exhibited a higher degree of alignment compared to the larger ones [336]. Thus, the electrospun aligned fibers in the micrometer range, due to their distribution along the longitudinal axis of the uniaxial tendon, possess better mechanical properties compared to randomly oriented fibers and those in the nanometer range, making the scaffold stiffer in the direction of applied force, allowing them to support the damaged tissues during tendon regeneration.




2.4.4. Teno-Inductive Potential of Electrospun Produced Materials


Tendon biomimetic scaffold efficacy is proven by testing its teno-inductive potential on the seeded cells, which can be modulated by the underlying substrate topography and fiber diameter. These parameters may influence cell adhesion, proliferation, spreading, organization, and differentiation toward the tenogenic lineage, and they may also control the deposition of ECM.



Different cell sources have been used to assess the teno-inductive potential of scaffold topography (Table 2). Studies have assessed the effect of fiber alignment of electrospun scaffolds by producing fibers with aligned and random orientation on cell teno-differentiation. In a study conducted by Moffat et al. [370], they cultivated human rotator fibroblast-like cells onto PLGA scaffolds with random and aligned fibers under static conditions. After 1-day culture, the cells started to elongate along the fibrous matrix of aligned fibers and maintained the cell shape and organization up to 14 days of culture. After this culture period, no differences were noted in cell proliferation and adhesion between aligned and random fibers. Interestingly, the bio-hybrid PLGA aligned fiber–cell maintained their mechanical properties in vitro compared to the random ones and allowed teno-differentiation characterized by the upregulation of tendon-related markers and the deposition of Col I and Col III as ECM [370]. In a similar study, Zhang et al. [340] compared the effect of fiber alignment of CS/PLLA/Gelatin/PEO on human iPSC-MSCs without applying any mechanical stimuli [340]. Similar results in terms of cell proliferation, adhesion, and morphology as well as the upregulation of tendon-related gene markers as Moffat et al. [370] on the aligned fibers were obtained in this study compared to the random ones, confirming the importance of fiber alignment in cell guidance and teno-differentiation [340]. Leung et al. [328] cultivated human primary BMSCs onto aligned and random fibers of CS-PCL scaffolds under static conditions. Even if no differences in cell adhesion, fibroblast cell morphology, and Tnmd gene expression were detected between random and aligned scaffolds, Col I and Col III were upregulated only on the aligned fibers [328]. Moreover, Yin et al. [369] fabricated aligned and randomly oriented PLLA scaffolds on which they evaluated human TPSCs potential [369] under static conditions. After 3 days of culture, they showed that the transcription factor genes Scleraxis and eya2, and the matrix gene Col XIV, were expressed significantly in aligned fibers, while Ocn and Alp expressions were significantly upregulated in the randomly oriented ones, implying that aligned fibers promote cell differentiation toward the tenogenic lineage while those randomly oriented stimulate it to the osteo-lineage [369]. Russo et al. [190] assessed the effect of electrospun PLGA fiber alignment on AECs. In contrast to the previous results obtained in terms of cell proliferation and adhesion, the fiber alignment seems to affect cell activity, since the DNA quantity and cell proliferation rate decreased onto the aligned fibers compared to the random ones. However, interestingly, after only 48 h of culture, the aligned fibers were able to induce an early epithelial–mesenchymal transition (EMT) on AECs, revealing the downregulation of epithelial markers (Cytokeratin-8) and upregulation of the mesenchymal ones (Snail, Vimentin, and α-SMA). This AEC’s EMT was followed by their teno-differentiation, which was detected after 48 h up to 28 days without using any tenogenic differentiation media. These cells expressed mature tendon related genes (Tnmd and Col I) and Col I protein only on the aligned fibers, which became, after 28 days of culture, expressed extracellularly, forming a sort of ECM [190]. Additionally, to the effect of fiber topography on AEC tenogenic differentiation, long term co-culture has been conducted up to 28 days by using fetal tendon explants [184] with bio-hybrid AEC-PLGA fleece. The results showed that AEC tenogenic differentiation accelerated to take half the time compared to PLGA fleeces cultured only with AECs. AECs represent an important cell source to evaluate the teno-inductive potential of electrospun aligned fibers since their epithelial origin allows the verification of the mechanisms supporting epithelial cells (cuboidal in its morphology and negative to Col I expression) differentiation toward mesenchymal cells of the tenogenic lineage (spindle-like morphology) [190]. Based on previous observation of reduced expression of histone deacetylases (HDACs) in tendon stem/progenitor cells (TSPCs) cultured on aligned fibers [367], Zhang et al. [338] proposed a strategy to enhance the tenogenesis effect of aligned fibers by developing epigenetic bioactive PLGA scaffolds with well-aligned fibers incorporated with Trichostatin A (TSA), an HDAC inhibitor molecule. From the obtained results conducted under normal static culture, Zhang et al. concluded that even if no difference has been detected in cell proliferation, cells seeded onto aligned nanofibers incorporated with TSA showed higher elongated morphology with a higher expression of ScxGFP protein (70% vs. 35% aligned nanofibers). Additionally, aligned nanofibers with TSA enhanced the expression of tenogenic proteins (Col I, Col V, Tnmd, and Epha4), upregulated the expressions of tendon-related gene markers (Scx, Mkx, Eya1, Eya2, Six2, HoxA11 and Egr1) and of HADC 3 and 4, while they downregulated HDAC 1 compared to other groups [338]. Moreover, Lee et al. [337] investigated the effect of human ligament fibroblast on aligned and randomly distributed PU fibers under 5% strain for 24 h at a frequency of 12 cycles/min. They observed that while no histological differences were observed between both culture conditions (static and dynamic), an increase in collagen ECM deposition was revealed in the aligned fibers subjected to cyclic culture conditions [337]. Moreover, Subramony et al. [377] evaluated the combined effect of dynamic culture condition (1% strain at 1 Hz for 90 min for 2 days) and PLGA fiber alignment on human MSCs differentiation. They found that while cells acquired an elongated morphology on aligned fibers under both culture conditions, cells seeded onto randomly oriented fibers became elongated under only dynamic culture conditions. Col I and Col III were upregulated in the aligned scaffolds subjected only to mechanical stimuli. An upregulation in Col III, fibronectin, tenascin-C, and a downregulation in Scx has been shown in cells seeded onto the aligned fibers under dynamic culture conditions [377]. Wu et al. [373] evaluated the effect of woven aligned fabric scaffolds on human tenocytes and human ADSCs alignment, proliferation, and enhancement of their tenogenic phenotype compared to the random and aligned meshes [373]. When cultured with human tenocytes (HT), all scaffold types expressed Tnmd and Col I proteins with a significant increase in tendon-related gene markers in woven fabrics. When seeded with human ADSCs, there was a significant increase in cell proliferation, infiltration, and tendon-related gene expression of Scx, Col I, and Tnmd in the woven fabrics only [373]. Moreover, they performed co- and tri-culture of HADMSC with HT or human umbilical vein endothelial cells (HUVEC) on woven fabrics, and they found that all tendon-related markers (Scx, Tnmd, Tnc, Col I, and Col III) were upregulated together with the vascular endothelial growth factor A (A-VEGFA) and angiopoietin 2 (ANGPT2) in the tri-culture system compared to other groups. They also conditioned the tri-cultured constructs with dynamic culture and demonstrated that dynamic stretch promoted collagen secretion and tenogenic differentiation compared to the static condition [373].



Other authors have produced 3D scaffolds made up of multilayered aligned electrospun fibers from which they fabricated braided and stacked scaffolds. Rothrauff et al. [367] evaluated the effect of multilayered PCL–PLLA scaffolds of aligned electrospun nanofibers of two designs, stacked or braided scaffold with human BMSCs under static conditions [367]. In this study, it was demonstrated that both 3D scaffolds supported the expression of tenogenic markers with a greater effect noticed on braided ones. Conversely, higher cell infiltration and distribution was observed in stacked scaffolds, resulting in enhanced cell proliferation, collagen, and sulfated glycosaminoglycan contents [367]. In another study, Orr et al. [368] evaluated the effect of multilayer PCL scaffolds of aligned and random electrospun microfibers on human ADSCs, without any mechanical stimulation, where they did not find any difference in cell proliferation, glycosaminoglycan, Col I, and Col III content between the aligned and random groups. Moreover, both random and aligned fibers were able to express the tendon-related genes with higher expression levels in the aligned fibers. Mechanically, the cellular biohybrid aligned scaffold showed a significant increase in mechanical properties, since the Young’s modulus and yield strength values after 28 days of culture were two times higher than those of the acellular scaffolds [368]. Other studies were conducted to evaluate the effect of 3D yarn scaffolds on cell activation. Czaplewski et al. [374] investigated the effect of fiber chemistry and braiding angle of aligned braided submicron fibrous matrix (BSMF) on the tenogenic differentiation of hiPSC-MSCs subjected to cyclic tensile stimulation (3 days under static condition then under 3% strain 25 Hz for 2 h/day for 7 days). Results showed that cells became fusiform in the PLLA scaffolds made up of 8 stitches per inch (SPI) compared to the 24 SPI. Moreover, while there was an upregulation of tendon- and osteogenic-related genes markers (Col I, Col III, Runx2, and Ocn) on PLLA scaffolds under static culture condition, cells cultured onto PLLA scaffolds under dynamic culture conditions downregulated the expression of osteogenic markers (Runx2 and Ocn). The lowest braided angle (67° corresponds to 8 SPI) favored cell elongation compared to 24 SPI (where cells were cuboidal) and downregulated the expression of Col I, Col III, Runx2, and Ocn after 10 days of culture under cyclic condition. It seemed that scaffolds braided with large angles (8 SPI) better supported iPSC-MSC tenogenic differentiation by upregulating the tendon-related genes and downregulating those of osteogenic lineage under cyclic culture condition compared to braided scaffolds with small angles [374]. In another study, Tomàs et al. [304] produced PCL yarns with 5% iron oxide nanoparticle (DT-NP) concentrations and studied their effect on human ADSCs under static and magnetic stimuli conditions [304]. These PCL yarns were able to upregulate tendon-related genes (Tnmd, Dcn, Col I a1, Col III a1, Tnc, Scx) with a significant increase in the expression of Scx and Tnmd under magnetic stimulation conditions. In addition, cells exposed to magnetic stimulation downregulated osteogenic-related genes (Runx2) after 11 days of culture. The magnetostimulation of hADSCs in the PCL/DT-NP5 tended to increase gene expression that induced tenogenic commitment on hADSCs while it decreased the expression of genes related with other lineages. They also demonstrated that the possible molecular mechanisms underlying the regulation of fiber alignment on the stem cell differentiation of hADSCs toward the tenogenic lineage may be mediated by the Yes-associated protein/Trascriptional Coactivator with PDZ-binding motif (YAP/TAZ) signaling pathways through which aligned fiber topography induced cell polarization and cytoskeleton tension to trigger this effect [304]. Other groups have studied the effect of fiber diameter on cell biological activities. In a study conducted by Erisken et al. [375], human rotator cuff fibroblasts were cultured under static conditions onto PLGA scaffolds with different fiber size [375]. The cells exhibited more aligned and elongated morphology with high levels of tendon-related gene markers (Col III, Col III, Col V, and Tnmd) on the larger fiber scaffolds while a high cell proliferation rate and production of tendon-like matrix (Col I and GAGs) were detected on the smaller fiber scaffolds after 28 days of culture [375]. In a similar study, Cardwell et al. [336] demonstrated that fiber diameter, not alignment of PEUUR scaffolds, affected the differentiation of C3H10T1/2 toward the tenogenic lineage [336]. They observed that cell density and proliferation decreased by increasing fiber diameter. Moreover, after 14 days of culture, cells underwent tendon/ligament differentiation by upregulating Col I and Scx markers on larger fibers, regardless of fiber alignment [336]. Similar results in terms of cell density and proliferation were also obtained by a study conducted by Bashur et al. [335]. However, in this study, it was noted that the expression of these markers (Tnmd, Col I, and Dcn) decreased with decreasing fiber diameter while Scx gene expression increased by increasing fiber diameter after 7 days of culture [335]. Lee et al. [378] tried to model the various stages of repair post tendon injury by preparing PLGA polymer meshes with randomly oriented fibers possessing different diameter (nano-1 (390 nm) < nano-2 (740 nm) < micro (1420 nm)), and they produced only aligned fibers with the nano-2 group to mimic the biological healing phase rather than the scar formation. It was observed that cell growth and collagen synthesis were enhanced on the randomly oriented nanoscale fibers compared to the micro-sized fibers. The organization of paxillin and actin on randomly oriented fibers was enhanced on micro-sized compared to nano-sized fibers, while the expression and activity of RhoA and Rac1, proteins from the Rho family of GTPases that were characteristic of the initial proliferative phase of wound repair were greater on nanofibers. In contrast, early cell organization was promoted by cell alignment accompanied by reduced cell growth and collagen production [378]. It can be noticed that microfibers, which resemble the tissue remodeling stage and where collagen fibers display a diameter and organization closer to those of healthy tendons, are preferable to maintain the tenogenic phenotype of tenocytes rather than nanofibers that seemed to recapitulate the early stages of tissue repair. Additionally, in vivo studies have been conducted with aligned and randomly oriented electrospun scaffolds from which it has been confirmed the effect of using aligned fibers on enhancing the tendon regeneration in rat Achilles tendon [338,340] and mouse skin models [369] (Table 3). Overall, the results showed that fiber alignment and diameter topography affect cell behavior and could be controlled and optimized to design a potential scaffold for tendon tissue engineering. In particular, the discussed results underscore the complex relationship between the subcellular geometry and global cell function. The activation of downstream signaling pathways depends on the cytoskeletal actin stress fibers and focal adhesion of the cells in a specific 3D environment. This, in turn, affects cell functions including adhesion, migration, morphology, proliferation, gene expression, and differentiation. In addition, co-culturing the bio-hybrid scaffold with other cell types or cultivating it under cyclic conditions allows the acceleration of further cell tenogenic differentiation and organization. However, the differences in the results clearly show the effect of fiber alignment and diameter on regulating cell teno-differentiation ability, which could be attributed to the differences in the physicochemical properties of the used polymers as well as to the used cell sources that greatly affect cellular response in vitro. Taken together, the electrospinning technique may represent a favorable technique to produce fibrous matrices with appropriate structural and mechanical properties, making them useful for tendon tissue engineering applications. It was confirmed that fiber alignment, diameter, and 3D structure of scaffold (yarn, knitted, stacked, braided) enhance cell activity by promoting their differentiation toward the tenogenic lineage while hindering other different lineages (i.e., osteogenic, cartilage).





2.5. Growth Factors


2.5.1. A Lesson from the Role of Growth Factors In Vitro


Growth Factors (GFs) that are involved in tenogenesis and able to control progenitor cell biology belong to a number of different families including transforming growth factors beta (TGF-β1, TGF-β2 and TGF-β3), bone morphogenetic proteins (BMPs: BMP-12, BMP-13 and BMP-14), Fibroblast Growth Factor (FGF-2), vascular endothelial growth factor (VEGF), connective tissue growth factor (CTGF), platelet-derived growth factor (PDGF), and insulin-like growth factor 1 (IGF-1) [379,380,381,382]. The majority of data available to date on the teno-inductive roles of the different categories of GFs are derived from evidence collected during developmental and regenerative tenogenesis.



GFs with roles in driving regenerative and reparative tenogenesis are synthesized and secreted by a wide variety of cells. These include inflammatory cells, platelets, fibroblasts, epithelial cells, vascular endothelial cells, and tendon progenitor cells. The GFs released in response to tissue damage bind to external receptors on the cell membrane, leading to intracellular pathways involved in DNA synthesis and transcriptional expression directly affecting multiple cellular processes including proliferation, chemotaxis, matrix synthesis, and cell differentiation, all being able to influence the healing cascade. In postnatal life, GFs begin to be activated from their storage inactive form, being orchestrated by a dialogue occurring across different cell compartments that contribute to tissue homeostasis [3,51]. In repair, tissue release of GFs is triggered, firstly, from the activated platelets straight after injury. This is followed by GF-driven initiation of the inflammatory cascade, recruiting inflammatory cells to the site of injury that, in turn, secrete additional GFs and amplify the inflammatory cascade. The stem/progenitor tendon cells situated next to the injury area are activated and themselves produce GFs. Further, mechanical loading placed on the injured tendon can further modulate GFs production and their paracrine release [1,3,51,383]. This evidence seems to suggest that a physiological tendon-inductive microenvironment requires multiple GFs over a specific temporal pattern and an optimized relative ratio [3,379]. This complexity is likely the explanation for the lack to date of reproducible GFs formulations for the induction of in vitro tenogenesis despite the consensus positions available for osteogenesis and chondrogenesis [51,384]. However, several efforts have been made to validate the in vitro delivery of GFs for tenogenesis, as demonstrated by the scientometric analysis (Figure 10). Their efficacy will be evaluated below taking into account the differences in GF category, stem/progenitor cells plasticity, stepwise tenogenic outcomes, and readout indices.




2.5.2. TGF β


The transforming growth factor beta (TGF-β) pathway is the most recognized signaling pathway for tendon development [380]. It is active in all stages of tendon healing, and its expression is upregulated in differentiated tendon cells [115,382,384,385]. TGF-β induces extrinsic cell migration, regulates proteinases and cell proliferation, and stimulates collagen production. Moreover, its expression pathway in the human tendon is crucial in the tendon’s adaptation to mechanical loading [386]. In mammals, three different TGF-β isoforms, (TGF-β1, -2, and-3) of the 25 kDa homodimer are expressed, and in mice, the Tgfβ2−/−, Tgfβ3−/− double knockout genes give rise to a distinct phenotype resulting in the loss of almost all tendons in the limbs, trunk, tail, and head [118]. TGF-β1 is a potent inducer of the tendon transcription factor Scleraxis (Scx) [114] and Mohawk (Mkx) expression [118]. In particular, during the development of tendons, it has been shown that the TGFβ-Scx pathway plays a critical role in the initial differentiation of tendons, followed by the TGFβ-Mkx pathway playing an essential role at the tendon maturation stage [120]. In vitro experiments demonstrating the TGF-β1 role on in enhancing tenogenic marker expression have been performed using tendon stem/progenitor cells (TSPC), mesenchymal stem cells (MSC), bone marrow-derived mesenchymal stem cells (BMSC), as well as in embryonic stem cells (ESC), [114,387,388]. Zhang B et al. [342] showed that TGF-β1 treatment induced the differentiation of rabbit BMSC to tenocytes seeded in a three-dimensional (3D) culture system based on a silicone chamber and collagen sponge scaffold. TGF-β1 supplementation on BMSC seeded on collagen sponge constructs for 3 days increased the cell viability and mRNA and protein expression levels of tendon-related marker genes, including Col I, Col III, Tnc, Scx, and Tnmd. Meanwhile, TGF-β1 inhibited the mRNA expression of PPARγ adipogenic marker and Runx2 osteoblast-specific marker differentiation. Furthermore, by using the BMSC–collagen sponge construct treated with TGF-β1 in a rat Achilles tendon in situ repair experiment, it was shown that enhanced structural and functional tendon regeneration was achieved [342].



In human adipose-derived stem cells (ASCs) culture, TGF-β1 supplementation in the presence of ascorbic acid (AA) to the culture medium was able to increase Scx genetic expression after 7 days of culture following by an increase of a collagen type I expression [389]. These results were in agreement with those obtained by Cheng et al. in human anterior cruciate ligament-derived stem cells (LSC) cultured with TGF β1 where collagen type I and type III, tenascin-c, fibronectin, and a-smooth muscle actin were significantly upregulated after treatment. However, simultaneous TGF-β1 with FGF-2 treatment increased the production of collagenous and non-collagenous extracellular matrix proteins, supporting the idea that this cell type is able to generate a different response depending on the cytokine input [390]. In canine adipose-derived MSC cells (ADSCs), TGF-β1 administration induced cell differentiation toward tenogenic lineage when in the presence of IGF1 in a high-density culture and in 3D co-culture with primary tenocytes. Cells treated with TGF-β1 and IGF1 expressed high levels of Scx, and Col I, Col III, Dnc, and Tnmd expression proteins after 7 days of culture. After 14 days, cells showed an expression of tendon-related markers to levels comparable with tenocytes. Treatment enhanced extensive formations of intercellular contacts and produced a well-organized extracellular matrix through the activation of the MAPK kinase pathway signaling members, adaptor proteins, Shc, and ERK1/2 [391]. Recently, it has been demonstrated that TGF-β, physiologically secreted from amniotic epithelial cells (AEC) and spontaneously accumulated during cell expansion, by inducing the epithelial–mesenchymal transition (EMT) process, allows human and ovine AEC cells to loss their epithelial morphology and to acquire a mesenchymal phenotype [191]. Treatment with a TGF-β signaling inhibitor (SB-505124) induces the complete reversion of in ovine AEC that experienced EMT, thus confirming the involvement of TGF-β1/Smad pathway in the process [191]. The production of TGF-β1 and its induction of the EMT process could represent the first event in the promotion of AECs differentiation toward the tenogenic lineage in a stepwise in vitro manner. It has also been demonstrated that oAECs have an in vitro ability to differentiate into tenocytes in allo and xeno co-culture with tenocyte explants and when exposed to teno-inductive scaffold topology [184,188,190]. A stepwise protocol using TGF-β1 to initiate tenogenic differentiation, followed by a combination of TGF-β/connective tissue growth factor (CTGF) to further maintain the teno-lineage, was also recently reported to better promote tenogenic differentiation in BMSCs [226]. It was found that in BMSCs, treatment with TGF-β1 alone firstly induced an in vitro elongated shape morphology and significantly increased Scx, Col I, Tnc, and Thbs4 within 3 days of treatment. However, only when in the presence of CTGF and TGF-β1 was elevated Tnmd mRNA and protein expression maintained at day 7 of BMSCs culture. The efficacy of this stepwise inductive in vitro approach by using TGF-β1 and TGF-β1/CTGF sequentially was further evaluated in a patellar tendon injury model establishing its effectiveness for the induction of tenogenic differentiation. Yin et al. [226] demonstrated that the TGF-β1 signaling pathway, through Smad2/3 activation, is essential for tendon differentiation in BMSCs and that it was dominant over chondrogenesis. Indeed, even if the expression of Sox9 increased at day 3, its expression decreased gradually during the optimized stepwise tenogenic induction protocol, and the mature chondrocyte marker Col II was undetectable in inducted BMSCs. TGF-β1 supplementations were also used to maintain the tenogenic differentiative status of equine tenocyte isolated from superficial digital flexor tendon (SDFT) and cultured in vitro by employing the 3D hanging drop technique and cultured as scaffold-free microtissue spheroids (3D) in low serum medium containing ascorbic acid and insulin. This was made evident by significant increases in the expression levels of pro-tenogenic markers Col II a1, Col III a1, Scx and Tnmd, as well as by enhanced levels of collagen type I and tenomodulin proteins. After TGF-β1 treatments, equine tenocytes showed a typical spindle-like morphology and when embedded in collagen gels, they became highly aligned with respect to the orientation of the collagen structure following their migration out from the microtissue spheroids [392].



Despite the volume of information on the use of TGF-β1 isoforms in inducing in vitro tenogenesis, few data are available on the other two isoforms, TGF-β2 and TGF-β3. Of note, Liu et al. [393] have recently demonstrated that treatment with endogenous microRNAs miR-378a, with its TGF-β2 binding target, impaired tendon healing by suppressing collagen and extracellular matrix production in miR-378a knock-in transgenic mice. They also showed that in vitro tenogenic differentiation was suppressed from miR-378a in TDSCs isolated by transgenic mice [393]. These results seem to support the TGF-β2 role in tendon differentiation and development and are in agreement with other reports in which it was demonstrated that in vitro treatment with this TGF-β2 isoform induced tenogenic Col I and Scx expression in mouse C3H10T1/2 stem cells [114]. Consistently, Havis et al. [115] showed that the same typology of cell exposed to TGFβ-2 or TGFβ-3 upregulated Scx and Col I a1 gene expression, and in contrast, TGF-β ligands significantly decreased the relative levels of the cartilage marker Sox9. Moreover, by investigating the molecular mechanism involved, this study demonstrated that the TGF-β2 ligand has the ability to direct mouse mesenchymal stem cells toward the tendon lineage (Scx) at the expense of cartilage lineage (Sox9) via SMAD2/3 pathway activation [115]. Tendon-related markers, Scx, Col I, and Tenascin-c (Tnc) were induced by exposing human BMSCs, ASCs, and TCs to TGF-β3 in a two-step differentiation protocol [394]. However, despite this evidence confirming an early tendon differentiation, a downregulation in mRNA expression of decorin (Dcn), a protein with a crucial role in the collagen fibers maturation, has been documented in all cell types [394]. This led to the suggestion of a mutually inhibitory interaction between TGF-β family proteins and decorin during the process of collagen fiber maturation by demonstrating that an initial TGF-β3 dependent priming step (0–3 days) is necessary to induce in vitro TCs differentiation followed by a second step of TGF-β3- independent matrix deposition (3–10 days) [394,395]. A tendon-inductive in vitro role for TGF-β3 in combination with tendon-derived ECM (tECM) extracts has been further confirmed on human-derived mesenchymal stem cells (hASCs) plated on tissue culture or seeded on PCL-aligned scaffolds by recording increased Scx and Tnc expression as well as a greater production of Col I protein [206]. TGF-β3-mediated teno-inductive effects have also been verified with equine embryo-derived stem cells [396] and on hMSC and hBMNC cultured in fixed-length fibrin gels. The TGF-β3 hMSC and hBMNC-treated cells spontaneously synthesized narrow-diameter collagen fibrils and exhibited fibripositors (actin-rich, collagen fibril-containing plasma membrane protrusions) identical to those that occur during embryonic tendon development [397]. Even if the TGF-βs administration seems to be a promising inductive influence on in vitro tenogenesis, further in vivo studies for validation are required. Of note, TGF-β dysregulation has been related to tendinopathy and overuse (excessive physical activity) and is considered a major predisposing factor for the development of pathological condition [386]. In addition, many clinical trials seem to support the idea that prolonged TGF-β1 stimulation may be responsible for reduced ECM remodeling, leading to scar formation [384]. On the contrary, TGF-β3 administration to tenocytes minimized the extrinsic scarring, decreased tendon adhesion, and promoted tendon healing by downregulating the expression of Smad3 and upregulating the expression of Smad7 [398].



Beside the large availability of experimental research data on TGFβ roles in tenogenesis, further investigations are still necessary to better understand the complex mechanisms of TGF-β role and related pathways before considering their place in in vitro tendon-inductive protocols as well as to move toward their clinical application.




2.5.3. BMPs


Bone morphogenic proteins (BMPs), BMP-12, -13, and -14 (also known as GDF-7, -6, and -5, respectively) are members of the TGF-β superfamily, and they have individually been shown to play important roles in chemotaxis, proliferation, matrix synthesis, and cell differentiation [167]. During tendon healing, BMPs are elevated at early stages and decrease gradually over time [399]. However, BMPs belong to the pleiotropic TGF-β superfamily and have diverse effects on cells. It has been reported that BMP-2 drives osteogenic differentiation, assigning it an important role in enthesis, meaning tendon to bone healing. BMP-2 was even able to induce new bone formation within the tendon, which is not desired in intratendinous healing [382]. However, Hoffmann et al. [400] demonstrated that the overexpression of constitutively active Smad8 molecules in mouse recombinant BMP2-expressing MSCs (C3H10T1/2-BMP2 cells) was able to suppress in vitro cellular development into osteo lineages and to induce tenogenic differentiation by enhancing Scx protein expression and simultaneously downregulating osteocalcin and other osteogenic-related markers [400]. These in vitro results, further supported by an in vivo Achilles tendon model, suggested that the Smad8 molecule inhibits the osteogenic pathway induced by BMP2 and promotes the tendon/ligament differentiation route [400]. The BMP-derived effect and relative mechanisms in modulating tenogenic differentiation were demonstrated in several preclinical settings [401,402] and reproduced in vitro on different stem cells sources. Furthermore, in vitro BMP-12 supplementation was able to promote equine BMSCs mesenchymal lineage differentiation by the induction of tendon-related markers including tenomodulin and decorin, as well as osteogenic ones including alkaline phosphatase and von Kossa staining [403]. BMP-12 treatment has been evaluated as teno-inductive on BMSCs and ADMSCs where the upregulation of tendon markers including Scx, Tnmd, Col I, Tnc, and Dcn, was recorded and confirmed in vivo (horse, dog, and rat) [382]. The BMP12 teno-inductive role was demonstrated in Rhesus BMSCs where transfection with BMP-12 was sufficient to induce differentiation into tenocytes by enhancing Col I and Scx, but not Col III mRNA expression [200]. Analogously, BMP-13 seems to be involved in promoting in vitro tenogenic differentiation on BMSCs incorporated in an engineered tendon matrix further confirmed by their effect on neotendon formation after implantation in an experimentally induced tendon injury model [404,405]. It was recently established that growth media supplemented with BMP-12, BMP-13 and ascorbic acid could induce pluripotent stem cells (hESC) to undergo in vitro tenogenic differentiation under low tension O2 (2% O2) through a stable transcription of tendon-linked and tissue specific gene upregulation combined with the deposition of a tendon-like matrix and elongated and cell-to-cell synapsing [167]. A forward step in hESC tenogenesis will facilitate the generation of enhanced in vitro studies. The teno-inductive influence of BMP-14 has also been evaluated mainly on tissue-derived progenitor cells (TSPCs). It has no effect on TSPCs proliferation but leads to a progressive loss in stemness by elevating the expression of Dcn, Scx and osteonectin, but reducing Tnc, Col I, and Col II [387]. However, the effect of BMP-14 seems to be highly stem cell-dependent. In multipotent adult adipose-derived rat MSCs, treatment with different concentrations of BMP-14 (0–1000 ng/mL) increased proliferation and induced more complete tenogenic differentiation with an upregulation of tenogenic gene markers (Scx, Tnmd, and Tnc) and tendon-specific (collagen type I, decorin, and aggrecan) markers codifying for ECM protein components [406]. Ciardulli et al. [196] reported that 100 ng/mL of BMP14 promoted a time-dependent expression of tenogenic markers (Col I, Col III, Dcn, Scx-a, Tnc, and Tnmd) by BMSCs and WJMSCs. Govoni et al. [202], studied the teno-inductive influence of hBMP-14 (also called GDF-5) in an alternate adult MSC source. In particular, hBMP-14 stimulation of hBMSC maintained on a synthetic three-dimensional (3D) microenvironment underwent an early commitment toward the tenogenic lineage as consequence of a combination biochemical and physical stimulation. In detail, under a multiphase 3D construct consisting of a braided hyaluronate elastic band merged with poly-lactic-co-glycolic acid growth factors (GFs)-loaded microcarriers, hBMP-14 was regularly delivered to hBMSCs stimulated with cyclic strain. The cooperative biochemical and physical stimuli induced a significantly increased expression of tenogenic markers, such as Col I and Col III, Dcn, Ssc, and Tnc after 3 days of dynamic culture [198]. The BMPs molecular signaling pathway involved in tendon differentiation is still unknown. BMPs can transduce the signal through the Smad pathway or through the mitogen-activated protein kinase MAPK pathway. Some research studied the BMPs pathway through changes in Smad-1/5/8 levels [407,408]; still, few studies have focused on the underlying molecular mechanism of tenogenesis. However, a recent study demonstrated that BMP-14 promoted tenogenic differentiation in hBMSCs by activating cytoskeleton reorganization signaling (stress fiber formation), e.g., keratin filament, activin A, cell adhesion, and extracellular matrix related signaling [409], demonstrating the involvement of alternative mechanisms of induction of in vitro tenogenic differentiation. In conclusion, despite the rigorous evidence collected to date on the in vitro teno-inductive role of BMP-12, -13, and -14 on the different typologies of tendon-related and adult MSCs, in vivo studies validating a physiological role and potential clinical impact of this GFs superfamily remain to be performed.




2.5.4. CTGF


Connective tissue growth factor (CTGF) is involved in skeletal development and differentiation [410]. CTGF induced fibroblastic differentiation in hBMSC, increasing the expression of Col I and Tnc and reducing the capacity to undergo non-fibroblastic differentiation [384]. CTGF is able to induce mineralization in human periodontal ligament stem cells, but it is able to increase fibroblastic-related gene expression when combined with TGF-β1 [411]. Based on the in vitro evidence, CTGF seems to exert a dual differentiation effect toward fibroblastic or osteoblastic lineages modulated by the microenvironmental conditions [384].



More recently, CTGF was considered to be able to promote the in vitro tendon differentiation of mouse ASCs in a dose- and time-dependent manner. CTGF increased tendon-related genes and proteins such as Scx, Tnmd, and Col Ia. Its influence, mediated by MAPK kinase activation, induced ERK1/2 and FAK phosphorylation within 5 min and 15 min, respectively. The FAK/ERK1/2 signaling role in CTGF-induced tenogenesis was also demonstrated by inhibiting ASCs’ tenogenic differentiation and proliferation, blocking both the pathways by selective inhibitors SCH772984 and PF573228, respectively [412]. Of note, the use of antagonists has been associated with a parallel upregulation of chondrogenic (Acan) and osteogenic-related genes (Runx2). This teno-inductive CTGF-mediated pathway was confirmed in vivo with rat tendon CD146+ stem/progenitor cells by generating an siRNA knockdown of focal adhesion kinase (FAK) and extracellular signal-regulated kinases ERK1/2 [399]. Little information is available to date on the role of CTGF in tendon somatic cells. TSPCs exposed to CTGF and ascorbic acid in vitro increased ECM deposition by generating a cell sheet that can be used as an engineered tendon tissue for transplantation [214]. Furthermore, a CTGF transection construct was capable of inducing tenogenic differentiation of rat TSPCs in vitro, upregulating the expression of Scx, Tnmd, Col I, and Tnc. CTGF promoted its effect on TPSC via the Smad1/5/8 signaling pathway. The role of CTGF has also been confirmed in vivo. Knockdown of CTGF expression diminished tenocyte differentiation [413]. This study provided the evidence for the existence of a direct interaction between CTGF and BMP-12 involving the CR domain of CTGF. To date, it remains unclear how CTGF regulated tenogenic differentiation and whether its effect is linked to other GFs signaling and, in particular, to TGF-β family signaling pathways. Further investigation of CTGF and its potential crosstalk with TGF-β will likely provide an in-depth understanding of its roles in tendon regeneration [384].




2.5.5. FGFs


Basic FGF (bFGF) is a member of the heparin-binding growth factor family and is known to be a potent stimulator of angiogenesis and cellular migration [382]. In vitro bFGF supplementation promoted the maintenance of differentiated cells despite the lower proliferation of hTSPCs in a TSPC–tenocyte co-culture [414]. Gonclavez et al. [389] reported that bFGF in combination with ascorbic acid exerted a teno-inductive in vitro effect on human amniotic fluid stem cells (hAFSCs) and adipose-derived stem cells hASCs. In both the cells, typologies increased the expression tendon-related markers (Scx, Tnc, Dcn, Col I a1, and Col III a1), even if hAFSCs appeared to be more responsive to bFGF stimulus [389]. Independently of stem cell source, the bFGF effect was strictly dose-dependent in vitro. Human BMSC exposed to low dosages (3 ng/mL) of FGF-2 displayed a biphasic response where initial proliferation was followed by differentiation through the upregulation of Col I, Col III, and Fnc. On the contrary, neither differentiation nor proliferation influence was induced by a high dose (30 ng/mL) of FGF-2 [415]. The tenogenic role of bFGF remains to be confirmed in vivo where contrasting evidence has been reported. Two in vivo studies using BMSCs lentiviral transfected with bFGF demonstrated the absence of any healing influence when cells were transplanted in a rat Achilles tendon defect model [416,417]. On the other hand, a direct bFGF administration through a hydrogel implantation apparently increased the ultimate strength and higher histological scores in a rat rotator cuff injury experimental model. This preclinical setting demonstrated that bFGF may have a role in driving tenogenic progenitor cells recruitment and activation by increasing at the healing sites the number of MSCs upregulating Scx [418]. On the contrary, FGF-4 use did not increase Scx expression in mouse limbs in both early and late developmental stages with no negative effects on Scx and ColIa1 gene expression in mouse C3H10T1/2 cells [384]. Similar conclusions were obtained by another study where a slight effect of FGF-4 on the differentiation of TSPCs isolated from the axial and limb in a series of developmental stages were recorded [419].




2.5.6. IGF-1, VEGF, and PDGF


IGF-1 is involved in multiple processes in normal body growth and healing. It mediates all stages of wound healing, especially the inflammatory and the proliferative phases. IGF1 is known to play a critical role in the growth and adaptation of various musculoskeletal tissues (including skeletal muscle, bone, and cartilage), but less is known about tendons [382]. IGF-1 mainly seems to stimulate the proliferation and migration of fibroblasts and other cells at the injury site and to increase the production of collagens and other ECM components in these cells [420]. However, the in vivo evidence collected to date did not demonstrate any tenogenic role of IGF-1 in mediating the host–stem cells dialogue during healing. Indeed, adenoviral BMSCs transfected with IGF-1 did not enhance stem cell ability in stimulating transplanted tendon to recover its biomechanical property as well as to improve new ECM deposition [421]. However, the in vitro evidence remains limited and non-homogeneous in order to make any conclusion on the tenogenic role of IGF-1. For instance, Liu et al., reported that a combined treatment of IGF-1 and BMP-2 on rat TSPCs significantly increased adipogenic differentiation through a prostaglandin E (PGE) 2-mediated pathway [422] while Holladay et al. [387] reported that in vitro IGF-1 treatment alone promoted the proliferation and maintenance of TSC phenotypes, leading to a slight increase in Scx, no influence on Col I, and a downregulation of Col II expression [387]. The basal expression of the angiogenic factor, VEGF, is low in healthy tendon while it is reactivated during tendon healing [50,52,188] and upregulated in tendinopathy [48,423,424,425]. Despite VEGF having an effect on stromal cells, it is a highly specific growth factor for endothelial cells [426]. Analogously, it stimulates angiogenesis during tendon healing. Activation occurs early after tendon injury and persists during the whole inflammatory phase [50,52,188] followed by its reduction for modulating blood vessels organization during the proliferative and remodeling phases [427,428]. VEGF effects on in vitro tenogenic differentiation were evaluated on human tenocytes cultured with different concentrations of growth factor. VEGF was able to enhance tenocyte proliferation as well as to increase Scx and Col I expression by downregulating Col III [429]. More consistent are experiments performed to investigate the tenogenic in vitro influence of VEGF. However, most of these experiments have been performed using VEGF in combination with other growth factors [201,384], and the relative results will be discussed in the “Comparative Studies with Growth Factors” Section 2.5.7 below. Platelet-derived growth factor (PDGF-BB) is a potent mitogen for cells of mesenchymal origin, including fibroblasts, smooth muscle cells, and glial cells [430]. Several reports seem to confirm that PDGF plays an important role in tendon tissue homeostasis. Indeed, PDGF was essential to stimulate collagen, non-collagen protein production, and DNA synthesis in different types of rabbit tendons (intrasynovial intermediate and proximal segments of deep flexor tendons, and extrasynovial peroneus) during short-term explant cultures acting in a dose-dependent manner [431]. Different studies take advantage of PDGF supplementation for enhancing in vitro tenocyte activity, for inducing phenotype conversion of different stem cells toward tenocyte-tissue lineage, and for augmenting tendon tissue responses to biomaterials [432]. In this context, PDGF-BB supplementation or its incorporation in biomimetic scaffolds was able to stimulate the proliferation of rat tenocyte [433] and to induce tenogenic differentiation in ADSC [432].




2.5.7. Comparative Studies with Growth Factors


The definition of an optimal protocol for in vitro tenogenic differentiation remains to be determined. Difficulties emerge in drawing together an efficient in vitro approach when we consider the range of different culture conditions, time points, and experimental setups proposed to date in the absence of meaningful and robust conclusions. In this context, the in vitro role of GFs is further complicated by the evidence that tenogenesis requires a combination of GFs with controlled concentrations and durations of exposure. However, some comparative experiments as well as in vitro trials of GFs co-supplementation merit consideration.



Comparative studies of GFs teno-inductive capacity seem to suggest a central role of TGFβ superfamily GFs members. hADSCs and hAFSC underwent comparative analysis of the in vitro influence of EGF, bFGF, PDGF-BB, and TGF-β1 [37]. The expression profiles of tendon-related genes (Col I, Col III, Dcn, Tnc, and Scx) revealed that TGF-β1 and EGF were the more efficient GFs in inducing an early (at day 7) upregulation of Scx (10 times over the other GFs) and Tnc, respectively. The influence of GFs changed in the later culture intervals. EGF controlled Col III expression at day 14, while TGF-β1 and PDGF-BB upregulated Col I (10 times more than the other growth) at day 21. Of note, the study demonstrated even that the expression profiles of tendon-related genes are clearly stem cell source-dependent, thus suggesting a different ability in human AFSCs and ADSCs in undertaking in vitro tenogenic lineage commitment [37]. Furthermore, TGF-β1 treatment was recently identified as a potent tenogenic phenotype convertor in rat BMSCs where its supplementation was able to promote the greatest upregulation of tenogenic-related genes and proteins in comparison to BMP-12, CTGF, and their combinations [226]. In addition, TGF-β1 in combination with BMPs appeared to be essential to preserve Scx-GFP expression levels in primary tenocytes after several days of culture. [282].



A further confirmation that TGFβ superfamily member (TGF-β3) may be early tendon inducer (inducing Scx overexpression) was demonstrated by testing the influence of different combinations of GFs (BMP-12, b-FGF, TGF-β3, CTGF, IGF-1) on human ADSCs, BMSCs, and TC during a two-step differentiation protocol in the presence of ascorbic acid [394]. Of note, a late inhibitory role of TGF-β3 was demonstrated through the downregulation of the tendon markers Dcn. On the contrary, BMP-12, b-FGF, and AA were active in inducing Dcn upregulation. Furthermore, the results confirmed a conserved role of TGF-β3 that was able to promote an early teno-inductive effect and a late inhibitory influence on collagen fiber maturation on all cell typologies. Moreover, BMP-12 as well as CTGF and IGF-1 seem to be subordinated to TGF-β3 in the induction of tendon-specific transcription factors with a late role in modulating the production of tendon-specific extracellular matrix molecules. TCs were the most responsive cell population to GFs stimulation. Although TC displayed basal values of Col I a1, Tnc, and Dcn expression similar to those recorded in ASCs and BMSCs, their response to a combined GFs stimulation was faster and of the greatest amplitude. TC primed with TGF-β3 showed an earlier overexpression of Scx and Mkx (first 3 days) followed by a marked upregulation of Dcn, Tnc, and Mkx [394]. The findings obtained in this study showed a crucial role for TGF-β3 as an inducer of tenogenic differentiation. However, its opposing effect in the late phase of tenogenesis as an inhibitor of fiber maturation suggests the need of a two-step protocol with the other GF to achieve effective tenogenic differentiation.



In another study, TGF-β3 and BMP12 tenogenic combinatory effects were demonstrated in equine ADSCs cultured in monolayer or in 3D on decellularized tendon matrix scaffolds preloaded with the GFs [434]. Mechanistic insights on TGFβ GF superfamily pathways were investigated by another comparative study where the tenogenic differentiation of mouse limb MSCs were induced using FGF-4, TGF-β3, TGF-β2, and PD18. A greater tendon-inductive influence was achieved by activating TGF-β2/3 signaling [115] that, additionally, played a role in suppressing cartilage marker Sox9 expression. However, no differences in the effects of TGF-β2 versus TGF-β3 nor synergetic effects were observed.



Gene response profiles of mice TSPCs seem to confirm that the tendon-inductive influence of TGF-β2 does not require any mechanical loading in addition to FGF-4. TGF-β2 upregulated Scx expression independently of developmental stages of origin, whereas mechanical loading affected late-stage TSPCs. When this former effect was compared for the two GFs, a persistent stimulatory tendon-inductive influence was confirmed for TGF-β2, whereas FGF-4 appeared to be anti-tenogenic [419].



In addition, the TGF-β tendon-inductive influence could require an inductive surrounding microenvironment. Indeed, while TGF-β3 or TGF-β3/BMP-12 upregulated Col IIa1, Col IIIa1, Tnc, Scx, and Mohawk in equine MSC in a monolayer culture, in 3D conditions (seeded on tendon matrix), they overexpressed Dcn and osteopontin by downregulating Smad8. Scaffolds preloaded with TGF-β3 or with TGF-β3/BMP12 promoted a tenocyte-like phenotype and improved cell alignment. This study showed that growth factor-induced tenogenic differentiation was also markedly altered by topographical constraints of decellularized tendon tissue by suggesting the idea that TGF-β3 may play a key role as mediator for tenogenic induction, while BMP-12 served as a modulator [434]. On the contrary, a tendon-inductive role for BMP-12 and BMP-12+IGF-1 has been proposed in a further study [435] carried out in equine BMCS supplemented alone or in combination with FGF-2, TGF-β1, IGF-1 (BMP-12+IGF-1, TGF-β1+IGF-1, and/or BMP-12+FGF-2). The concept of the authors was substantiated by BMP-12 increasing the expression of tendon-related genes Col III and Scx over the control cells at day 10 (cultured in 3D over a collagen hydrogel) compared to other GFs formulations (5, and 3-fold, respectively, over the levels induced by TGF-β1 and TGF-β1+IGF-1). Of note, BMP-12-induced Scx expression was significantly decreased by FGF-2 co-supplementation. In addition, BMP-12+IGF-1 significantly increased Col III expression over all groups (except BMP-12, BMP-12+FGF-2, and CTR) while BMP-12 and BMP-12+IGF-1 significantly stimulated Dcn [435].



The combined tenogenic differentiation action of the BMP-14, TGF-β3, and VEGF formulation was demonstrated on rabbit BMSCs [201]. In this study, the teno-inductive influence was evaluated in both 2D and 3D (fibrin-based constructs) cultures at 7 and 14 days by analyzing cell metabolism and collagen content, the gene expression of tenogenic markers, and the histological cell distribution and collagen deposition within 3D constructs. The results demonstrated that this formulation was the most effective in enhancing BMSC expression of Col Ia1, Col IIIa1, Tnc and Tnmd in both 2D and 3D cultures higher in BMSCS [201].





2.6. Co-Culture


The co-culture technique has been widely used in tissue engineering of cartilage, bone, kidney, liver, lung, heart, and nerve to direct stem or progenitor cells differentiation [436]. The scientific production about co-culture in the field of in vitro tendon differentiation is still in development as the scientometric analysis has not yet revealed prominent available papers (Figure 11).



Co-culture aims at reproducing in vitro the molecular tissue microenvironment that stem cells may experience after transplantation. This cultural approach in theory may reproduce in vitro the complex stem cell host tissue paracrine dialogue undertaken during tissue development and regeneration by providing the tissue specific bioactive stimuli. The co-culture with fetal tissue may represent an in vitro system closer to that addressing tissue development, while the co-culture with TDSCs or adult tissues are probably more clearly referable to tissue repairing and regeneration.



From a methodological point of view, two types of co-culture may be performed: a direct and indirect incubation. Direct co-culture systems consist of two or more distinct cell types mixed and cultured together where cells interact with each other using the combination of paracrine, cell–ECM adhesion, and gap junction-mediated bioactive molecule signaling. In indirect co-culture systems, two or more distinct types of cells share the same environment without any physical contact. An indirect co-culture reproduces the environments of native tissue through the release of soluble factors in order to reproduce in vitro the dialogue between two different cell types [436].



Evidence in the literature showed the efficiency of co-culture techniques with fetal tendon explant with respect to fetal tenocytes and adult tissue or tenocytes. In fact, fetal explant co-culture may represent a good in vitro model to mimic tendon development. Fetal tendon is a very plastic tissue that during adulthood undergoes profound transformations. A study on sheep performed by Russo et al. [5] showed the modifications that occurred during tendon aging. For instance, fetal endotenon was more developed than in adult and cell phenotype shift during tendon maturation. In fact, in the fetal tendons, the cells were large with a rounded shape and were located on a layer of more compacted cells that expressed osteocalcin, VEGF, and nerve growth factor (NGF). During tendon development VEGF, NGF, blood vessels, and nerve fibers decreased. Moreover, contrary to adult specimens, cells in mid and late fetuses endotenon showed pluripotent stem cells markers. In adult tissue Col I, Col III, Scx B, Tnmd, Thbs4, and osteocalcin underwent dramatic reductions. In addition, TGF-β1 expression underwent a similar decrease [5].



According to this evidence, it can be supposed that signals from fetal tendons are different and more effective with respect to adult ones or tendon-derived stem cells alone. The hypothesis providing that fetal tendon explant can drive teno-differentiation more efficiently than fetal tenocyte or adult explant or tenocyte was demonstrated by Barboni et al. [184]. In particular, the transwell system of fetal explants and ovine Amniotic Epithelial Stem cells (oAECs) led these cells to differentiate toward the tenogenic lineage by a stepwise differentiation process. The exposition of oAECs to fetal tendon explants for 28 days results in a higher increase of tendon-related genes such as Scxb, Tnmd, Col I, Thbs4, increased protein Col I, and connexin 32 and 43, with respect to the oAECs co-cultured with adult tendon or tenocytes. Moreover, oAECs acquired a tenogenic phenotype as they organized themselves in 3D tendon-like structures [184]. Tendon differentiation occurred with a stepwise process confirmed by the fact that oAEC expressed mesenchymal markers after co-culture, such as α-SMA, which they did not possess when initially harvested [174,184,185,191,192].



The co-culture with tendon fetal explants is able to accelerate the tenogenic commitment of oAECs when seeded on a PLGA electrospun scaffold. In fact, oAEC on a high aligned PLGA scaffold displayed an early commitment toward tenocyte without any further stimuli, but in a co-culture system with fetal tendon, explant Tnmd and Col I gene expressions were significantly higher, as well as Col I protein deposition and orientation. Moreover, in this research, the stepwise differentiation process of oAEC was also evident through the upregulation of mesenchymal markers, such as Snail, Vimentin, and α-Sma and the downregulation of epithelial marker cytokeratin-8 [190].



Instead of tissue explants, sometimes, TDSCs are used in a co-culture system to induce tendon differentiation in stem cells, as they are tendon-derived stem cells and express tenogenic markers [21].



The choice to use TDSCs instead of the tissue explant as stimuli to drive stem cells’ tendon commitment may be due to the fact that native tissue is not often available, and a co-culture with cells could be more manageable than ones with tissue. Even if cell-to-cell interaction is different from tissue–cell interaction, a co-culture of TDSCs and stem cells could be useful to investigate the relationship between these two different cell types as a possible in vitro model to study tendon healing and regeneration.



Some researchers proved the positive outcome of co-culture between TDSCs and fetal or adult stem cells. The study of Muttini et al. [188] showed that oAECs are able to undergo tenogenic differentiation also in co-culture with tenocytes collected from adult equine tendons. The most interesting outcome was that the differentiation occurred infra-species (ovine/equine) as oAECs acquired tenogenic phenotype and genotype displaying Scx, Col I, and Col III gene expression as shown in Barboni et al. [184]. Pre-differentiated oAECs were also tested in vivo. After an in situ injection of differentiated oAECs in horses with acute tendon lesion, histological and immunohistochemical examinations in the explanted tendons demonstrated the low immunogenicity of oAECs as well as their regenerative potential in producing ovine collagen type I amongst the equine collagen fibers [188].



Li et al. [193] used both direct and indirect co-culture to induce tenogenic differentiation in human amnion-derived mesenchymal stem cells (hAMSCs). They cultivated hAMSCs with human anterior cruciate ligament fibroblasts (hACLFs) in a monolayer co-culture and in a transwell co-culture with and without growth factors stimulation (bFGF and TGF-β1). The final outcome demonstrated that hAMSCs in a transwell system stimulated with growth factors displayed a higher density of Col I, Col III, fibronectin, and Tnc, as well as mRNA expression of tenogenic markers Col I, Col III, fibronectin, and Tnc [193].



Wu et al. [437] demonstrated the advantage of the direct co-culture of rat TDSCs with BMSCs at a 1:1 ratio. At the end of the experiment, MSCs significantly upregulated tenogenic gene markers expression (Tnmd, Scx, Tnc, and Dcn), collagen matrix production, and enhanced also tendon injury healing in vivo [437]. Rat BMSCs cultured in a transwell system with tenocytes, proliferated after 3 days, and showed an upregulation of tendon/ligament-related genes Col I, Col III, Tnc, and Scx after 14 days of culture [438].



Schneider et al. [391] showed that canine MSCs in high-density direct co-culture with canine tenocytes are able to undergo tenogenic differentiation with a combination of growth factors IGF1 and TGFβ1 and through cultivation with the spent media from primary tenocytes. Immunoblotting and electron microscopy analyses on MSCs demonstrated the upregulation of Scx, Col I, Col III, Dcn, Tnmd, and b1-Integrin gene expressions as well as those of Shc and Erk1/2 belonging to the mitogen-activated protein kinase (MAPK) pathway [391].



Canseco et al. [439] experimented tendon differentiation in a direct co-culture system with pig MSCs and autologous cells derived from anterior cruciate ligament (ACL). MSCs and ACL were co-cultured in different ratios; however, significant results were detected in the 50/50 ratio. In fact, in this case, MSCs displayed the highest Col I and Tnc expression and the highest Col I/Col III ratio [440].



Additionally, the tenogenic potential of human ASCs were tested under a co-culture system. The direct co-culture of hTDSCs with hADMSCs at 1:3 ratios was reported to promote the expression of tenogenic genes such as Tnc and Scx [440].



An indirect co-culture system with tenocytes was able to induce the differentiation of hADMSCs into tendons-like cells increasing the expression of Scxb, Thsb4, and Tnmd genes and protein [441].



Human menstrual blood stromal stem cells (MenSCs) successfully differentiated after 3 weeks of indirect co-culture with Achilles tendon cells (ATCs) into tenogenic cells. This technique induced the production of the extracellular matrix and led to the expression of the specific Achilles tendon markers in MenSCs, such as Thsb4, Tnc, and Scx [442].



Both studies of Yu et al. [441] and Zheng et al. [442] above cited reproduced the physiological microenvironment not only with the co-culture system but also with the modulation of the oxygen tension. In fact, tendon is a poor vascularized tissue, and the oxygen consumption is lower than other body districts, so tenocytes possibly live in a very low oxygen environment [3,237]. In these experiments, co-culture was performed in normoxia (20% O2) and hypoxia (2% O2). The interesting common result in both conducted researches is that even if co-culture alone was able to commit stem cells toward tenogenic lineage, the combination with hypoxia was able to enhance the expression of tenogenic markers.



Co-culture with adult tendon explant may reproduce an environment mimicking tendon regeneration after injuries and can be used to study the crosstalk between stem cells and tissue. The advantage of using an ex vivo explant instead of tendon-derived cells is that the tissue preserves the cell’s native ECM niche, recreating a more realistic physiological environment in vitro fundamental to study the cells–ECM interaction [443].



Evidence showed that co-culture with adult tendon explant can drive mesenchymal stem cells toward tenogenic commitment. In particular, equine BMSCs in a transwell co-culture system with tendon tissue fragments expressed tendon-specific markers such as Dcn, Tnmd, Tnc, and Col I, and they also retained a tenocyte-like phenotype during monolayer culture [444].



Moreover, an indirect co-culture with human tendon explant and hASCs was used to obtain information about the bidirectional crosstalk between stem cells and the native tendon niche. The paracrine communication enhanced collagenolytic activity of MMPs in co-cultures at day 3, suggesting that ECM remodeling is triggered early in culture. Moreover, hASCs displayed the deposition of Col III and Tnc after 7 days and acquired more elongated structures in co-cultures [445].



The co-culture system can be used as a model to study the tendon-healing process and provide tendon differentiation also when tendon-derived stem cells or tendon explants are not provided.



An interesting study used the direct and indirect co-culture techniques as an in vitro model to understand the paracrine effect in the tendon-healing process. Lange-Consiglio et al. [186] investigated the immunomodulatory effect of equine amniotic membrane-derived MSCs (AMCs) both in direct and indirect co-culture systems with equine peripheral blood mononuclear cells (PBMCs). The results showed that AMCs inhibit the proliferation of PBMCs after allogeneic stimulation in both culture systems. They assumed that secreted factors released in the conditioned medium (CM) were responsible for the anti-proliferative effect, as no cell contact was required. Moreover, the injection of AMC-CM in spontaneous tendon injuries in horses showed no adverse effects such as fibrotic, metaplastic, or mineralization. In addition, the re-injury rate was lower in comparison with untreated cases after 2 years [186].



Wu et al. [446] provided an example of co-culture implied to induce tendon differentiation without tendon explants or derived cells. In particular, hADSCs co-cultured directly with hUVEC on aligned PLLA fibrous scaffolds with tendon differentiation medium, containing DMEM/F12 medium, 2% FBS, 20 ng/mL TGFβ3, plus endothelial growth medium, expressed higher tenogenic markers with respect to when cultured alone. In fact, Tnmd and Col I protein was robustly expressed, and the Tnc gene was upregulated [446].



Co-culture may represent a good in vitro model to understand the mechanisms involved in tendon differentiation, as it is able to provide a stepwise differentiation process when fetal tissues are used. Moreover, it could be a useful technique to replicate the first steps in tendon healing and to study the bidirectional communication occurring between stem cells, using tendon-derived stem cells and the native tendon niche with the implication of adult tissue.





3. Conclusions


In vitro teno-differentiation techniques represent a fundamental step prior to in vivo tendon disorder treatment with cell therapy or tissue engineering approaches. Tissue engineering refers to a multidisciplinary field that aims at inducing tissue repair or regeneration. Therefore, it involves the use of a combination of key factors, such as cells, scaffolds, biochemical inputs, and mechanical inputs to produce a functional tissue-like construct. Nowadays, a combination of two or more than one techniques seems to be the best way to induce tendon differentiation in stem cells [447].



Cells represent the building blocks of the engineered tissue. Undifferentiated, pre-differentiated, or differentiated stem cells can be used in tissue engineering. Several studies displayed the involvement of various types of stem cells (embryonic, fetal, and adult stem cells) from different sources with promising results. Multiple studies focused on a single cell type, but co-culture with fetal tendons could be a step forward, since it has been found to enhance differentiation, providing a stepwise differentiation process resulting in an increase in tendon specific markers [184]. Scaffolds supply mechanical stability and provide a 3D support for cell growth and differentiation. The electrospinning technique has been shown to be able to generate 3D scaffolds with highly organized nanofibers, similar to collagen fibers alignment in native tendon, improving the structural organization of the newly formed tissue-like construct during cell differentiation. Mechanical inputs with different loading features, provided by bioreactors, can dynamically affect the cell behavior within the scaffold, mimicking the physiological environment of the tendon. On the other hand, biologically active molecules (such as growth factors) or hypoxia can be used in synergy with the other factors to drive the process of cells maturation and differentiation.



Taken together, all these elements contribute to the formation of a tissue-engineered substitute to be used as an in vitro model or to be applied in tissue replacement techniques in vivo.



Several studies in the literature are focusing recently on a combined approach as a novel method for tendon tissue engineering, demonstrating how the cooperative effect of different factors improves the properties of the engineered tissue, compared to those obtained using a single factor. For instance, Testa et al. [448] cultivated C3H10T1/2 fibroblast cell line on a PEGylated–fibrinogen biomimetic matrix, exposing cells both to a biochemical stimulus, represented by TGF-β, and a mechanical input by applying uniaxial stretching. In vitro analyses demonstrated that the proposed combined approach led to a highly organized neo-extracellular matrix, with Col I fibers parallel to the stretching direction, reflecting the enhanced elastic modulus and endurance of the matrix [448]. Moreover, Rinoldi et al. [449] fabricated an electrospun nanofibrous 3D scaffold coated with a thin layer of mesenchymal stem cells-laden hydrogel. BMP-12 was added in the culture media, and the cell-laden scaffold was subjected to mechanical stimulation using a custom-built bioreactor. The cooperative effect of biochemical and mechanical stimulation showed enhanced cell viability, alignment, proliferation, and tenogenic differentiation [449]. The same approach was used by Govoni et al. [198] by fabricating a multiphase 3D construct composed of a hyaluronate elastic band merged with a fibrin hydrogel supplemented with human BMSCs and poly-lactic-co-glycolic acid microcarriers loaded with human GDF-5. The synergy between biochemical and mechanical inputs led to an increased expression of tenogenic markers, such as Col I, Col III, Dcn, Scx, and Tnc [198].



Collectively, we can conclude that in vitro techniques are fundamental to study tendon development, healing, and regeneration. Only with a validated and successful in vitro model will we will have a clear prospect of tendon biology and pathology in order to translate the knowledge in vivo to treat tendon disorders.







Author Contributions


M.R.C. and M.C.C., review coordinators, wrote the draft paragraphs—Introduction, Tendon Biology, In vitro tenogenic techniques, Stem cells, Physical stimuli, Co-culture, Conclusions—produced figures, and edited the manuscript. V.R. wrote the draft paragraphs about Tendon structure and Tendon Functions. G.D.P. was involved in methodology development, supervised the paragraphs for the Introduction, Physical Stimuli and Conclusions and the related figures; prepared the tendon samples, and acquired the electron Microscopy images at DiIN-UNISA. A.M. wrote the draft paragraph on the Growth factors. M.E.K. wrote the draft paragraph about the Biomaterials and prepared the tables. M.D.M. wrote the draft paragraph on Hypoxia. D.G. and C.B. supervised the Biomaterial paragraphs. N.R.F. review the conceptualization, supervised the paragraphs on Hypoxia and Growth factors, and did a proofreading review. N.M. supervised the review. B.B. was involved in the conceptualization, scientometric data analysis, and funding acquisition. All authors validated the data and reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The authors acknowledge MiUR within the framework of PON-RI 2014/2020 (CCI 2014IT16M2OP005), Fondo Sociale Europeo (FSE). Action I.1–“Innovative PhDs with industrial characterization” Cicle XXXIII (D.D. n 0001377 5 June 2017 additional PhD fellowships). Maria Camilla Ciardulli, grant number D48G18000150006, project title: “Scaffold innovation for the cure of tendon disorders: development of a new generation of poly-hyaluronate functionalized biocomposites”. Maria Rita Citeroni, grant number C41I17000200006, project title: “Tendon regenerative medicine: amniotic stem cells and their secretome for the development of hyaluronate functionalized scaffolds”. Mohammad El Khatib, grant number C42F16000350001, project title: “Tendinopathies and development of innovative biomimetic materials: towards the new frontiers of regenerative medicine”.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Docheva, D.; Müller, S.A.; Majewski, M.; Evans, C.H. Biologics for tendon repair. Adv. Drug Deliv. Rev. 2014, 84, 222–239. [Google Scholar] [CrossRef]

	



Maffulli, N. Overuse tendon conditions: Time to change a confusing terminology. Arthrosc. J. Arthrosc. Relat. Surg. 1998, 14, 840–843. [Google Scholar] [CrossRef]

	



Sharma, P.; Maffulli, N. Tendon Injury and Tendinopathy: Healing and Repair. J. Bone Jt. Surg. Am. Vol. 2005, 87, 187–202. [Google Scholar] [CrossRef]

	



O’Brien, M. Structure and metabolism of tendons. Scand. J. Med. Sci. Sports 1997, 7, 55–61. [Google Scholar] [CrossRef]

	



Russo, V.; Mauro, A.; Martelli, A.; Di Giacinto, O.; Di Marcantonio, L.; Nardinocchi, D.; Berardinelli, P.; Barboni, B. Cellular and molecular maturation in fetal and adult ovine calcaneal tendons. J. Anat. 2014, 226, 126–142. [Google Scholar] [CrossRef] [PubMed]

	



Dai, G.-C.; Li, Y.-J.; Chen, M.-H.; Lu, P.-P.; Rui, Y.-F. Tendon stem/progenitor cell ageing: Modulation and rejuvenation. World J. Stem Cells 2019, 11, 677–692. [Google Scholar] [CrossRef] [PubMed]

	



Matough, F.A.; Budin, S.B.; Hamid, Z.A.; Alwahaibi, N.; Mohamed, J. The role of oxidative stress and antioxidants in diabetic complications. Sultan Qaboos Univ. Med. J. 2012, 12, 5–18. [Google Scholar] [CrossRef]

	



Maeda, E.; Shelton, J.C.; Bader, D.L.; Lee, D.A. Differential regulation of gene expression in isolated tendon fascicles exposed to cyclic tensile strain in vitro. J. Appl. Physiol. 2009, 106, 506–512. [Google Scholar] [CrossRef]

	



Maeda, E.; Sugimoto, M.; Ohashi, T. Cytoskeletal tension modulates MMP-1 gene expression from tenocytes on micropillar substrates. J. Biomech. 2013, 46, 991–997. [Google Scholar] [CrossRef]

	



Favata, M.; Beredjiklian, P.K.; Zgonis, M.H.; Beason, D.P.; Crombleholme, T.M.; Jawad, A.F.; Soslowsky, L.J. Regenerative properties of fetal sheep tendon are not adversely affected by transplantation into an adult environment. J. Orthop. Res. 2006, 24, 2124–2132. [Google Scholar] [CrossRef]

	



Benjamin, M.; Qin, S.; Ralphs, J.R. Fibrocartilage associated with human tendons and their pulleys. J. Anat. 1995, 187, 625–633. [Google Scholar] [PubMed]

	



Kannus, P. Structure of the tendon connective tissue. Scand. J. Med. Sci. Sports 2000, 10, 312–320. [Google Scholar] [CrossRef] [PubMed]

	



Thorpe, C.T.; Birch, H.L.; Clegg, P.; Screen, H.R.C. The role of the non-collagenous matrix in tendon function. Int. J. Exp. Pathol. 2013, 94, 248–259. [Google Scholar] [CrossRef] [PubMed]

	



Thorpe, C.T.; Udeze, C.P.; Birch, H.L.; Clegg, P.; Screen, H.R.C. Specialization of tendon mechanical properties results from interfascicular differences. J. R. Soc. Interface 2012, 9, 3108–3117. [Google Scholar] [CrossRef] [PubMed]

	



Silver, F.H.; Freeman, J.W.; Seehra, G.P. Collagen self-assembly and the development of tendon mechanical properties. J. Biomech. 2003, 36, 1529–1553. [Google Scholar] [CrossRef]

	



Chuen, F.S.; Chuk, C.Y.; Ping, W.Y.; Nar, W.W.; Kim, H.L.; Ming, C.K. Immunohistochemical Characterization of Cells in Adult Human Patellar Tendons. J. Histochem. Cytochem. 2004, 52, 1151–1157. [Google Scholar] [CrossRef]

	



McNeilly, C.M.; Banes, A.J.; Benjamin, M.; Ralphs, J.R. Tendon cells in vivo form a three dimensional network of cell processes linked by gap junctions. J. Anat. 1996, 189, 593–600. [Google Scholar] [PubMed]

	



Willecke, K.; Eiberger, J.; Degen, J.; Eckardt, D.; Romualdi, A.; Güldenagel, M.; Deutsch, U.; Söhl, G. Structural and Functional Diversity of Connexin Genes in the Mouse and Human Genome. Biol. Chem. 2002, 383, 725–737. [Google Scholar] [CrossRef]

	



Tanji, K.; Shimizu, T.; Satou, T.; Hashimoto, S.; Bonilla, E. Gap Junctions between Fibroblasts in Rat Myotendon. Arch. Histol. Cytol. 1995, 58, 97–102. [Google Scholar] [CrossRef]

	



Giordano, L.; Della Porta, G.; Peretti, G.M.; Maffulli, N. Therapeutic potential of microRNA in tendon injuries. Br. Med. Bull. 2020, 133, 79–94. [Google Scholar] [CrossRef]

	



Bi, Y.; Ehirchiou, D.; Kilts, T.M.; Inkson, C.A.; Embree, M.C.; Sonoyama, W.; Li, L.; Leet, I.A.; Seo, B.-M.; Zhang, L.; et al. Identification of tendon stem/progenitor cells and the role of the extracellular matrix in their niche. Nat. Med. 2007, 13, 1219–1227. [Google Scholar] [CrossRef] [PubMed]

	



Józsa, L.G.; Kannus, P. Human Tendons: Anatomy, Physiology, and Pathology; Human Kinetics: Champaign, IL, USA, 1997; ISBN 978-0-87322-484-0. [Google Scholar]

	



Salingcarnboriboon, R. Establishment of tendon-derived cell lines exhibiting pluripotent mesenchymal stem cell-like property. Exp. Cell Res. 2003, 287, 289–300. [Google Scholar] [CrossRef]

	



Lui, P.P.Y. Identity of tendon stem cells—How much do we know? J. Cell. Mol. Med. 2012, 17, 55–64. [Google Scholar] [CrossRef] [PubMed]

	



Mienaltowski, M.J.; Adams, S.M.; Birk, D.E. Regional Differences in Stem Cell/Progenitor Cell Populations from the Mouse Achilles Tendon. Tissue Eng. Part A 2013, 19, 199–210. [Google Scholar] [CrossRef] [PubMed]

	



Ruzzini, L.; Abbruzzese, F.; Rainer, A.; Longo, U.G.; Trombetta, M.; Maffulli, N.; Denaro, V. Characterization of age-related changes of tendon stem cells from adult human tendons. Knee Surg. Sports Traumatol. Arthrosc. 2013, 22, 2856–2866. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Pan, T.; Liu, Y.; Wang, J.H.-C. Mouse treadmill running enhances tendons by expanding the pool of tendon stem cells (TSCs) and TSC-related cellular production of collagen. J. Orthop. Res. 2010, 28, 1178–1183. [Google Scholar] [CrossRef]

	



Zhang, J.; Wang, J.H.-C. Mechanobiological response of tendon stem cells: Implications of tendon homeostasis and pathogenesis of tendinopathy. J. Orthop. Res. 2009, 28, 639–643. [Google Scholar] [CrossRef] [PubMed]

	



Kirkendall, D.T.; Garrett, W.E. Function and biomechanics of tendons. Scand. J. Med. Sci. Sports 1997, 7, 62–66. [Google Scholar] [CrossRef]

	



Curwin, S.L. Biomechanics of tendon and the effects of immobilization. Foot Ankle Clin. 1997, 2, 371–389. [Google Scholar]

	



Tuderman, L.; Kivirikko, K.I.; Prockop, D.J. Partial purification and characterization of a neutral protease which cleaves the N-terminal propeptides from procollagen. Biochemistry 1978, 17, 2948–2954. [Google Scholar] [CrossRef]

	



Kadler, K.E.; Hojima, Y.; Prockop, D.J. Collagen fibrils in vitro grow from pointed tips in the C- to N-terminal direction. Biochem. J. 1990, 268, 339–343. [Google Scholar] [CrossRef] [PubMed]

	



Södersten, F.; Hultenby, K.; Heinegård, D.; Johnston, C.; Ekman, S. Immunolocalization of Collagens (I and III) and Cartilage Oligomeric Matrix Protein in the Normal and Injured Equine Superficial Digital Flexor Tendon. Connect. Tissue Res. 2012, 54, 62–69. [Google Scholar] [CrossRef] [PubMed]

	



Riley, G.P. The pathogenesis of tendinopathy. A molecular perspective. Rheumatology 2003, 43, 131–142. [Google Scholar] [CrossRef] [PubMed]

	



Banos, C.C.; Thomas, A.H.; Kuo, C.K. Collagen fibrillogenesis in tendon development: Current models and regulation of fibril assembly. Birth Defects Res. Part C Embryo Today Rev. 2008, 84, 228–244. [Google Scholar] [CrossRef] [PubMed]

	



Grant, T.M.; Thompson, M.S.; Urban, J.; Yu, J. Elastic fibres are broadly distributed in tendon and highly localized around tenocytes. J. Anat. 2013, 222, 573–579. [Google Scholar] [CrossRef] [PubMed]

	



Flamia, R.; Zhdan, P.A.; Martino, M.; Castle, J.E.; Tamburro, A.M. AFM Study of the Elastin-like Biopolymer Poly(ValGlyGlyValGly). Biomacromolecules 2004, 5, 1511–1518. [Google Scholar] [CrossRef]

	



Godinho, M.S.C.; Thorpe, C.T.; Greenwald, S.E.; Screen, H.R.C. Elastin is Localised to the Interfascicular Matrix of Energy Storing Tendons and Becomes Increasingly Disorganised with Ageing. Sci. Rep. 2017, 7, 9713. [Google Scholar] [CrossRef]

	



Zhang, G.; Chen, S.; Goldoni, S.; Calder, B.W.; Simpson, H.C.; Owens, R.T.; McQuillan, D.J.; Young, M.F.; Iozzo, R.V.; Birk, D.E. Genetic Evidence for the Coordinated Regulation of Collagen Fibrillogenesis in the Cornea by Decorin and Biglycan. J. Biol. Chem. 2009, 284, 8888–8897. [Google Scholar] [CrossRef]

	



Rigozzi, S.; Muller, R.; Stemmer, A.; Snedecker, J. Tendon glycosaminoglycan proteoglycan sidechains promote collagen fibril sliding—AFM observations at the nanoscale. J. Biomech. 2013, 46, 813–818. [Google Scholar] [CrossRef]

	



Yoon, J.H.; Halper, J. Tendon proteoglycans: Biochemistry and function. J. Musculoskelet. Neuronal. Interact. 2005, 5, 22–34. [Google Scholar]

	



Svensson, L.; Aszódi, A.; Heinegård, D.; Hunziker, E.B.; Reinholt, F.P.; Fässler, R.; Oldberg, A. Cartilage Oligomeric Matrix Protein-Deficient Mice Have Normal Skeletal Development. Mol. Cell. Biol. 2002, 22, 4366–4371. [Google Scholar] [CrossRef] [PubMed]

	



Järvinen, T.A.H.; Józsa, L.; Kannus, P.; Järvinen, T.; Hurme, T.; Kvist, M.; Pelto-Huikko, M.; Kalimo, H.; Järvinen, M. Mechanical loading regulates the expression of tenascin-C in the myotendinous junction and tendon but does not induce de novo synthesis in the skeletal muscle. J. Cell Sci. 2003, 116, 857–866. [Google Scholar] [CrossRef] [PubMed]

	



Kastelic, J.; Galeski, A.; Baer, E. The Multicomposite Structure of Tendon. Connect. Tissue Res. 1978, 6, 11–23. [Google Scholar] [CrossRef] [PubMed]

	



Peacock, E.E. A Study of the Circulation in Normal Tendons and Healing Grafts*. Ann. Surg. 1959, 149, 415–428. [Google Scholar] [CrossRef]

	



Ahmed, I.M.; Lagopoulos, M.; McConnell, P.; Soames, R.W.; Sefton, G.K. Blood supply of the achilles tendon. J. Orthop. Res. 1998, 16, 591–596. [Google Scholar] [CrossRef] [PubMed]

	



Fenwick, S.A.; Hazleman, B.L.; Riley, G.P. The vasculature and its role in the damaged and healing tendon. Arthritis Res. 2002, 4, 252–260. [Google Scholar] [CrossRef] [PubMed]

	



Bidder, M.; Towler, D.A.; Gelberman, R.H.; Boyer, M.I. Expression of mRNA for vascular endothelial growth factor at the repair site of healing canine flexor tendon. J. Orthop. Res. 2000, 18, 247–252. [Google Scholar] [CrossRef]

	



Kuroda, R.; Kurosaka, M.; Yoshiya, S.; Mizuno, K. Localization of growth factors in the reconstructed anterior cruciate ligament: Immunohistological study in dogs. Knee Surg. Sports Traumatol. Arthrosc. 2000, 8, 120–126. [Google Scholar] [CrossRef]

	



Barboni, B.; Russo, V.; Gatta, V.; Bernabò, N.; Berardinelli, P.; Mauro, A.; Martelli, A.; Valbonetti, L.; Muttini, A.; Di Giacinto, O.; et al. Therapeutic potential of hAECs for early Achilles tendon defect repair through regeneration. J. Tissue Eng. Regen. Med. 2017, 12, e1594–e1608. [Google Scholar] [CrossRef]

	



Sharma, P.; Maffulli, N. Biology of tendon injury: Healing, modeling and remodeling. J. Musculoskelet. Neuronal. Interact. 2006, 6, 181–190. [Google Scholar]

	



Barboni, B.; Russo, V.; Curini, V.; Mauro, A.; Martelli, A.; Muttini, A.; Bernabò, N.; Valbonetti, L.; Marchisio, M.; Di Giacinto, O.; et al. Achilles Tendon Regeneration can be Improved by Amniotic Epithelial Cell Allotransplantation. Cell Transplant. 2012, 21, 2377–2395. [Google Scholar] [CrossRef] [PubMed]

	



Ju, Y.-J.; Tohyama, H.; Kondo, E.; Yoshikawa, T.; Muneta, T.; Shinomiya, K.; Yasuda, K. Effects of Local Administration of Vascular Endothelial Growth Factor on Properties of the in Situ Frozen-Thawed Anterior Cruciate Ligament in Rabbits. Am. J. Sports Med. 2006, 34, 84–91. [Google Scholar] [CrossRef] [PubMed]

	



Yoshikawa, T.; Tohyama, H.; Katsura, T.; Kondo, E.; Kotani, Y.; Matsumoto, H.; Toyama, Y.; Yasuda, K. Effects of Local Administration of Vascular Endothelial Growth Factor on Mechanical Characteristics of the Semitendinosus Tendon Graft after Anterior Cruciate Ligament Reconstruction in Sheep. Am. J. Sports Med. 2006, 34, 1918–1925. [Google Scholar] [CrossRef]

	



Wei, X.; Mao, Z.; Hou, Y.; Lin, L.; Xue, T.; Chen, L.; Wang, H.; Yu, C. Local administration of TGFβ-1/VEGF165 gene-transduced bone mesenchymal stem cells for Achilles allograft replacement of the anterior cruciate ligament in rabbits. Biochem. Biophys. Res. Commun. 2011, 406, 204–210. [Google Scholar] [CrossRef]

	



Liang, M.; Cornell, H.R.; Baboldashti, N.Z.; Thompson, M.S.; Carr, A.J.; Hulley, P.A. Regulation of Hypoxia-Induced Cell Death in Human Tenocytes. Adv. Orthop. 2012, 2012, 1–12. [Google Scholar] [CrossRef]

	



Ackermann, P.W. Tendinopathies in Sports: From Basic Research to the Field. In Sports Injuries; Doral, M.N., Karlsson, J., Eds.; Springer: Berlin/Heidelberg, Germany, 2014; pp. 1–15. ISBN 978-3-642-36801-1. [Google Scholar]

	



Ackermann, P.W.; Salo, P.; Hart, D.A. Tendon Innervation. Adv. Exp. Med. Biol. 2016, 920, 35–51. [Google Scholar] [CrossRef]

	



Greve, K.; Labruto, F.; Edman, G.; Bring, D.; Nilsson, G.; Ackermann, P.W.; Domeij-Arverud, E. Metabolic activity in early tendon repair can be enhanced by intermittent pneumatic compression. Scand. J. Med. Sci. Sports 2012, 22, e55–e63. [Google Scholar] [CrossRef]

	



Nilsson, J.; Von Euler, A.M.; Dalsgaard, C.-J. Stimulation of connective tissue cell growth by substance P and substance K. Nature 1985, 315, 61–63. [Google Scholar] [CrossRef] [PubMed]

	



Hong, H.S.; Lee, J.; Lee, E.; Kwon, Y.S.; Lee, E.; Ahn, W.; Jiang, M.H.; Kim, J.C.; Son, Y. A new role of substance P as an injury-inducible messenger for mobilization of CD29+ stromal-like cells. Nat. Med. 2009, 15, 425–435. [Google Scholar] [CrossRef]

	



Haegerstrand, A.; Dalsgaard, C.J.; Jonzon, B.; Larsson, O.; Nilsson, J. Calcitonin gene-related peptide stimulates proliferation of human endothelial cells. Proc. Natl. Acad. Sci. USA 1990, 87, 3299–3303. [Google Scholar] [CrossRef]

	



Ziche, M.; Morbidelli, L.; Pacini, M.; Geppetti, P.; Alessandri, G.; Maggi, C.A. Substance P stimulates neovascularization in vivo and proliferation of cultured endothelial cells. Microvasc. Res. 1990, 40, 264–278. [Google Scholar] [CrossRef]

	



Andersson, G.; Backman, L.J.; Scott, A.; Lorentzon, R.; Forsgren, S.; Danielson, P. Substance P accelerates hypercellularity and angiogenesis in tendon tissue and enhances paratendinitis in response to Achilles tendon overuse in a tendinopathy model. Br. J. Sports Med. 2011, 45, 1017–1022. [Google Scholar] [CrossRef]

	



Ackermann, P.W. Neuronal regulation of tendon homoeostasis. Int. J. Exp. Pathol. 2013, 94, 271–286. [Google Scholar] [CrossRef]

	



Aicale, R.; Tarantino, D.; Maffulli, N. Basic Science of Tendons. In Bio-Orthopaedics; Gobbi, A., Espregueira-Mendes, J., Lane, J.G., Karahan, M., Eds.; Springer: Berlin/Heidelberg, Germany, 2017; pp. 249–273. ISBN 978-3-662-54180-7. [Google Scholar]

	



Oxlund, H. Relationships between the Biomechanical Properties, Composition and Molecular Structure of Connective Tissues. Connect. Tissue Res. 1986, 15, 65–72. [Google Scholar] [CrossRef]

	



Fyfe, I.; Stanish, W.D. The Use of Eccentric Training and Stretching in the Treatment and Prevention of Tendon Injuries. Clin. Sports Med. 1992, 11, 601–624. [Google Scholar] [CrossRef]

	



Diamant, J.; Keller, A.; Baer, E.; Litt, M.; Arridge, R.G.C. Collagen; ultrastructure and its relation to mechanical properties as a function of ageing. Proc. R. Soc. Lond. Ser. B Biol. Sci. 1972, 180, 293–315. [Google Scholar] [CrossRef]

	



Kastelic, J.; Baer, E. Deformation in tendon collagen. Symp. Soc. Exp. Biol. 1980, 34, 397–435. [Google Scholar]

	



Sasaki, N.; Shukunami, N.; Matsushima, N.; Izumi, Y. Time-resolved X-ray diffraction from tendon collagen during creep using synchrotron radiation. J. Biomech. 1999, 32, 285–292. [Google Scholar] [CrossRef]

	



Oakes, B.W.; Singleton, C.; Haut, R.C. Correlation of collagen fibril morphology and tensile modulus in the repairing and normal rabbit patella tendon. In Proceedings of the 44th Annual Meeting of the Orthopaedic Res Soc, Chicago, IL, USA, 16–19 March 1998. [Google Scholar]

	



Komi, P.V.; Fukashiro, S.; Järvinen, M. Biomechanical Loading of Achilles Tendon During Normal Locomotion. Clin. Sports Med. 1992, 11, 521–531. [Google Scholar] [CrossRef]

	



Alexander, R.M. Energy-saving mechanisms in walking and running. J. Exp. Biol. 1991, 160, 55–69. [Google Scholar]

	



Benjamin, M.; Ralphs, J.R. Tendons and ligaments—An overview. Histol. Histopathol. 1997, 12, 1135–1144. [Google Scholar]

	



Kubo, K.; Kawakami, Y.; Kanehisa, H.; Fukunaga, T. Measurement of viscoelastic properties of tendon structures in vivo. Scand. J. Med. Sci. Sports 2002, 12, 3–8. [Google Scholar] [CrossRef]

	



Gerard, M.P.; Hodgson, D.R.; Rose, R.J.; Walsh, W. Effects of Recombinant Equine Growth Hormone on In Vitro Biomechanical Properties of the Superficial Digital Flexor Tendon of Standardbred Yearlings in Training. Vet. Surg. 2005, 34, 253–259. [Google Scholar] [CrossRef]

	



Ker, R. Mechanics of tendon, from an engineering perspective. Int. J. Fatigue 2007, 29, 1001–1009. [Google Scholar] [CrossRef]

	



Eyre, D.R.; Paz, M.A.; Gallop, P.M. Cross-Linking in Collagen and Elastin. Annu. Rev. Biochem. 1984, 53, 717–748. [Google Scholar] [CrossRef]

	



Bailey, A.J.; Paul, R.; Knott, L. Mechanisms of maturation and ageing of collagen. Mech. Ageing Dev. 1998, 106, 1–56. [Google Scholar] [CrossRef]

	



Avery, N.C.; Bailey, A.J. Enzymic and non-enzymic cross-linking mechanisms in relation to turnover of collagen: Relevance to aging and exercise. Scand. J. Med. Sci. Sports 2005, 15, 231–240. [Google Scholar] [CrossRef]

	



Birch, H.L.; Wilson, A.M.; Goodship, A.E. Physical activity: Does long-term, high-intensity exercise in horses result in tendon degeneration? J. Appl. Physiol. 2008, 105, 1927–1933. [Google Scholar] [CrossRef]

	



Bank, R.A.; Tekoppele, J.M.; Oostingh, G.; Hazleman, B.L.; Riley, G.P. Lysylhydroxylation and non-reducible crosslinking of human supraspinatus tendon collagen: Changes with age and in chronic rotator cuff tendinitis. Ann. Rheum. Dis. 1999, 58, 35–41. [Google Scholar] [CrossRef]

	



Thorpe, C.T.; Clegg, P.; Birch, H.L. A review of tendon injury: Why is the equine superficial digital flexor tendon most at risk? Equine Vet. J. 2010, 42, 174–180. [Google Scholar] [CrossRef]

	



Birch, H.L. Tendon matrix composition and turnover in relation to functional requirements. Int. J. Exp. Pathol. 2007, 88, 241–248. [Google Scholar] [CrossRef]

	



Maffulli, N.; Almekinders, L. (Eds.) The Achilles Tendon; Springer: London, UK, 2007; ISBN 978-1-84628-628-5. [Google Scholar]

	



Batson, E.L.; Paramour, R.J.; Smith, T.J.; Birch, H.L.; Patterson-Kane, J.C.; Goodship, A.E. Are the material properties and matrix composition of equine flexor and extensor tendons determined by their functions? Equine Vet. J. 2003, 35, 314–318. [Google Scholar] [CrossRef]

	



Dowling, B.A.; Dart, A.J.; Hodgson, D.R.; Rose, R.J.; Walsh, W. The effect of recombinant equine growth hormone on the biomechanical properties of healing superficial digital flexor tendons in horses. Vet. Surg. 2002, 31, 320–324. [Google Scholar] [CrossRef]

	



Kubo, K.; Kanehisa, H.; Takeshita, D.; Kawakami, Y.; Fukashiro, S.; Fukunaga, T. In vivo dynamics of human medial gastrocnemius muscle-tendon complex during stretch-shortening cycle exercise. Acta Physiol. Scand. 2000, 170, 127–135. [Google Scholar] [CrossRef] [PubMed]

	



Kawakami, Y.; Muraoka, T.; Ito, S.; Kanehisa, H.; Fukunaga, T. In vivomuscle fibre behaviour during counter-movement exercise in humans reveals a significant role for tendon elasticity. J. Physiol. 2002, 540, 635–646. [Google Scholar] [CrossRef]

	



Thorpe, C.T.; Udeze, C.P.; Birch, H.L.; Clegg, P.D.; Screen, H.R. Capacity for sliding between tendon fascicles decreases with ageing in injury prone equine tendons: A possible mechanism for age-related tendinopathy? Eur. Cell Mater. 2013, 25, 48–60. [Google Scholar] [CrossRef]

	



Hooley, C.; McCrum, N.; Cohen, R. The viscoelastic deformation of tendon. J. Biomech. 1980, 13, 521–528. [Google Scholar] [CrossRef]

	



Zhang, C.; Zhu, J.; Zhou, Y.; Thampatty, B.P.; Wang, J.H.-C. Tendon Stem/Progenitor Cells and Their Interactions with Extracellular Matrix and Mechanical Loading. Stem Cells Int. 2019, 2019, 3674647. [Google Scholar] [CrossRef]

	



Lavagnino, M.; Wall, M.E.; Little, D.; Banes, A.J.; Guilak, F.; Arnoczky, S.P. Tendon mechanobiology: Current knowledge and future research opportunities. J. Orthop. Res. 2015, 33, 813–822. [Google Scholar] [CrossRef]

	



Galloway, M.T.; Lalley, A.L.; Shearn, J.T. The Role of Mechanical Loading in Tendon Development, Maintenance, Injury, and Repair. J. Bone Jt. Surg. Am. Vol. 2013, 95, 1620–1628. [Google Scholar] [CrossRef] [PubMed]

	



Herod, T.W.; Veres, S.P. Development of overuse tendinopathy: A new descriptive model for the initiation of tendon damage during cyclic loading. J. Orthop. Res. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Riemersa, D.; Schamhardt, H. The cryo-jaw, a clamp designed for in vitro rheology studies of horse digital flexor tendons. J. Biomech. 1982, 15, 619–620. [Google Scholar] [CrossRef]

	



David, L.; Grood, E.S.; Noyes, F.R.; Zernicke, R.E. Biomechanics of Ligaments and Tendons. Exerc. Sport Sci. Rev. 1978, 6, 125–182. [Google Scholar] [CrossRef]

	



Cohen, R.E.; Hooley, C.J.; McCrum, N.G. Mechanism of the Viscoelastic Deformation of Collagenous Tissue. Nature 1974, 247, 59–61. [Google Scholar] [CrossRef]

	



Sensini, A.; Cristofolini, L. Biofabrication of Electrospun Scaffolds for the Regeneration of Tendons and Ligaments. Materials 2018, 11, 1963. [Google Scholar] [CrossRef]

	



Seynnes, O.R.; Bojsen-Møller, J.; Albracht, K.; Arndt, A.; Cronin, N.J.; Finni, T.; Magnusson, S.P. Ultrasound-based testing of tendon mechanical properties: A critical evaluation. J. Appl. Physiol. 2015, 118, 133–141. [Google Scholar] [CrossRef]

	



Chaudhry, S.; Morrissey, D.; Woledge, R.C.; Bader, D.L.; Screen, H.R.C. Eccentric and concentric loading of the triceps surae: An in vivo study of dynamic muscle and tendon biomechanical parameters. J. Appl. Biomech. 2014, 31, 69–78. [Google Scholar] [CrossRef]

	



Arruda, E.M.; Calve, S.; Dennis, R.G.; Mundy, K.; Baar, K. Regional variation of tibialis anterior tendon mechanics is lost following denervation. J. Appl. Physiol. 2006, 101, 1113–1117. [Google Scholar] [CrossRef] [PubMed]

	



Lavagnino, M.; Bedi, A.; Walsh, C.P.; Enselman, E.R.S.; Sheibani-Rad, S.; Arnoczky, S.P. Tendon Contraction After Cyclic Elongation Is an Age-Dependent Phenomenon. Am. J. Sports Med. 2014, 42, 1471–1477. [Google Scholar] [CrossRef]

	



Brent, A.E.; Schweitzer, R.; Tabin, C.J. A Somitic Compartment of Tendon Progenitors. Cell 2003, 113, 235–248. [Google Scholar] [CrossRef]

	



Brent, A. Developmental regulation of somite derivatives: Muscle, cartilage and tendon. Curr. Opin. Genet. Dev. 2002, 12, 548–557. [Google Scholar] [CrossRef]

	



Cserjesi, P.; Brown, D.; Ligon, K.L.; Lyons, G.E.; Copeland, N.G.; Gilbert, D.J.; Jenkins, N.A.; Olson, E.N. Scleraxis: A basic helix-loop-helix protein that prefigures skeletal formation during mouse embryogenesis. Development 1995, 121, 1099–1110. [Google Scholar] [PubMed]

	



Schweitzer, R.; Chyung, J.H.; Murtaugh, L.C.; Brent, A.E.; Rosen, V.; Olson, E.N.; Lassar, A.; Tabin, C.J. Analysis of the tendon cell fate using Scleraxis, a specific marker for tendons and ligaments. Development 2001, 128, 3855–3866. [Google Scholar] [PubMed]

	



Caceres, M.D.; Pfeifer, C.G.; Docheva, D. Understanding Tendons: Lessons from Transgenic Mouse Models. Stem Cells Dev. 2018, 27, 1161–1174. [Google Scholar] [CrossRef] [PubMed]

	



Brent, A.E.; Braun, T.; Tabin, C.J. Genetic analysis of interactions between the somitic muscle, cartilage and tendon cell lineages during mouse development. Development 2005, 132, 515–528. [Google Scholar] [CrossRef]

	



Tozer, S.; Duprez, D. Tendon and ligament: Development, repair and disease. Birth Defects Res. Part C Embryo Today Rev. 2005, 75, 226–236. [Google Scholar] [CrossRef]

	



Chevallier, A.; Kieny, M.; Mauger, A. Limb-somite relationship: Origin of the limb musculature. J. Embryol. Exp. Morphol. 1977, 41, 245–258. [Google Scholar]

	



Kuo, C.K.; Petersen, B.C.; Tuan, R.S. Spatiotemporal protein distribution of TGF-βs, their receptors, and extracellular matrix molecules during embryonic tendon development. Dev. Dyn. 2008, 237, 1477–1489. [Google Scholar] [CrossRef]

	



Pryce, B.A.; Watson, S.S.; Murchison, N.D.; Staverosky, J.A.; Dünker, N.; Schweitzer, R. Recruitment and maintenance of tendon progenitors by TGFbeta signaling are essential for tendon formation. Development 2009, 136, 1351–1361. [Google Scholar] [CrossRef]

	



Havis, E.; Bonnin, M.-A.; Olivera-Martinez, I.; Nazaret, N.; Ruggiu, M.; Weibel, J.; Durand, C.; Guerquin, M.J.; Bonod-Bidaud, C.; Ruggiero, F.; et al. Transcriptomic analysis of mouse limb tendon cells during development. Development 2014, 141, 3683–3696. [Google Scholar] [CrossRef]

	



Dünker, N.; Krieglstein, K. Tgfß2 -/- Tgfß3 -/- double knockout mice display severe midline fusion defects and early embryonic lethality. Brain Struct. Funct. 2002, 206, 73–83. [Google Scholar] [CrossRef]

	



Liu, H.; Zhu, S.; Zhang, C.; Lu, P.; Hu, J.; Yin, Z.; Ma, Y.; Chen, X.; Ouyang, H. Crucial transcription factors in tendon development and differentiation: Their potential for tendon regeneration. Cell Tissue Res. 2014, 356, 287–298. [Google Scholar] [CrossRef]

	



Liu, H.; Zhang, C.; Zhu, S.; Lu, P.; Zhu, T.; Gong, X.; Zhang, Z.; Hu, J.; Yin, Z.; Heng, B.C.; et al. Mohawk Promotes the Tenogenesis of Mesenchymal Stem Cells Through Activation of the TGFβ Signaling Pathway. Stem Cells 2015, 33, 443–455. [Google Scholar] [CrossRef]

	



Berthet, E.; Chen, C.; Butcher, K.; Schneider, R.A.; Alliston, T.; Amirtharajah, M. Smad3 binds scleraxis and mohawk and regulates tendon matrix organization. J. Orthop. Res. 2013, 31, 1475–1483. [Google Scholar] [CrossRef]

	



Ito, Y.; Toriuchi, N.; Yoshitaka, T.; Ueno-Kudoh, H.; Sato, T.; Yokoyama, S.; Nishida, K.; Akimoto, T.; Takahashi, M.; Miyaki, S.; et al. The Mohawk homeobox gene is a critical regulator of tendon differentiation. Proc. Natl. Acad. Sci. USA 2010, 107, 10538–10542. [Google Scholar] [CrossRef]

	



Kimura, W.; Machii, M.; Xue, X.; Sultana, N.; Hikosaka, K.; Sharkar, M.T.; Uezato, T.; Matsuda, M.; Koseki, H.; Miura, N. Irxl1 mutant mice show reduced tendon differentiation and no patterning defects in musculoskeletal system development. Genes 2010, 49, 2–9. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Watson, S.S.; Lan, Y.; Keene, D.R.; Ovitt, C.E.; Liu, H.; Schweitzer, R.; Jiang, R. The Atypical Homeodomain Transcription Factor Mohawk Controls Tendon Morphogenesis. Mol. Cell. Biol. 2010, 30, 4797–4807. [Google Scholar] [CrossRef]

	



Docheva, D.; Hunziker, E.B.; Fässler, R.; Brandau, O. Tenomodulin Is Necessary for Tenocyte Proliferation and Tendon Maturation. Mol. Cell. Biol. 2005, 25, 699–705. [Google Scholar] [CrossRef]

	



Alberton, P.; Dex, S.; Popov, C.; Shukunami, C.; Schieker, M.; Docheva, D. Loss of tenomodulin results in reduced self-renewal and augmented senescence of tendon stem/progenitor cells. Stem Cells Dev. 2014, 24, 597–609. [Google Scholar] [CrossRef] [PubMed]

	



Dex, S.; Alberton, P.; Willkomm, L.; Söllradl, T.; Bago, S.; Milz, S.; Shakibaei, M.; Ignatius, A.; Bloch, W.; Clausen-Schaumann, H.; et al. Tenomodulin is Required for Tendon Endurance Running and Collagen I Fibril Adaptation to Mechanical Load. EBioMedicine 2017, 20, 240–254. [Google Scholar] [CrossRef] [PubMed]

	



Brandau, O.; Meindl, A.; Fässler, R.; Aszodi, A. A novel gene, tendin, is strongly expressed in tendons and ligaments and shows high homology with chondromodulin-I. Dev. Dyn. 2001, 221, 72–80. [Google Scholar] [CrossRef] [PubMed]

	



Nourissat, G.; Berenbaum, F.; Duprez, D. Tendon injury: From biology to tendon repair. Nat. Rev. Rheumatol. 2015, 11, 223–233. [Google Scholar] [CrossRef] [PubMed]

	



Wu, M.; Melichian, D.S.; De La Garza, M.; Gruner, K.; Bhattacharyya, S.; Barr, L.; Nair, A.; Shahrara, S.; Sporn, P.H.S.; Mustoe, T.A.; et al. Essential Roles for Early Growth Response Transcription Factor Egr-1 in Tissue Fibrosis and Wound Healing. Am. J. Pathol. 2009, 175, 1041–1055. [Google Scholar] [CrossRef] [PubMed]

	



Guerquin, M.J.; Charvet, B.; Nourissat, G.; Havis, E.; Ronsin, O.; Bonnin, M.-A.; Ruggiu, M.; Olivera-Martinez, I.; Robert, N.; Lu, Y.; et al. Transcription factor EGR1 directs tendon differentiation and promotes tendon repair. J. Clin. Investig. 2013, 123, 3564–3576. [Google Scholar] [CrossRef]

	



Lejard, V.; Blais, F.; Guerquin, M.-J.; Bonnet, A.; Bonnin, M.-A.; Havis, E.; Malbouyres, M.; Bidaud, C.B.; Maro, G.; Gilardi-Hebenstreit, P.; et al. EGR1 and EGR2 Involvement in Vertebrate Tendon Differentiation. J. Biol. Chem. 2010, 286, 5855–5867. [Google Scholar] [CrossRef]

	



Cong, X.X.; Rao, X.S.; Lin, J.X.; Liu, X.C.; Zhang, G.A.; Gao, X.K.; He, M.Y.; Shen, W.L.; Fan, W.; Pioletti, D.; et al. Activation of AKT-mTOR Signaling Directs Tenogenesis of Mesenchymal Stem Cells. Stem Cells 2018, 36, 527–539. [Google Scholar] [CrossRef]

	



Subramanian, A.; Schilling, T.F. Tendon development and musculoskeletal assembly: Emerging roles for the extracellular matrix. Development 2015, 142, 4191–4204. [Google Scholar] [CrossRef]

	



Murchison, N.D.; Price, B.A.; Conner, D.A.; Keene, D.R.; Olson, E.N.; Tabin, C.J.; Schweitzer, R. Regulation of tendon differentiation by scleraxis distinguishes force-transmitting tendons from muscle-anchoring tendons. Development 2007, 134, 2697–2708. [Google Scholar] [CrossRef]

	



Espira, L.; Lamoureux, L.; Jones, S.C.; Gerard, R.D.; Dixon, I.M.; Czubryt, M.P. The basic helix–loop–helix transcription factor scleraxis regulates fibroblast collagen synthesis. J. Mol. Cell. Cardiol. 2009, 47, 188–195. [Google Scholar] [CrossRef]

	



Léjard, V.; Brideau, G.; Blais, F.; Salingcarnboriboon, R.; Wagner, G.; Roehrl, M.H.; Noda, M.; Duprez, D.; Houillier, P.; Rossert, J. Scleraxis and NFATc regulate the expression of the pro-alpha1(I) collagen gene in tendon fibroblasts. J. Biol. Chem. 2007, 282, 17665–17675. [Google Scholar] [CrossRef]

	



Shukunami, C.; Takimoto, A.; Oro, M.; Hiraki, Y. Scleraxis positively regulates the expression of tenomodulin, a differentiation marker of tenocytes. Dev. Biol. 2006, 298, 234–247. [Google Scholar] [CrossRef] [PubMed]

	



Scadden, D.T. The stem-cell niche as an entity of action. Nature 2006, 441, 1075–1079. [Google Scholar] [CrossRef] [PubMed]

	



Vinhas, A.; Rodrigues, M.T.; Gomes, M.E. Exploring Stem Cells and Inflammation in Tendon Repair and Regeneration. In Cell Biology and Translational Medicine, Volume 2; Turksen, K., Ed.; Springer International Publishing: Cham, Switzerland, 2018; Volume 1089, pp. 37–46. ISBN 978-3-030-04169-4. [Google Scholar]

	



Bedi, A.; Kovacevi, D.; Hettrich, C.; Gulotta, L.V.; Ehteshami, J.R.; Warren, R.F.; Rodeo, S.A. The effect of matrix metalloproteinase inhibition on tendon-to-bone healing in a rotator cuff repair model. J. Shoulder Elb. Surg. 2010, 19, 384–391. [Google Scholar] [CrossRef]

	



Gotoh, M.; Mitsui, Y.; Shibata, H.; Yamada, T.; Shirachi, I.; Nakama, K.; Okawa, T.; Higuchi, F.; Nagata, K. Increased matrix metalloprotease-3 gene expression in ruptured rotator cuff tendons is associated with postoperative tendon retear. Knee Surg. Sports Traumatol. Arthrosc. 2012, 21, 1807–1812. [Google Scholar] [CrossRef]

	



Jones, G.C.; Corps, A.N.; Pennington, C.J.; Clark, I.M.; Edwards, D.R.; Bradley, M.M.; Hazleman, B.L.; Riley, G.P. Expression profiling of metalloproteinases and tissue inhibitors of metalloproteinases in normal and degenerate human achilles tendon. Arthritis Rheum. 2006, 54, 832–842. [Google Scholar] [CrossRef]

	



Ueda, Y.; Inui, A.; Mifune, Y.; Takase, F.; Kataoka, T.; Kurosawa, T.; Yamaura, K.; Kokubu, T.; Kuroda, R. Molecular changes to tendons after collagenase-induced acute tendon injury in a senescence-accelerated mouse model. BMC Musculoskelet. Disord. 2019, 20, 120. [Google Scholar] [CrossRef] [PubMed]

	



Lin, D.; Alberton, P.; Caceres, M.D.; Volkmer, E.; Schieker, M.; Docheva, D. Tenomodulin is essential for prevention of adipocyte accumulation and fibrovascular scar formation during early tendon healing. Cell Death Dis. 2017, 8, e3116. [Google Scholar] [CrossRef]

	



Zhou, Z.; Akinbiyi, T.; Xu, L.; Ramcharan, M.; Leong, D.J.; Ros, S.J.; Colvin, A.C.; Schaffler, M.B.; Majeska, R.J.; Flatow, E.L.; et al. Tendon-derived stem/progenitor cell aging: Defective self-renewal and altered fate. Aging Cell 2010, 9, 911–915. [Google Scholar] [CrossRef]

	



Mary, T.J. Proteomics of tendinopathy. Front. Biosci. 2009, 14, 1505. [Google Scholar] [CrossRef]

	



Sejersen, M.H.J.; Frost, P.; Hansen, T.; Deutch, S.R.; Svendsen, S.W. Proteomics Perspectives in Rotator Cuff Research: A Systematic Review of Gene Expression and Protein Composition in Human Tendinopathy. PLoS ONE 2015, 10, e0119974. [Google Scholar] [CrossRef]

	



Maffulli, N.; Ewen, S.W.B.; Waterston, S.W.; Reaper, J.; Barrass, V. Tenocytes from Ruptured and Tendinopathic Achilles Tendons Produce Greater Quantities of Type III Collagen than Tenocytes from Normal Achilles Tendons: An in Vitro Model of Human Tendon Healing. Am. J. Sports Med. 2000, 28, 499–505. [Google Scholar] [CrossRef] [PubMed]

	



Mendias, C.L.; Gumucio, J.P.; Bakhurin, K.I.; Lynch, E.B.; Brooks, S.V. Physiological loading of tendons induces scleraxis expression in epitenon fibroblasts. J. Orthop. Res. 2011, 30, 606–612. [Google Scholar] [CrossRef] [PubMed]

	



Nichols, A.E.C.; Settlage, R.E.; Werre, S.R.; Dahlgren, L.A. Novel roles for scleraxis in regulating adult tenocyte function. BMC Cell Biol. 2018, 19, 14. [Google Scholar] [CrossRef] [PubMed]

	



Dyment, N.A.; Liu, C.-F.; Kazemi, N.; Aschbacher-Smith, L.E.; Kenter, K.; Breidenbach, A.P.; Shearn, J.T.; Wylie, C.; Rowe, D.W.; Butler, D.L. The Paratenon Contributes to Scleraxis-Expressing Cells during Patellar Tendon Healing. PLoS ONE 2013, 8, e59944. [Google Scholar] [CrossRef] [PubMed]

	



Shukunami, C.; Oshima, Y.; Hiraki, Y. Molecular Cloning of tenomodulin, a Novel Chondromodulin-I Related Gene. Biochem. Biophys. Res. Commun. 2001, 280, 1323–1327. [Google Scholar] [CrossRef]

	



Kimura, N.; Shukunami, C.; Hakuno, D.; Yoshioka, M.; Miura, S.; Docheva, D.; Kimura, T.; Okada, Y.; Matsumura, G.; Shinoka, T.; et al. Local Tenomodulin Absence, Angiogenesis, and Matrix Metalloproteinase Activation Are Associated With the Rupture of the Chordae Tendineae Cordis. Circulation 2008, 118, 1737–1747. [Google Scholar] [CrossRef]

	



Dex, S.; Lin, D.; Shukunami, C.; Docheva, D. Tenogenic modulating insider factor: Systematic assessment on the functions of tenomodulin gene. Gene 2016, 587, 1–17. [Google Scholar] [CrossRef]

	



Jelinsky, S.A.; Archambault, J.; Li, L.; Seeherman, H. Tendon-selective genes identified from rat and human musculoskeletal tissues. J. Orthop. Res. 2009, 28, 289–297. [Google Scholar] [CrossRef]

	



Frolova, E.G.; Drazba, J.; Krukovets, I.; Kostenko, V.; Blech, L.; Harry, C.; Vasanji, A.; Drumm, C.; Sul, P.; Jenniskens, G.J.; et al. Control of organization and function of muscle and tendon by thrombospondin-4. Matrix Biol. 2014, 37, 35–48. [Google Scholar] [CrossRef]

	



Subramanian, A.; Schilling, T.F. Thrombospondin-4 controls matrix assembly during development and repair of myotendinous junctions. eLife 2014, 3. [Google Scholar] [CrossRef]

	



Mackie, E.J.; Ramsey, S. Expression of tenascin in joint-associated tissues during development and postnatal growth. J. Anat. 1996, 188, 157–165. [Google Scholar] [PubMed]

	



Riley, G.P.; Harrall, R.L.; Cawston, T.E.; Hazleman, B.L.; Mackie, E.J. Tenascin-C and human tendon degeneration. Am. J. Pathol. 1996, 149, 933–943. [Google Scholar] [PubMed]

	



Järvinen, T.A.; Jozsa, L.; Kannus, P.; Kvist, M.; Hurme, T.; Isola, J.; Kalimo, H.; Järvinen, M. Mechanical loading regulates tenascin-C expression in the osteotendinous junction. J. Cell Sci. 1999, 112, 3157–3166. [Google Scholar] [PubMed]

	



Mehr, D.; Pardubsky, P.D.; Martin, J.A.; Buckwalter, J.A. Tenascin-C in tendon regions subjected to compression. J. Orthop. Res. 2000, 18, 537–545. [Google Scholar] [CrossRef] [PubMed]

	



Qi, F.; Deng, Z.; Ma, Y.; Wang, S.; Liu, C.; Lyu, F.; Wang, T.; Zheng, Q. From the perspective of embryonic tendon development: Various cells applied to tendon tissue engineering. Ann. Transl. Med. 2020, 8, 131. [Google Scholar] [CrossRef] [PubMed]

	



Guillot, P.V.; Cui, W.; Fisk, N.M.; Polak, J. Stem cell differentiation and expansion for clinical applications of tissue engineering. J. Cell. Mol. Med. 2007, 11, 935–944. [Google Scholar] [CrossRef]

	



Crook, J.M.; Peura, T.T.; Kravets, L.; Bosman, A.G.; Buzzard, J.J.; Horne, R.; Hentze, H.; Dunn, N.R.; Zweigerdt, R.; Chua, F.; et al. The generation of six clinical-grade human embryonic stem cell lines. Cell Stem Cell 2007, 1, 490–494. [Google Scholar] [CrossRef]

	



Chen, X.; Song, X.-H.; Yin, Z.; Zou, X.-H.; Wang, L.-L.; Hu, H.; Cao, T.; Zheng, M.; Ouyang, H.W. Stepwise Differentiation of Human Embryonic Stem Cells Promotes Tendon Regeneration by Secreting Fetal Tendon Matrix and Differentiation Factors. Stem Cells 2009, 27, 1276–1287. [Google Scholar] [CrossRef]

	



Chen, X.; Yin, Z.; Chen, J.; Shen, W.-L.; Liu, H.-H.; Tang, Q.-M.; Fang, Z.; Lu, L.-R.; Ji, J.; Ouyang, H.-W. Force and scleraxis synergistically promote the commitment of human ES cells derived MSCs to tenocytes. Sci. Rep. 2012, 2, 977. [Google Scholar] [CrossRef]

	



Chen, J.; Yin, Z.; Shen, W.-L.; Chen, X.; Heng, B.C.; Zou, X.H.; Ouyang, H.W. Efficacy of hESC-MSCs in knitted silk-collagen scaffold for tendon tissue engineering and their roles. Biomaterials 2010, 31, 9438–9451. [Google Scholar] [CrossRef]

	



Dale, T.P.; Mazher, S.; Webb, W.R.; Zhou, J.; Maffulli, N.; Chen, G.-Q.; El Haj, A.J.; Forsyth, N.R. Tenogenic Differentiation of Human Embryonic Stem Cells. Tissue Eng. Part A 2018, 24, 361–368. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell 2006, 126, 663–676. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined Factors. Cell 2007, 131, 861–872. [Google Scholar] [CrossRef] [PubMed]

	



Bavin, E.P.; Smith, O.; Baird, A.E.G.; Smith, L.C.; Guest, D. Equine Induced Pluripotent Stem Cells have a Reduced Tendon Differentiation Capacity Compared to Embryonic Stem Cells. Front. Vet. Sci. 2015, 2. [Google Scholar] [CrossRef]

	



Komura, S.; Satake, T.; Goto, A.; Aoki, H.; Shibata, H.; Ito, K.; Hirakawa, A.; Yamada, Y.; Akiyama, H. Induced pluripotent stem cell-derived tenocyte-like cells promote the regeneration of injured tendons in mice. Sci. Rep. 2020, 10, 3992. [Google Scholar] [CrossRef]

	



Parolini, O.; Soncini, M.; Evangelista, M.; Schmidt, D. Amniotic membrane and amniotic fluid-derived cells: Potential tools for regenerative medicine? Regen. Med. 2009, 4, 275–291. [Google Scholar] [CrossRef]

	



Miki, T. Amnion-derived stem cells: In quest of clinical applications. Stem Cell Res. Ther. 2011, 2, 25. [Google Scholar] [CrossRef]

	



Muttini, A.; Barboni, B.; Valbonetti, L.; Russo, V.; Maffulli, N. Amniotic Epithelial Stem Cells. Sports Med. Arthrosc. Rev. 2018, 26, 70–74. [Google Scholar] [CrossRef]

	



Miki, T. Stem cell characteristics and the therapeutic potential of amniotic epithelial cells. Am. J. Reprod. Immunol. 2018, 80, e13003. [Google Scholar] [CrossRef]

	



Hao, Y.; Ma, D.H.-K.; Hwang, D.G.; Kim, W.-S.; Zhang, F. Identification of antiangiogenic and antiinflammatory proteins in human amniotic membrane. Cornea 2000, 19, 348–352. [Google Scholar] [CrossRef]

	



Kim, J.S.; Na, B.K.; Jeong, J.M.; Song, C.Y.; Kim, J.C. Amniotic Membrane Patching Promotes Healing and Inhibits Proteinase Activity on Wound Healing Following Acute Corneal Alkali Burn. Exp. Eye Res. 2000, 70, 329–337. [Google Scholar] [CrossRef] [PubMed]

	



Solomon, A.; Rosenblatt, M.; Monroy, D.; Ji, Z.; Pflugfelder, S.C.; Tseng, S.C.G. Suppression of interleukin 1α and interleukin 1β in human limbal epithelial cells cultured on the amniotic membrane stromal matrix. Br. J. Ophthalmol. 2001, 85, 444–449. [Google Scholar] [CrossRef]

	



Tseng, S.C.; Li, D.Q.; Ma, X. Suppression of transforming growth factor-beta isoforms, TGF-beta receptor type II, and myofibroblast differentiation in cultured human corneal and limbal fibroblasts by amniotic membrane matrix. J. Cell. Physiol. 1999, 179, 325–335. [Google Scholar] [CrossRef]

	



Inge, E.; Talmi, Y.P.; Sigler, L.; Finkelstein, Y.; Zohar, Y. Antibacterial properties of human amniotic membranes. Placenta 1991, 12, 285–288. [Google Scholar] [CrossRef]

	



Hori, J.; Wang, M.; Kamiya, K.; Takahashi, H.; Sakuragawa, N. Immunological Characteristics of Amniotic Epithelium. Cornea 2006, 25, S53–S58. [Google Scholar] [CrossRef]

	



Toda, A.; Okabe, M.; Yoshida, T.; Nikaido, T. The potential of amniotic membrane/amnion-derived cells for regeneration of various tissues. J. Pharmacol. Sci. 2007, 105, 215–228. [Google Scholar] [CrossRef]

	



Parolini, O. From fetal development and beyond: A continued role for placenta in sustaining life? Placenta 2011, 32, S283–S284. [Google Scholar] [CrossRef]

	



Barboni, B.; Curini, V.; Russo, V.; Mauro, A.; Di Giacinto, O.; Marchisio, M.; Alfonsi, M.; Mattioli, M. Indirect Co-Culture with Tendons or Tenocytes Can Program Amniotic Epithelial Cells towards Stepwise Tenogenic Differentiation. PLoS ONE 2012, 7, e30974. [Google Scholar] [CrossRef]

	



Barboni, B.; Russo, V.; Berardinelli, P.; Mauro, A.; Valbonetti, L.; Sanyal, H.; Canciello, A.; Greco, L.; Muttini, A.; Gatta, V.; et al. Placental Stem Cells from Domestic Animals. Cell Transplant. 2018, 27, 93–116. [Google Scholar] [CrossRef]

	



Lange-Consiglio, A.; Rossi, D.; Tassan, S.; Perego, R.; Cremonesi, F.; Parolini, O. Conditioned Medium from Horse Amniotic Membrane-Derived Multipotent Progenitor Cells: Immunomodulatory Activity In Vitro and First Clinical Application in Tendon and Ligament Injuries In Vivo. Stem Cells Dev. 2013, 22, 3015–3024. [Google Scholar] [CrossRef]

	



Lange-Consiglio, A.; Tassan, S.; Corradetti, B.; Meucci, A.; Perego, R.; Bizzaro, D.; Cremonesi, F. Investigating the efficacy of amnion-derived compared with bone marrow–derived mesenchymal stromal cells in equine tendon and ligament injuries. Cytotherapy 2013, 15, 1011–1020. [Google Scholar] [CrossRef] [PubMed]

	



Muttini, A.; Valbonetti, L.; Abate, M.; Colosimo, A.; Curini, V.; Mauro, A.; Berardinelli, P.; Russo, V.; Cocciolone, D.; Marchisio, M.; et al. Ovine amniotic epithelial cells: In vitro characterization and transplantation into equine superficial digital flexor tendon spontaneous defects. Res. Vet. Sci. 2013, 94, 158–169. [Google Scholar] [CrossRef] [PubMed]

	



Colosimo, A.; Curini, V.; Russo, V.; Mauro, A.; Bernabò, N.; Marchisio, M.; Alfonsi, M.; Muttini, A.; Mattioli, M.; Barboni, B. Characterization, GFP Gene Nucleofection, and Allotransplantation in Injured Tendons of Ovine Amniotic Fluid-Derived Stem Cells. Cell Transplant. 2013, 22, 99–117. [Google Scholar] [CrossRef]

	



Russo, V.; El Khatib, M.; Di Marcantonio, L.; Ancora, M.; Wyrwa, R.; Mauro, A.; Walter, T.; Weisser, J.; Citeroni, M.R.; Lazzaro, F.; et al. Tendon Biomimetic Electrospun PLGA Fleeces Induce an Early Epithelial-Mesenchymal Transition and Tenogenic Differentiation on Amniotic Epithelial Stem Cells. Cells 2020, 9, 303. [Google Scholar] [CrossRef]

	



Canciello, A.; Russo, V.; Berardinelli, P.; Bernabò, N.; Muttini, A.; Mattioli, M.; Barboni, B. Progesterone prevents epithelial-mesenchymal transition of ovine amniotic epithelial cells and enhances their immunomodulatory properties. Sci. Rep. 2017, 7, 3761. [Google Scholar] [CrossRef]

	



Di Lollo, V.; Canciello, A.; Orsini, M.; Bernabò, N.; Ancora, M.; Di Federico, M.; Curini, V.; Mattioli, M.; Russo, V.; Mauro, A.; et al. Transcriptomic and computational analysis identified LPA metabolism, KLHL14 and KCNE3 as novel regulators of Epithelial-Mesenchymal Transition. Sci. Rep. 2020, 10, 4180. [Google Scholar] [CrossRef]

	



Li, Y.; Liu, Z.; Jin, Y.; Zhu, X.; Wang, S.; Yang, J.; Ren, Y.; Fu, Q.; Xiong, H.; Zou, G.; et al. Differentiation of Human Amniotic Mesenchymal Stem Cells into Human Anterior Cruciate Ligament Fibroblast Cells by In Vitro Coculture. BioMed Res. Int. 2017, 2017, 1–15. [Google Scholar] [CrossRef]

	



Gulati, B.R.; Kumar, R.; Mohanty, N.; Kumar, P.; Somasundaram, R.K.; Yadav, P.S. Bone Morphogenetic Protein-12 Induces Tenogenic Differentiation of Mesenchymal Stem Cells Derived from Equine Amniotic Fluid. Cells Tissues Organs 2013, 198, 377–389. [Google Scholar] [CrossRef]

	



Mohanty, N.; Gulati, B.R.; Kumar, R.; Gera, S.; Kumar, P.; Somasundaram, R.K.; Kumar, S. Immunophenotypic characterization and tenogenic differentiation of mesenchymal stromal cells isolated from equine umbilical cord blood. In Vitro Cell. Dev. Biol. Anim. 2014, 50, 538–548. [Google Scholar] [CrossRef]

	



Ciardulli, M.C.; Marino, L.; Lamparelli, E.P.; Guida, M.; Forsyth, N.; Selleri, C.; Della Porta, G.; Maffulli, N. Dose-Response Tendon-Specific Markers Induction by Growth Differentiation Factor-5 in Human Bone Marrow and Umbilical Cord Mesenchymal Stem Cells. Int. J. Mol. Sci. 2020, 21, 5905. [Google Scholar] [CrossRef] [PubMed]

	



Meirelles, L.D.S.; Chagastelles, P.C.; Nardi, N.B. Mesenchymal stem cells reside in virtually all post-natal organs and tissues. J. Cell Sci. 2006, 119, 2204–2213. [Google Scholar] [CrossRef] [PubMed]

	



Govoni, M.; Berardi, A.C.; Muscari, C.; Campardelli, R.; Bonafè, F.; Guarnieri, C.; Reverchon, E.; Giordano, E.; Maffulli, N.; Della Porta, G. An Engineered Multiphase Three-Dimensional Microenvironment to Ensure the Controlled Delivery of Cyclic Strain and Human Growth Differentiation Factor 5 for the Tenogenic Commitment of Human Bone Marrow Mesenchymal Stem Cells. Tissue Eng. Part A 2017, 23, 811–822. [Google Scholar] [CrossRef] [PubMed]

	



Tan, S.-L.; Ahmad, R.E.; Ahmad, T.S.; Merican, A.M.; Abbas, A.A.; Ng, W.M.; Kamarul, T. Effect of Growth Differentiation Factor 5 on the Proliferation and Tenogenic Differentiation Potential of Human Mesenchymal Stem Cells in vitro. Cells Tissues Organs 2012, 196, 325–338. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.-W.; Chen, Z.-L.; Piao, Y.-J. Mesenchymal stem cells differentiate into tenocytes by bone morphogenetic protein (BMP) 12 gene transfer. J. Biosci. Bioeng. 2005, 100, 418–422. [Google Scholar] [CrossRef]

	



Bottagisio, M.; Lopa, S.; Granata, V.; Talò, G.; Bazzocchi, C.; Moretti, M.; Lovati, A.B. 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. Differentiation 2017, 95, 44–53. [Google Scholar] [CrossRef]

	



Ciardulli, M.C.; Marino, L.; Lovecchio, J.; Giordano, E.; Forsyth, N.R.; Selleri, C.; Maffulli, N.; Della Porta, G. A study on Tendon and Cytokines Markers expression by Human Mesenchymal Stem Cells from Bone Marrow cultivated into a Hyaluronate/Fibrin 3D scaffold under cyclic strain. Cells 2020, 9, 1268. [Google Scholar] [CrossRef]

	



Haramshahi, S.M.A.; Bonakdar, S.; Moghtadaei, M.; Kamguyan, K.; Thormann, E.; Tanbakooei, S.; Simorgh, S.; Milan, P.B.; Amini, N.; Latifi, N.A.; et al. Tenocyte-imprinted substrate: A topography-based inducer for tenogenic differentiation in adipose tissue-derived mesenchymal stem cells. Biomed. Mater. 2020, 15, 035014. [Google Scholar] [CrossRef]

	



Dai, L.; Hu, X.; Zhang, X.; Zhu, J.; Zhang, J.; Fu, X.; Duan, X.; Ao, Y.; Zhou, C. Different tenogenic differentiation capacities of different mesenchymal stem cells in the presence of BMP-12. J. Transl. Med. 2015, 13, 1–14. [Google Scholar] [CrossRef]

	



Harris, M.; Butler, D.; Boivin, G.P.; Florer, J.; Schantz, E.; Wenstrup, R.J. Mesenchymal stem cells used for rabbit tendon repair can form ectopic bone and express alkaline phosphatase activity in constructs. J. Orthop. Res. 2004, 22, 998–1003. [Google Scholar] [CrossRef]

	



Zarychta-Wiśniewska, W.; Burdzinska, A.; Kulesza, A.; Gala, K.; Kaleta, B.; Zielniok, K.; Siennicka, K.; Sabat, M.; Pączek, L. Bmp-12 activates tenogenic pathway in human adipose stem cells and affects their immunomodulatory and secretory properties. BMC Cell Biol. 2017, 18, 13. [Google Scholar] [CrossRef]

	



Yang, G.; Rothrauff, B.B.; Lin, H.; Yu, S.; Tuan, R.S. Tendon-Derived Extracellular Matrix Enhances Transforming Growth Factor-β3-Induced Tenogenic Differentiation of Human Adipose-Derived Stem Cells. Tissue Eng. Part A 2017, 23, 166–176. [Google Scholar] [CrossRef] [PubMed]

	



Almeida, H.; Domingues, R.M.A.; Mithieux, S.M.; Pires, R.A.; Gonçalves, A.I.; Gómez-Florit, M.; Reis, R.L.; Weiss, A.S.; Gomes, M.E. Tropoelastin-Coated Tendon Biomimetic Scaffolds Promote Stem Cell Tenogenic Commitment and Deposition of Elastin-Rich Matrix. ACS Appl. Mater. Interfaces 2019, 11, 19830–19840. [Google Scholar] [CrossRef] [PubMed]

	



Neo, P.Y.; See, E.Y.-S.; Toh, S.L.; Goh, J.C.-H. Temporal profiling of the growth and multi-lineage potentiality of adipose tissue-derived mesenchymal stem cells cell-sheets. J. Tissue Eng. Regen. Med. 2013, 10, 564–579. [Google Scholar] [CrossRef] [PubMed]

	



Sheyn, D.; Mizrahi, O.; Benjamin, S.; Gazit, Z.; Pelled, G.; Gazit, D. Genetically modified cells in regenerative medicine and tissue engineering. Adv. Drug Deliv. Rev. 2010, 62, 683–698. [Google Scholar] [CrossRef]

	



Li, B.; Qi, Y.; Ni, Q.; Jha, R.K.; Wang, H.; Chen, B.; Wang, H. Early cellular responses of BMSCs genetically modified with bFGF/BMP2 co-cultured with ligament fibroblasts in a three-dimensional model in vitro. Int. J. Mol. Med. 2016, 38, 1578–1586. [Google Scholar] [CrossRef]

	



Hsieh, C.-F.; Alberton, P.; Loffredo-Verde, E.; Volkmer, E.; Pietschmann, M.; Müller, P.; Schieker, M.; Docheva, D. Scaffold-free Scleraxis-programmed tendon progenitors aid in significantly enhanced repair of full-size Achilles tendon rupture. Nanomedicine 2016, 11, 1153–1167. [Google Scholar] [CrossRef]

	



Kohler, J.; Popov, C.; Klotz, B.; Alberton, P.; Prall, W.C.; Haasters, F.; Müller-Deubert, S.; Ebert, R.; Klein-Hitpass, L.; Jakob, F.; et al. Uncovering the cellular and molecular changes in tendon stem/progenitor cells attributed to tendon aging and degeneration. Aging Cell 2013, 12, 988–999. [Google Scholar] [CrossRef]

	



Ni, M.; Rui, Y.F.; Tan, Q.; Liu, Y.; Xu, L.L.; Chan, K.-M.; Wang, Y.; Li, G. Engineered scaffold-free tendon tissue produced by tendon-derived stem cells. Biomaterials 2013, 34, 2024–2037. [Google Scholar] [CrossRef]

	



Guo, J.; Chan, K.-M.; Zhang, J.-F.; Li, G. Tendon-derived stem cells undergo spontaneous tenogenic differentiation. Exp. Cell Res. 2016, 341, 1–7. [Google Scholar] [CrossRef]

	



Mazzocca, A.D.; Chowaniec, D.; McCarthy, M.B.; Beitzel, K.; Cote, M.P.; McKinnon, W.; Arciero, R. In vitro changes in human tenocyte cultures obtained from proximal biceps tendon: Multiple passages result in changes in routine cell markers. Knee Surg. Sports Traumatol. Arthrosc. 2011, 20, 1666–1672. [Google Scholar] [CrossRef]

	



Yao, L.; Bestwick, C.; Bestwick, L.; Maffulli, N.; Aspden, R. Phenotypic Drift in Human Tenocyte Culture. Tissue Eng. 2006, 12, 1843–1849. [Google Scholar] [CrossRef] [PubMed]

	



Abdollahi, H.; Harris, L.J.; Zhang, P.; McIlhenny, S.; Srinivas, V.; Tulenko, T.; DiMuzio, P.J. The Role of Hypoxia in Stem Cell Differentiation and Therapeutics. J. Surg. Res. 2011, 165, 112–117. [Google Scholar] [CrossRef] [PubMed]

	



Mohyeldin, A.; Garzon-Muvdi, T.; Quiñones-Hinojosa, A. Oxygen in Stem Cell Biology: A Critical Component of the Stem Cell Niche. Cell Stem Cell 2010, 7, 150–161. [Google Scholar] [CrossRef]

	



Mas-Bargues, C.; Sanz-Ros, J.; Román-Domínguez, A.; Inglés, M.; Gimeno-Mallench, L.; El Alami, M.; Viña-Almunia, J.; Gambini, J.; Viña, J.; Borras, C. Relevance of Oxygen Concentration in Stem Cell Culture for Regenerative Medicine. Int. J. Mol. Sci. 2019, 20, 1195. [Google Scholar] [CrossRef] [PubMed]

	



Keith, B.; Simon, M.C. Hypoxia-Inducible Factors, Stem Cells, and Cancer. Cell 2007, 129, 465–472. [Google Scholar] [CrossRef] [PubMed]

	



Pollard, P.J.; Yang, M.; Su, H.; Soga, T.; Kranc, K.R. Prolyl hydroxylase domain enzymes: Important regulators of cancer metabolism. Hypoxia 2014, 2, 127–142. [Google Scholar] [CrossRef]

	



Jewell, U.R.; Kvietikova, I.; Scheid, A.; Bauer, C.; Wenger, R.H.; Gassmann, M. Induction of HIF–1α in response to hypoxia is instantaneous. FASEB J. 2001, 15, 1312–1314. [Google Scholar] [CrossRef]

	



Majmundar, A.J.; Wong, W.J.; Simon, M.C. Hypoxia-Inducible Factors and the Response to Hypoxic Stress. Mol. Cell 2010, 40, 294–309. [Google Scholar] [CrossRef]

	



Prabhakar, N.R.; Semenza, G.L. Oxygen Sensing and Homeostasis. Physiology 2015, 30, 340–348. [Google Scholar] [CrossRef]

	



Yin, Z.; Guo, J.; Wu, T.-Y.; Chen, X.; Xu, L.-L.; Lin, S.; Sun, Y.-X.; Chan, K.-M.; Ouyang, H.; Li, G. Stepwise Differentiation of Mesenchymal Stem Cells Augments Tendon-Like Tissue Formation and Defect Repair In Vivo. Stem Cells Transl. Med. 2016, 5, 1106–1116. [Google Scholar] [CrossRef]

	



Ejtehadifar, M.; Shamsasenjan, K.; Movassaghpour, A.A.; Akbarzadehlaleh, P.; Dehdilani, N.; Abbasi, P.; Molaeipour, Z.; Saleh, M. The Effect of Hypoxia on Mesenchymal Stem Cell Biology. Adv. Pharm. Bull. 2015, 5, 141–149. [Google Scholar] [CrossRef] [PubMed]

	



Ivanovic, Z. Hypoxia or in situ normoxia: The stem cell paradigm. J. Cell. Physiol. 2009, 219, 271–275. [Google Scholar] [CrossRef] [PubMed]

	



Lennon, N.P.; Edmison, J.M.; Caplan, A.I. Cultivation of rat marrow-derived mesenchymal stem cells in reduced oxygen tension: Effects on in vitro and in vivo osteochondrogenesis. J. Cell. Physiol. 2001, 187, 345–355. [Google Scholar] [CrossRef] [PubMed]

	



Carreau, A.; El Hafny-Rahbi, B.; Matejuk, A.; Grillon, C.; Kieda, C. Why is the partial oxygen pressure of human tissues a crucial parameter? Small molecules and hypoxia. J. Cell. Mol. Med. 2011, 15, 1239–1253. [Google Scholar] [CrossRef]

	



Simon, M.C.; Keith, B. The role of oxygen availability in embryonic development and stem cell function. Nat. Rev. Mol. Cell Biol. 2008, 9, 285–296. [Google Scholar] [CrossRef]

	



Spencer, J.A.; Ferraro, F.; Roussakis, E.; Klein, A.; Wu, J.; Runnels, J.M.; Zaher, W.; Mortensen, L.; Alt, C.; Turcotte, R.; et al. Direct measurement of local oxygen concentration in the bone marrow of live animals. Nature 2014, 508, 269–273. [Google Scholar] [CrossRef]

	



Harrison, J.; Rameshwar, P.; Chang, V.; Bandari, P.; Chang, V. Oxygen saturation in the bone marrow of healthy volunteers. Blood 2002, 99, 394. [Google Scholar] [CrossRef] [PubMed]

	



Grimshaw, M.; Mason, R. Bovine articular chondrocyte function in vitro depends upon oxygen tension. Osteoarthr. Cartil. 2000, 8, 386–392. [Google Scholar] [CrossRef] [PubMed]

	



Ortiz-Prado, E.; Dunn, J.F.; Vasconez, J.; Castillo, D.; Viscor, G. Partial pressure of oxygen in the human body: A general review. Am. J. Blood Res. 2019, 9, 1–14. [Google Scholar]

	



Hirai, D.M.; Colburn, T.D.; Craig, J.C.; Hotta, K.; Kano, Y.; Musch, T.I.; Poole, D.C. Skeletal muscle interstitial O2 pressures: Bridging the gap between the capillary and myocyte. Microcirculation 2018, 26, e12497. [Google Scholar] [CrossRef]

	



Shukunami, C.; Takimoto, A.; Miura, S.; Nishizaki, Y.; Hiraki, Y. Chondromodulin-I and tenomodulin are differentially expressed in the avascular mesenchyme during mouse and chick development. Cell Tissue Res. 2008, 332, 111–122. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.W.; Lui, P.P.Y.; Rui, Y.F. Hypoxia-Mediated Efficient Expansion of Human Tendon–Derived Stem Cells In Vitro. Tissue Eng. Part A 2012, 18, 484–498. [Google Scholar] [CrossRef] [PubMed]

	



Spanoudes, K.; Gaspar, D.; Pandit, A.; Zeugolis, D.I. The biophysical, biochemical, and biological toolbox for tenogenic phenotype maintenance in vitro. Trends Biotechnol. 2014, 32, 474–482. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, B.; Zhang, W.J.; Zhou, G.; Cao, Y.; Liu, W. Enhanced proliferation capacity of porcine tenocytes in low O2 tension culture. Biotechnol. Lett. 2009, 32, 181–187. [Google Scholar] [CrossRef]

	



D’Ippolito, G.; Diabira, S.; Howard, G.A.; Roos, B.A.; Schiller, P.C. Low oxygen tension inhibits osteogenic differentiation and enhances stemness of human MIAMI cells. Bone 2006, 39, 513–522. [Google Scholar] [CrossRef]

	



Zhang, J.; Wang, J.H.-C. Human Tendon Stem Cells Better Maintain Their Stemness in Hypoxic Culture Conditions. PLoS ONE 2013, 8, e61424. [Google Scholar] [CrossRef]

	



Yu, Y.; Lin, L.; Zhou, Y.; Lu, X.; Shao, X.; Lin, C.; Yu, K.; Zhang, X.; Hong, J.; Chen, Y. Effect of Hypoxia on Self-Renewal Capacity and Differentiation in Human Tendon-Derived Stem Cells. Med. Sci. Monit. 2017, 23, 1334–1339. [Google Scholar] [CrossRef]

	



Shojaee, A.; Parham, A. Strategies of tenogenic differentiation of equine stem cells for tendon repair: Current status and challenges. Stem Cell Res. Ther. 2019, 10, 1–13. [Google Scholar] [CrossRef]

	



Chang, W.; Lee, C.Y.; Park, J.-H.; Park, M.-S.; Maeng, L.-S.; Yoon, C.S.; Lee, M.Y.; Hwang, K.-C.; Chung, Y.-A. Survival of hypoxic human mesenchymal stem cells is enhanced by a positive feedback loop involving miR-210 and hypoxia-inducible factor 1. J. Vet. Sci. 2013, 14, 69–76. [Google Scholar] [CrossRef]

	



Bavelloni, A.; Ramazzotti, G.; Poli, A.; Piazzi, M.; Focaccia, E.; Blalock, W.; Faenza, I. MiRNA-210: A Current Overview. Anticancer Res. 2017, 37. [Google Scholar] [CrossRef]

	



Kelly, T.J.; Souza, A.L.; Clish, C.B.; Puigserver, P. A Hypoxia-Induced Positive Feedback Loop Promotes Hypoxia-Inducible Factor 1 Stability through miR-210 Suppression of Glycerol-3-Phosphate Dehydrogenase 1-Like. Mol. Cell. Biol. 2011, 31, 2696–2706. [Google Scholar] [CrossRef]

	



Usman, M.A.; Nakasa, T.; Shoji, T.; Kato, T.; Kawanishi, Y.; Hamanishi, M.; Kamei, N.; Ochi, M. The effect of administration of double stranded MicroRNA-210 on acceleration of Achilles tendon healing in a rat model. J. Orthop. Sci. 2015, 20, 538–546. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, S.Y.; Chun, S.Y.; Ha, Y.-S.; Kim, D.H.; Kim, J.; Song, P.H.; Kim, H.T.; Yoo, E.S.; Kim, B.S.; Kwon, T.G. Hypoxia Enhances Cell Properties of Human Mesenchymal Stem Cells. Tissue Eng. Regen. Med. 2017, 14, 595–604. [Google Scholar] [CrossRef]

	



Widowati, W.; Rihibiha, D.D.; Khiong, K.; Widodo, M.A.; Sumitro, S.B.; Bachtiar, I. Hypoxia in Mesenchymal Stem Cell. In Hypoxia and Human Diseases; Zheng, J., Zhou, C., Eds.; InTech: Vienna, Austria, 2017; ISBN 978-953-51-2895-3. [Google Scholar]

	



Hung, S.-C.; Pochampally, R.R.; Chen, S.-C.; Hsu, S.-C.; Prockop, D.J. Angiogenic Effects of Human Multipotent Stromal Cell Conditioned Medium Activate the PI3K-Akt Pathway in Hypoxic Endothelial Cells to Inhibit Apoptosis, Increase Survival, and Stimulate Angiogenesis. Stem Cells 2007, 25, 2363–2370. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Xu, Y.; Zhao, J.; Zhang, Z.; Yang, R.; Xie, J.; Liu, X.; Qi, S. Conditioned Medium from Hypoxic Bone Marrow-Derived Mesenchymal Stem Cells Enhances Wound Healing in Mice. PLoS ONE 2014, 9, e96161. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, C.-C.; Chen, Y.-J.; Yew, T.-L.; Chen, L.-L.; Wang, J.-Y.; Chiu, C.-H.; Hung, S.-C. Hypoxia inhibits senescence and maintains mesenchymal stem cell properties through down-regulation of E2A-p21 by HIF-TWIST. Blood 2011, 117, 459–469. [Google Scholar] [CrossRef] [PubMed]

	



Huang, T.-F.; Yew, T.-L.; Chiang, E.-R.; Ma, H.-L.; Hsu, C.-Y.; Hsu, S.; Hsu, Y.-T.; Hung, S.-C. Mesenchymal Stem Cells From a Hypoxic Culture Improve and Engraft Achilles Tendon Repair. Am. J. Sports Med. 2013, 41, 1117–1125. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Tang, Y.-L.; Liang, X.-H. EMT: A new vision of hypoxia promoting cancer progression. Cancer Biol. Ther. 2011, 11, 714–723. [Google Scholar] [CrossRef] [PubMed]

	



Joseph, J.P.; Harishankar, M.; Pillai, A.A.; Devi, A. Hypoxia induced EMT: A review on the mechanism of tumor progression and metastasis in OSCC. Oral Oncol. 2018, 80, 23–32. [Google Scholar] [CrossRef]

	



Yeo, C.D.; Kang, N.; Choi, S.Y.; Na Kim, B.; Park, C.K.; Kim, J.W.; Kim, Y.K.; Kim, S.J. The role of hypoxia on the acquisition of epithelial-mesenchymal transition and cancer stemness: A possible link to epigenetic regulation. Korean J. Intern. Med. 2017, 32, 589–599. [Google Scholar] [CrossRef]

	



Zaidi, M.; Fu, F.; Cojocari, D.; McKee, T.D.; Wouters, B. Quantitative Visualization of Hypoxia and Proliferation Gradients Within Histological Tissue Sections. Front. Bioeng. Biotechnol. 2019, 7, 397. [Google Scholar] [CrossRef] [PubMed]

	



Buravkova, L.B.; Andreeva, E.R.; Gogvadze, V.; Zhivotovsky, B. Mesenchymal stem cells and hypoxia: Where are we? Mitochondrion 2014, 19, 105–112. [Google Scholar] [CrossRef] [PubMed]

	



Banes, A.J.; Tsuzaki, M.; Yamamoto, J.; Fischer, T.; Brigman, B.; Brown, T.; Miller, L. Mechanoreception at the cellular level: The detection, interpretation, and diversity of responses to mechanical signals. Biochem. Cell Biol. 1995, 73, 349–365. [Google Scholar] [CrossRef] [PubMed]

	



Lavagnino, M.; Arnoczky, S.P.; Tian, T.; Vaupel, Z. Effect of Amplitude and Frequency of Cyclic Tensile Strain on the Inhibition of MMP-1 mRNA Expression in Tendon Cells: An In Vitro Study. Connect. Tissue Res. 2003, 44, 181–187. [Google Scholar] [CrossRef]

	



Screen, H.R.C.; Shelton, J.C.; Bader, D.L.; Lee, D.A. Cyclic tensile strain upregulates collagen synthesis in isolated tendon fascicles. Biochem. Biophys. Res. Commun. 2005, 336, 424–429. [Google Scholar] [CrossRef]

	



Govoni, M.; Muscari, C.; Lovecchio, J.; Guarnieri, C.; Giordano, E. Mechanical Actuation Systems for the Phenotype Commitment of Stem Cell-Based Tendon and Ligament Tissue Substitutes. Stem Cell Rev. Rep. 2015, 12, 189–201. [Google Scholar] [CrossRef] [PubMed]

	



Hannafin, J.A.; Arnoczky, S.P.; Hoonjan, A.; Torzilli, P.A. Effect of stress deprivation and cyclic tensile loading on the material and morphologic properties of canine flexor digitorum profundus tendon: Anin vitro study. J. Orthop. Res. 1995, 13, 907–914. [Google Scholar] [CrossRef]

	



Archambault, J.M.; Wiley, J.P.; Bray, R.C. Exercise Loading of Tendons and the Development of Overuse Injuries. Sports Med. 1995, 20, 77–89. [Google Scholar] [CrossRef]

	



Arnoczky, S.P.; Lavagnino, M.; Egerbacher, M. The mechanobiological aetiopathogenesis of tendinopathy: Is it the over-stimulation or the under-stimulation of tendon cells? Int. J. Exp. Pathol. 2007, 88, 217–226. [Google Scholar] [CrossRef]

	



Magnusson, S.P.; Langberg, H.; Kjaer, M. The pathogenesis of tendinopathy: Balancing the response to loading. Nat. Rev. Rheumatol. 2010, 6, 262–268. [Google Scholar] [CrossRef]

	



Wang, T.; Gardiner, B.S.; Lin, Z.; Rubenson, J.; Kirk, T.B.; Wang, A.; Xu, J.; Smith, D.W.; Lloyd, D.G.; Zheng, M.H. Bioreactor Design for Tendon/Ligament Engineering. Tissue Eng. Part B Rev. 2012, 19, 133–146. [Google Scholar] [CrossRef]

	



Abousleiman, R.I.; Reyes, Y.; McFetridge, P.; Sikavitsas, V. Tendon Tissue Engineering Using Cell-Seeded Umbilical Veins Cultured in a Mechanical Stimulator. Tissue Eng. Part A 2009, 15, 787–795. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Lin, Z.; Day, R.E.; Gardiner, B.S.; Landao-Bassonga, E.; Rubenson, J.; Kirk, T.B.; Smith, D.W.; Lloyd, D.G.; Hardisty, G.; et al. Programmable mechanical stimulation influences tendon homeostasis in a bioreactor system. Biotechnol. Bioeng. 2013, 110, 1495–1507. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.D.; Liang, R.; Woo, S.L.-Y.; Burton, S.D.; Wu, C.; Almarza, A.; Sacks, M.S.; Abramowitch, S. Effects of Cell Seeding and Cyclic Stretch on the Fiber Remodeling in an Extracellular Matrix–Derived Bioscaffold. Tissue Eng. Part A 2009, 15, 957–963. [Google Scholar] [CrossRef] [PubMed]

	



Yang, G.; Im, H.-J.; Wang, J.H.-C. Repetitive mechanical stretching modulates IL-1beta induced COX-2, MMP-1 expression, and PGE2 production in human patellar tendon fibroblasts. Gene 2005, 363, 166–172. [Google Scholar] [CrossRef]

	



Webb, K.; Hitchcock, R.W.; Smeal, R.M.; Li, W.; Gray, S.D.; Tresco, P.A. Cyclic strain increases fibroblast proliferation, matrix accumulation, and elastic modulus of fibroblast-seeded polyurethane constructs. J. Biomech. 2006, 39, 1136–1144. [Google Scholar] [CrossRef]

	



Cribb, A.M.; Scott, J.E. Tendon response to tensile stress: An ultrastructural investigation of collagen:proteoglycan interactions in stressed tendon. J. Anat. 1995, 187, 423–428. [Google Scholar]

	



Juncosa-Melvin, N.; Shearn, J.T.; Boivin, G.P.; Gooch, C.; Galloway, M.T.; West, J.R.; Nirmalanandhan, V.S.; Bradica, G.; Butler, D. Effects of Mechanical Stimulation on the Biomechanics and Histology of Stem Cell–Collagen Sponge Constructs for Rabbit Patellar Tendon Repair. Tissue Eng. 2006, 12, 2291–2300. [Google Scholar] [CrossRef]

	



Woon, C.Y.; Kraus, A.; Raghavan, S.S.; Pridgen, B.C.; Megerle, K.; Pham, H.; Chang, J. Three-Dimensional-Construct Bioreactor Conditioning in Human Tendon Tissue Engineering. Tissue Eng. Part A 2011, 17, 2561–2572. [Google Scholar] [CrossRef]

	



Saber, S.; Zhang, A.Y.; Ki, S.H.; Lindsey, D.P.; Smith, R.L.; Riboh, J.; Pham, H.; Chang, J. Flexor Tendon Tissue Engineering: Bioreactor Cyclic Strain Increases Construct Strength. Tissue Eng. Part A 2010, 16, 2085–2090. [Google Scholar] [CrossRef]

	



Butler, D.; Hunter, S.A.; Chokalingam, K.; Cordray, M.J.; Shearn, J.; Juncosa-Melvin, N.; Nirmalanandhan, S.; Jain, A. Using Functional Tissue Engineering and Bioreactors to Mechanically Stimulate Tissue-Engineered Constructs. Tissue Eng. Part A 2009, 15, 741–749. [Google Scholar] [CrossRef] [PubMed]

	



Alberton, P.; Popov, C.; Prägert, M.; Kohler, J.; Shukunami, C.; Schieker, M.; Docheva, D. Conversion of Human Bone Marrow-Derived Mesenchymal Stem Cells into Tendon Progenitor Cells by Ectopic Expression of Scleraxis. Stem Cells Dev. 2012, 21, 846–858. [Google Scholar] [CrossRef] [PubMed]

	



Bagchi, R.; Roche, P.; Aroutiounova, N.; Espira, L.; Abrenica, B.; Schweitzer, R.; Czubryt, M.P. The transcription factor scleraxis is a critical regulator of cardiac fibroblast phenotype. BMC Biol. 2016, 14, 21. [Google Scholar] [CrossRef] [PubMed]

	



Scott, A.; Danielson, P.; Abraham, T.; Fong, G.; Sampaio, A.V.; Underhill, T.M. Mechanical force modulates scleraxis expression in bioartificial tendons. J. Musculoskelet. Neuronal. Interact. 2011, 11, 124–132. [Google Scholar]

	



Maeda, T.; Sakabe, T.; Sunaga, A.; Sakai, K.; Rivera, A.L.; Keene, D.R.; Sasaki, T.; Stavnezer, E.; Iannotti, J.; Schweitzer, R.; et al. Conversion of Mechanical Force into TGF-β-Mediated Biochemical Signals. Curr. Biol. 2011, 21, 933–941. [Google Scholar] [CrossRef]

	



Doroski, D.M.; Levenston, M.E.; Temenoff, J.S. Cyclic Tensile Culture Promotes Fibroblastic Differentiation of Marrow Stromal Cells Encapsulated in Poly(Ethylene Glycol)-Based Hydrogels. Tissue Eng. Part A 2010, 16, 3457–3466. [Google Scholar] [CrossRef]

	



Burk, J.; Plenge, A.; Brehm, W.; Heller, S.; Pfeiffer, B.; Kasper, C. Induction of Tenogenic Differentiation Mediated by Extracellular Tendon Matrix and Short-Term Cyclic Stretching. Stem Cells Int. 2016, 2016, 7342379. [Google Scholar] [CrossRef]

	



Im, G.-I. Clinical use of stem cells in orthopaedics. Eur. Cells Mater. 2017, 33, 183–196. [Google Scholar] [CrossRef]

	



Deniz, P.; Guler, S.; Celik, E.; Hosseinian, P.; Aydin, H.M. Use of cyclic strain bioreactor for the upregulation of key tenocyte gene expression on Poly(glycerol-sebacate) (PGS) sheets. Mater. Sci. Eng. C 2020, 106, 110293. [Google Scholar] [CrossRef]

	



Nam, H.Y.; Pingguan-Murphy, B.; Abbas, A.A.; Merican, A.M.; Kamarul, T. Uniaxial Cyclic Tensile Stretching at 8% Strain Exclusively Promotes Tenogenic Differentiation of Human Bone Marrow-Derived Mesenchymal Stromal Cells. Stem Cells Int. 2019, 2019, 9723025. [Google Scholar] [CrossRef]

	



Cao, D.; Liu, W.; Wei, X.; Xu, F.; Cui, L.; Cao, Y. In Vitro Tendon Engineering with Avian Tenocytes and Polyglycolic Acids: A Preliminary Report. Tissue Eng. 2006, 12, 1369–1377. [Google Scholar] [CrossRef] [PubMed]

	



Barkhausen, T.; Van Griensven, M.; Zeichen, J.; Bosch, U. Modulation of cell functions of human tendon fibroblasts by different repetitive cyclic mechanical stress patterns. Exp. Toxicol. Pathol. 2003, 55, 153–158. [Google Scholar] [CrossRef] [PubMed]

	



Waldorff, E.I.; Zhang, N.; Ryaby, J.T. Pulsed electromagnetic field applications: A corporate perspective. J. Orthop. Transl. 2017, 9, 60–68. [Google Scholar] [CrossRef] [PubMed]

	



Tucker, J.J.; Cirone, J.M.; Morris, T.R.; Nuss, C.A.; Huegel, J.; Waldorff, E.I.; Zhang, N.; Ryaby, J.T.; Soslowsky, L.J. Pulsed electromagnetic field therapy improves tendon-to-bone healing in a rat rotator cuff repair model. J. Orthop. Res. 2016, 35, 902–909. [Google Scholar] [CrossRef]

	



Liu, M.; Lee, C.; Laron, D.; Zhang, N.; Waldorff, E.I.; Ryaby, J.T.; Feeley, B.; Liu, X. Role of pulsed electromagnetic fields (PEMF) on tenocytes and myoblasts-potential application for treating rotator cuff tears. J. Orthop. Res. 2017, 35, 956–964. [Google Scholar] [CrossRef]

	



Wang, C.-J. Extracorporeal shockwave therapy in musculoskeletal disorders. J. Orthop. Surg. Res. 2012, 7, 11. [Google Scholar] [CrossRef]

	



Ioppolo, F.; Rompe, J.D.; Furia, J.P.; Cacchio, A. Clinical application of shock wave therapy (SWT) in musculoskeletal disorders. Eur. J. Phys. Rehabil. Med. 2014, 50, 217–230. [Google Scholar]

	



Furia, J.P.; Rompe, J.-D.; Maffulli, N.; Cacchio, A.; Schmitz, C. Radial Extracorporeal Shock Wave Therapy Is Effective and Safe in Chronic Distal Biceps Tendinopathy. Clin. J. Sport Med. 2017, 27, 430–437. [Google Scholar] [CrossRef]

	



Frizziero, A.; Vittadini, F.; Barazzuol, M.; Gasparre, G.; Finotti, P.; Meneghini, A.; Maffulli, N.; Masiero, S. Extracorporeal shockwaves therapy versus hyaluronic acid injection for the treatment of painful non-calcific rotator cuff tendinopathies: Preliminary results. J. Sports Med. Phys. Fit. 2017. [Google Scholar] [CrossRef]

	



Notarnicola, A.; Moretti, B. The biological effects of extracorporeal shock wave therapy (eswt) on tendon tissue. Muscle Ligaments Tendons J. 2012, 2, 33–37. [Google Scholar]

	



Cricchio, V.; Best, M.; Reverchon, E.; Maffulli, N.; Phillips, G.; Santin, M.; Della Porta, G. Novel Superparamagnetic Microdevices Based on Magnetized PLGA/PLA Microparticles Obtained by Supercritical Fluid Emulsion and Coating by Carboxybetaine-Functionalized Chitosan Allowing the Tuneable Release of Therapeutics. J. Pharm. Sci. 2017, 106, 2097–2105. [Google Scholar] [CrossRef]

	



Matos, A.M.; Gonçalves, A.I.; El Haj, A.J.; Gomes, M.E. Magnetic biomaterials and nano-instructive tools as mediators of tendon mechanotransduction. Nanoscale Adv. 2020, 2, 140–148. [Google Scholar] [CrossRef]

	



Gonçalves, A.I.; Miranda, M.S.; Rodrigues, M.T.; Reis, R.L.; Gomes, M.E. Magnetic responsive cell-based strategies for diagnostics and therapeutics. Biomed. Mater. 2018, 13, 054001. [Google Scholar] [CrossRef] [PubMed]

	



Santo, V.E.; Rodrigues, M.T.; Gomes, M.E. Contributions and future perspectives on the use of magnetic nanoparticles as diagnostic and therapeutic tools in the field of regenerative medicine. Expert Rev. Mol. Diagn. 2013, 13, 553–566. [Google Scholar] [CrossRef] [PubMed]

	



Sapir-Lekhovitser, Y.; Rotenberg, M.Y.; Jopp, J.; Friedman, G.; Polyak, B.; Cohen, S. Magnetically actuated tissue engineered scaffold: Insights into mechanism of physical stimulation. Nanoscale 2016, 8, 3386–3399. [Google Scholar] [CrossRef] [PubMed]

	



Gonçalves, A.I.; Rodrigues, M.T.; Gomes, M.E. Tissue-engineered magnetic cell sheet patches for advanced strategies in tendon regeneration. Acta Biomater. 2017, 63, 110–122. [Google Scholar] [CrossRef]

	



Tomás, A.R.; Gonçalves, A.I.; Paz, E.; Freitas, P.P.; Domingues, R.M.A.; Gomes, M.E. Magneto-mechanical actuation of magnetic responsive fibrous scaffolds boosts tenogenesis of human adipose stem cells. Nanoscale 2019, 11, 18255–18271. [Google Scholar] [CrossRef]

	



Cartmell, S.H.; Keramane, A.; Kirkham, G.R.; Verschueren, S.B.; Magnay, J.L.; El Haj, A.J.; Dobson, J. Use of magnetic particles to apply mechanical forces for bone tissue engineering purposes. J. Phys. Conf. Ser. 2005, 17, 77–80. [Google Scholar] [CrossRef]

	



Markides, H.; McLaren, J.S.; El Haj, A.J. Overcoming translational challenges—The delivery of mechanical stimuli in vivo. Int. J. Biochem. Cell Biol. 2015, 69, 162–172. [Google Scholar] [CrossRef] [PubMed]

	



Santos, L.; Reis, R.L.; Gomes, M.E. Harnessing magnetic-mechano actuation in regenerative medicine and tissue engineering. Trends Biotechnol. 2015, 33, 471–479. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, R.; Markides, H.; Morris, R.H.; Richards, P.; El Haj, A.J.; Sottile, V. Autonomous magnetic labelling of functional mesenchymal stem cells for improved traceability and spatial control in cell therapy applications. J. Tissue Eng. Regen. Med. 2016, 11, 2333–2348. [Google Scholar] [CrossRef]

	



Harrison, R.; Leija, H.A.L.; Strohbuecker, S.; Crutchley, J.; Marsh, S.; Denning, C.; El Haj, A.; Sottile, V. Development and validation of broad-spectrum magnetic particle labelling processes for cell therapy manufacturing. Stem Cell Res. Ther. 2018, 9, 248. [Google Scholar] [CrossRef] [PubMed]

	



Gonçalves, A.I.; Rotherham, M.; Markides, H.; Rodrigues, M.T.; Reis, R.; Gomes, M.E.; El Haj, A. Triggering the activation of Activin A type II receptor in human adipose stem cells towards tenogenic commitment using mechanomagnetic stimulation. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 1149–1159. [Google Scholar] [CrossRef]

	



Rinella, L.; Marano, F.; Paletto, L.; Fraccalvieri, M.; Annaratone, L.; Castellano, I.; Fortunati, N.; Bargoni, A.; Berta, L.; Frairia, R.; et al. Extracorporeal shock waves trigger tenogenic differentiation of human adipose-derived stem cells. Connect. Tissue Res. 2018, 59, 1–13. [Google Scholar] [CrossRef]

	



Leone, L.; Vetrano, M.; Ranieri, D.; Raffa, S.; Vulpiani, M.C.; Ferretti, A.; Torrisi, M.R.; Visco, V. Extracorporeal Shock Wave Treatment (ESWT) Improves In Vitro Functional Activities of Ruptured Human Tendon-Derived Tenocytes. PLoS ONE 2012, 7, e49759. [Google Scholar] [CrossRef] [PubMed]

	



Leone, L.; Raffa, S.; Vetrano, M.; Ranieri, D.; Malisan, F.; Scrofani, C.; Vulpiani, M.C.; Ferretti, A.; Torrisi, M.R.; Visco, V. Extracorporeal Shock Wave Treatment (ESWT) enhances the in vitro-induced differentiation of human tendon-derived stem/progenitor cells (hTSPCs). Oncotarget 2016, 7, 6410–6423. [Google Scholar] [CrossRef]

	



Carleton, J.B.; Rodin, G.J.; Sacks, M.S. Layered Elastomeric Fibrous Scaffolds: An In-Silico Study of the Achievable Range of Mechanical Behaviors. ACS Biomater. Sci. Eng. 2017, 3, 2907–2921. [Google Scholar] [CrossRef]

	



Chen, J.; Xu, J.; Wang, A.; Zheng, M. Scaffolds for tendon and ligament repair: Review of the efficacy of commercial products. Expert Rev. Med Devices 2009, 6, 61–73. [Google Scholar] [CrossRef]

	



Moshiri, A.; Oryan, A. Role of tissue engineering in tendon reconstructive surgery and regenerative medicine: Current concepts, approaches and concerns. Hard Tissue 2012, 1. [Google Scholar] [CrossRef]

	



Longo, U.G.; Lamberti, A.; Petrillo, S.; Maffulli, N.; Denaro, V. Scaffolds in Tendon Tissue Engineering. Stem Cells Int. 2012, 2012, 517165. [Google Scholar] [CrossRef]

	



Kishore, V.; Bullock, W.; Sun, X.; Van Dyke, W.S.; Akkus, O. Tenogenic differentiation of human MSCs induced by the topography of electrochemically aligned collagen threads. Biomaterials 2012, 33, 2137–2144. [Google Scholar] [CrossRef] [PubMed]

	



AlShomer, F.; Chaves, C.; Kalaskar, D.M. Advances in Tendon and Ligament Tissue Engineering: Materials Perspective. J. Mater. 2018, 2018, 9868151. [Google Scholar] [CrossRef]

	



Dong, C.; Lv, Y. Application of Collagen Scaffold in Tissue Engineering: Recent Advances and New Perspectives. Polymers 2016, 8, 42. [Google Scholar] [CrossRef] [PubMed]

	



Zhi, Y.; Liu, W.; Zhang, P.; Jiang, J.; Chen, S. Electrospun silk fibroin mat enhances tendon-bone healing in a rabbit extra-articular model. Biotechnol. Lett. 2016, 38, 1827–1835. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, S.-Y.; Chung, J.-W.; Park, H.-J.; Jiang, Y.-Y.; Park, J.-K.; Seo, Y.-K. Silk and collagen scaffolds for tendon reconstruction. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 2014, 228, 388–396. [Google Scholar] [CrossRef]

	



Seo, Y.-K.; Kim, J.-H.; Eo, S.-R. Co-effect of silk and amniotic membrane for tendon repair. J. Biomater. Sci. Polym. Ed. 2016, 27, 1232–1247. [Google Scholar] [CrossRef]

	



Maghdouri-White, Y.; Petrova, S.; Sori, N.; Polk, S.; Wriggers, H.; Ogle, R.; Ogle, R.; Francis, M. Electrospun silk–collagen scaffolds and BMP-13 for ligament and tendon repair and regeneration. Biomed. Phys. Eng. Express 2018, 4, 025013. [Google Scholar] [CrossRef]

	



Sahoo, S.; Toh, S.L.; Goh, J.C. A bFGF-releasing silk/PLGA-based biohybrid scaffold for ligament/tendon tissue engineering using mesenchymal progenitor cells. Biomaterials 2010, 31, 2990–2998. [Google Scholar] [CrossRef]

	



Chen, E.; Yang, L.; Ye, C.; Zhang, W.; Ran, J.; Xue, D.; Wang, Z.; Pan, Z.; Hu, Q. An asymmetric chitosan scaffold for tendon tissue engineering: In vitro and in vivo evaluation with rat tendon stem/progenitor cells. Acta Biomater. 2018, 73, 377–387. [Google Scholar] [CrossRef]

	



Rodríguez-Vázquez, M.; Vega-Ruiz, B.; Ramos-Zúñiga, R.; Saldaña-Koppel, D.A.; Quiñones-Olvera, L.F. Chitosan and Its Potential Use as a Scaffold for Tissue Engineering in Regenerative Medicine. BioMed Res. Int. 2015, 2015, 821279. [Google Scholar] [CrossRef]

	



Leung, M.; Jana, S.; Tsao, C.-T.; Zhang, M. Tenogenic differentiation of human bone marrow stem cells via a combinatory effect of aligned chitosan-poly-caprolactone nanofibers and TGF-β3. J. Mater. Chem. B 2013, 1, 6516–6524. [Google Scholar] [CrossRef] [PubMed]

	



Beldjilali-Labro, M.; García, A.G.; Farhat, F.; Bedoui, F.; Grosset, J.-F.; Dufresne, M.; Legallais, C. Biomaterials in Tendon and Skeletal Muscle Tissue Engineering: Current Trends and Challenges. Materials 2018, 11, 1116. [Google Scholar] [CrossRef] [PubMed]

	



Lee, E.J.; Kasper, F.K.; Mikos, A.G. Biomaterials for Tissue Engineering. Ann. Biomed. Eng. 2013, 42, 323–337. [Google Scholar] [CrossRef] [PubMed]

	



Lim, W.L.; Liau, L.L.; Ng, M.H.; Chowdhury, S.R.; Law, J.X. Current Progress in Tendon and Ligament Tissue Engineering. Tissue Eng. Regen. Med. 2019, 16, 549–571. [Google Scholar] [CrossRef] [PubMed]

	



Shearn, J.T.; Kinneberg, K.R.; Dyment, N.A.; Galloway, M.T.; Kenter, K.; Wylie, C.; Butler, D.L. Tendon tissue engineering: Progress, challenges, and translation to the clinic. J. Musculoskelet. Neuronal. Interact. 2011, 11, 163–173. [Google Scholar]

	



El Khatib, M.; Mauro, A.; Wyrwa, R.; Di Mattia, M.; Turriani, M.; Di Giacinto, O.; Kretzschmar, B.S.; Seemann, T.; Valbonetti, L.; Berardinelli, P.; et al. Fabrication and Plasma Surface Activation of Aligned Electrospun PLGA Fiber Fleeces with Improved Adhesion and Infiltration of Amniotic Epithelial Stem Cells Maintaining their Teno-inductive Potential. Molecules 2020, 25, 3176. [Google Scholar] [CrossRef]

	



El Khatib, M.; Mauro, A.; Di Mattia, M.; Wyrwa, R.; Schweder, M.; Ancora, M.; Lazzaro, F.; Berardinelli, P.; Valbonetti, L.; Di Giacinto, O.; et al. Electrospun PLGA Fiber Diameter and Alignment of Tendon Biomimetic Fleece Potentiate Tenogenic Differentiation and Immunomodulatory Function of Amniotic Epithelial Stem Cells. Cells 2020, 9, 1207. [Google Scholar] [CrossRef]

	



Bashur, C.A.; Shaffer, R.D.; Dahlgren, L.A.; Guelcher, S.A.; Goldstein, A.S. Effect of Fiber Diameter and Alignment of Electrospun Polyurethane Meshes on Mesenchymal Progenitor Cells. Tissue Eng. Part A 2009, 15, 2435–2445. [Google Scholar] [CrossRef]

	



Cardwell, R.D.; Dahlgren, L.A.; Goldstein, A.S. Electrospun fibre diameter, not alignment, affects mesenchymal stem cell differentiation into the tendon/ligament lineage. J. Tissue Eng. Regen. Med. 2012, 8, 937–945. [Google Scholar] [CrossRef]

	



Lee, C.H.; Shin, H.J.; Cho, I.H.; Kang, Y.-M.; Kim, I.A.; Park, K.-D.; Shin, J.-W. Nanofiber alignment and direction of mechanical strain affect the ECM production of human ACL fibroblast. Biomaterials 2005, 26, 1261–1270. [Google Scholar] [CrossRef]

	



Zhang, C.; Wang, X.; Zhang, E.; Yang, L.; Yuan, H.; Tu, W.; Zhang, H.; Yin, Z.; Shen, W.L.; Chen, X.; et al. An epigenetic bioactive composite scaffold with well-aligned nanofibers for functional tendon tissue engineering. Acta Biomater. 2018, 66, 141–156. [Google Scholar] [CrossRef] [PubMed]

	



Nitti, P.; Gallo, N.; Natta, L.; Scalera, F.; Palazzo, B.; Sannino, A.; Gervaso, F. Influence of Nanofiber Orientation on Morphological and Mechanical Properties of Electrospun Chitosan Mats. J. Healthc. Eng. 2018, 2018, 3651480. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Yuan, H.; Liu, H.; Chen, X.; Lu, P.; Zhu, T.; Yang, L.; Yin, Z.; Heng, B.C.; Zhang, Y.; et al. Well-aligned chitosan-based ultrafine fibers committed teno-lineage differentiation of human induced pluripotent stem cells for Achilles tendon regeneration. Biomaterials 2015, 53, 716–730. [Google Scholar] [CrossRef] [PubMed]

	



Müller, S.A.; Dürselen, L.; Heisterbach, P.; Evans, C.; Majewski, M. Effect of a Simple Collagen Type I Sponge for Achilles Tendon Repair in a Rat Model. Am. J. Sports Med. 2016, 44, 1998–2004. [Google Scholar] [CrossRef]

	



Zhang, B.; Luo, Q.; Deng, B.; Morita, Y.; Ju, Y.; Song, G. Construction of tendon replacement tissue based on collagen sponge and mesenchymal stem cells by coupled mechano-chemical induction and evaluation of its tendon repair abilities. Acta Biomater. 2018, 74, 247–259. [Google Scholar] [CrossRef]

	



Gabler, C.; Saß, J.-O.; Gierschner, S.; Lindner, T.; Bader, R.; Tischer, T. In Vivo Evaluation of Different Collagen Scaffolds in an Achilles Tendon Defect Model. BioMed Res. Int. 2018, 2018, 6432742. [Google Scholar] [CrossRef]

	



Qian, S.; Wang, Z.; Zheng, Z.; Ran, J.; Zhu, J.; Chen, W. A Collagen and Silk Scaffold for Improved Healing of the Tendon and Bone Interface in a Rabbit Model. Med Sci. Monit. 2019, 25, 269–278. [Google Scholar] [CrossRef]

	



Della Porta, G.; Reverchon, E.; Maffulli, N. Biomaterials and Supercritical Fluid Technologies: Which Perspectives to Fabricate Artificial Extracellular Matrix? Curr. Pharm. Des. 2017, 23, 3759–3771. [Google Scholar] [CrossRef]

	



Della Porta, G.; Ciardulli, M.C.; Maffulli, N. Microcapsule Technology for Controlled Growth Factor Release in Musculoskeletal Tissue Engineering. Sports Med. Arthrosc. Rev. 2018, 26, e2–e9. [Google Scholar] [CrossRef]

	



Zafar, A.; Rushton, N. Extruded collagen fibres and biphasic collagen sponge for rotator cuff tendon repair application: An ovine in vitro study. Muscle Ligaments Tendons J. 2019, 8, 544. [Google Scholar] [CrossRef]

	



Younesi, M.; Islam, A.; Kishore, V.; Anderson, J.M.; Akkus, O. Tenogenic Induction of Human MSCs by Anisotropically Aligned Collagen Biotextiles. Adv. Funct. Mater. 2014, 24, 5762–5770. [Google Scholar] [CrossRef] [PubMed]

	



Islam, A.; Mbimba, T.; Younesi, M.; Akkus, O. Effects of substrate stiffness on the tenoinduction of human mesenchymal stem cells. Acta Biomater. 2017, 58, 244–253. [Google Scholar] [CrossRef] [PubMed]

	



Full, S.M.; Delman, C.; Gluck, J.M.; Abdmaulen, R.; Shemin, R.J.; Heydarkhan-Hagvall, S. Effect of fiber orientation of collagen-based electrospun meshes on human fibroblasts for ligament tissue engineering applications. J. Biomed. Mater. Res. Part B Appl. Biomater. 2014, 103, 39–46. [Google Scholar] [CrossRef]

	



Meimandi-Parizi, A.; Oryan, A.; Moshiri, A. Role of tissue engineered collagen based tridimensional implant on the healing response of the experimentally induced large Achilles tendon defect model in rabbits: A long term study with high clinical relevance. J. Biomed. Sci. 2013, 20, 28. [Google Scholar] [CrossRef]

	



O’Brien, C.M.; Holmes, B.; Faucett, S.; Zhang, L.G. Three-Dimensional Printing of Nanomaterial Scaffolds for Complex Tissue Regeneration. Tissue Eng. Part B Rev. 2014, 21, 103–114. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, X.; Wu, S.; Kuss, M.; Kong, Y.; Shi, W.; Streubel, P.N.; Li, T.; Duan, B. 3D printing of multilayered scaffolds for rotator cuff tendon regeneration. Bioact. Mater. 2020, 5, 636–643. [Google Scholar] [CrossRef]

	



Touré, A.B.R.; Mele, E.; Christie, J.K. Multi-layer Scaffolds of Poly(caprolactone), Poly(glycerol sebacate) and Bioactive Glasses Manufactured by Combined 3D Printing and Electrospinning. Nanomaterials 2020, 10, 626. [Google Scholar] [CrossRef]

	



Kim, W.; Lee, H.; Lee, J.; Atala, A.; Yoo, J.J.; Lee, S.J.; Kim, G.H. Efficient myotube formation in 3D bioprinted tissue construct by biochemical and topographical cues. Biomaterials 2019, 230, 119632. [Google Scholar] [CrossRef]

	



Wu, Y.; Wang, Z.; Fuh, J.Y.H.; Wong, Y.S.; Wang, W.; Thian, E.S. Direct E-jet printing of three-dimensional fibrous scaffold for tendon tissue engineering. J. Biomed. Mater. Res. Part B Appl. Biomater. 2015, 105, 616–627. [Google Scholar] [CrossRef]

	



Do, A.-V.; Khorsand, B.; Geary, S.M.; Salem, A.K. 3D Printing of Scaffolds for Tissue Regeneration Applications. Adv. Healthc. Mater. 2015, 4, 1742–1762. [Google Scholar] [CrossRef]

	



Merceron, T.K.; Burt, M.; Seol, Y.-J.; Kang, H.-W.; Lee, S.J.; Yoo, J.J.; Atala, A. A 3D bioprinted complex structure for engineering the muscle–tendon unit. Biofabrication 2015, 7, 035003. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wu, S.; Kuss, M.A.; Streubel, P.N.; Duan, B. Effects of Hydroxyapatite and Hypoxia on Chondrogenesis and Hypertrophy in 3D Bioprinted ADMSC Laden Constructs. ACS Biomater. Sci. Eng. 2017, 3, 826–835. [Google Scholar] [CrossRef]

	



Khorshidi, S.; Solouk, A.; Mirzadeh, H.; Mazinani, S.; Lagarón, J.M.; Sharifi, S.; Ramakrishna, S. A review of key challenges of electrospun scaffolds for tissue-engineering applications. J. Tissue Eng. Regen. Med. 2015, 10, 715–738. [Google Scholar] [CrossRef] [PubMed]

	



Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chem. Rev. 2019, 119, 5298–5415. [Google Scholar] [CrossRef] [PubMed]

	



Repanas, A.; Andriopoulou, S.; Glasmacher, B. The significance of electrospinning as a method to create fibrous scaffolds for biomedical engineering and drug delivery applications. J. Drug Deliv. Sci. Technol. 2016, 31, 137–146. [Google Scholar] [CrossRef]

	



Jiang, T.; Carbone, E.J.; Lo, K.W.-H.; Laurencin, C.T. Electrospinning of polymer nanofibers for tissue regeneration. Prog. Polym. Sci. 2015, 46, 1–24. [Google Scholar] [CrossRef]

	



Liu, H.; Ding, X.; Zhou, G.; Li, P.; Wei, X.; Fan, Y. Electrospinning of Nanofibers for Tissue Engineering Applications. J. Nanomater. 2013, 2013, 495708. [Google Scholar] [CrossRef]

	



Lannutti, J.J.; Reneker, D.; Ma, T.; Tomasko, D.; Farson, D. Electrospinning for tissue engineering scaffolds. Mater. Sci. Eng. C 2007, 27, 504–509. [Google Scholar] [CrossRef]

	



Chen, M.; Patra, P.K.; Warner, S.B.; Bhowmick, S. Optimization of Electrospinning Process Parameters for Tissue Engineering Scaffolds. Biophys. Rev. Lett. 2006, 1, 153–178. [Google Scholar] [CrossRef]

	



Rothrauff, B.B.; Lauro, B.B.; Yang, G.; Debski, R.E.; Musahl, V.; Tuan, R.S. Braided and Stacked Electrospun Nanofibrous Scaffolds for Tendon and Ligament Tissue Engineering. Tissue Eng. Part A 2017, 23, 378–389. [Google Scholar] [CrossRef]

	



Orr, S.B.; Chainani, A.; Hippensteel, K.J.; Kishan, A.; Gilchrist, C.; Garrigues, N.W.; Ruch, D.S.; Guilak, F.; Little, D. Aligned multilayered electrospun scaffolds for rotator cuff tendon tissue engineering. Acta Biomater. 2015, 24, 117–126. [Google Scholar] [CrossRef] [PubMed]

	



Yin, Z.; Chen, X.; Chen, J.; Shen, W.-L.; Nguyen, T.M.H.; Gao, L.; Ouyang, H.W. The regulation of tendon stem cell differentiation by the alignment of nanofibers. Biomaterials 2010, 31, 2163–2175. [Google Scholar] [CrossRef] [PubMed]

	



Moffat, K.L.; Kwei, A.S.-P.; Spalazzi, J.P.; Doty, S.B.; Levine, W.N.; Lu, H.H. Novel Nanofiber-Based Scaffold for Rotator Cuff Repair and Augmentation. Tissue Eng. Part A 2009, 15, 115–126. [Google Scholar] [CrossRef]

	



Sensini, A.; Gualandi, C.; Zucchelli, A.; Boyle, L.A.; Kao, A.P.; Reilly, G.C.; Tozzi, G.; Cristofolini, L.; Focarete, M.L. Tendon Fascicle-Inspired Nanofibrous Scaffold of Polylactic acid/Collagen with Enhanced 3D-Structure and Biomechanical Properties. Sci. Rep. 2018, 8, 17167. [Google Scholar] [CrossRef]

	



Zheng, Z.; Ran, J.; Chen, W.; Hu, Y.; Zhu, T.; Chen, X.; Yin, Z.; Heng, B.C.; Feng, G.; Le, H.; et al. Alignment of collagen fiber in knitted silk scaffold for functional massive rotator cuff repair. Acta Biomater 2017, 51, 317–329. [Google Scholar] [CrossRef]

	



Wu, S.; Wang, Y.; Streubel, P.N.; Duan, B. Living nanofiber yarn-based woven biotextiles for tendon tissue engineering using cell tri-culture and mechanical stimulation. Acta Biomater. 2017, 62, 102–115. [Google Scholar] [CrossRef] [PubMed]

	



Czaplewski, S.K.; Tsai, T.-L.; Duenwald-Kuehl, S.; Vanderby, R.; Li, W.-J. Tenogenic differentiation of human induced pluripotent stem cell-derived mesenchymal stem cells dictated by properties of braided submicron fibrous scaffolds. Biomaterials 2014, 35, 6907–6917. [Google Scholar] [CrossRef]

	



Erisken, C.; Zhang, X.; Moffat, K.L.; Levine, W.N.; Lu, H.H. Scaffold Fiber Diameter Regulates Human Tendon Fibroblast Growth and Differentiation. Tissue Eng. Part A 2012, 19, 519–528. [Google Scholar] [CrossRef]

	



Kim, H.H.; Kim, M.J.; Ryu, S.J.; Ki, C.-S.; Park, Y.H. Effect of fiber diameter on surface morphology, mechanical property, and cell behavior of electrospun poly(ε-caprolactone) mat. Fibers Polym. 2016, 17, 1033–1042. [Google Scholar] [CrossRef]

	



Subramony, S.D.; Dargis, B.R.; Castillo, M.; Azeloglu, E.U.; Tracey, M.S.; Su, A.; Lu, H.H. The guidance of stem cell differentiation by substrate alignment and mechanical stimulation. Biomaterials 2013, 34, 1942–1953. [Google Scholar] [CrossRef]

	



Lee, N.M.; Erisken, C.; Iskratsch, T.; Sheetz, M.; Levine, W.N.; Lu, H.H. Polymer fiber-based models of connective tissue repair and healing. Biomaterials 2016, 112, 303–312. [Google Scholar] [CrossRef]

	



Longo, U.G.; Franceschi, F.; Berton, A.; Maffulli, N.; Droena, V. Conservative Treatment and Rotator Cuff Tear Progression. In Medicine and Sport Science; Maffulli, N., Ed.; KARGER: Basel, Switzerland, 2011; Volume 57, pp. 90–99. ISBN 978-3-8055-9815-6. [Google Scholar]

	



Liu, Y.; Suen, C.-W.; Zhang, J.-F.; Li, G. Current concepts on tenogenic differentiation and clinical applications. J. Orthop. Transl. 2017, 9, 28–42. [Google Scholar] [CrossRef]

	



Yan, Z.; Yin, H.; Nerlich, M.; Pfeifer, C.G.; Docheva, D. Boosting tendon repair: Interplay of cells, growth factors and scaffold-free and gel-based carriers. J. Exp. Orthop. 2018, 5, 1. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, M.; Angele, P.; Järvinen, T.A.; Docheva, D. Rescue plan for Achilles: Therapeutics steering the fate and functions of stem cells in tendon wound healing. Adv. Drug Deliv. Rev. 2018, 129, 352–375. [Google Scholar] [CrossRef]

	



James, R.; Kesturu, G.; Balian, G.; Chhabra, A.B. Tendon: Biology, Biomechanics, Repair, Growth Factors, and Evolving Treatment Options. J. Hand Surg. 2008, 33, 102–112. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.-J.; Chen, X.; Li, G.; Chan, K.-M.; Heng, B.C.; Yin, Z.; Ouyang, H. Concise Review: Stem Cell Fate Guided By Bioactive Molecules for Tendon Regeneration. Stem Cells Transl. Med. 2018, 7, 404–414. [Google Scholar] [CrossRef]

	



Gaut, L.; Duprez, D. Tendon development and diseases. Wiley Interdiscip. Rev. Dev. Biol. 2015, 5, 5–23. [Google Scholar] [CrossRef]

	



Jones, E.R.; Jones, G.C.; Legerlotz, K.; Riley, G.P. Corrigendum to “Cyclical strain modulates metalloprotease and matrix gene expression in human tenocytes via activation of TGFβ” [Biochim. Biophys. Acta (2013) 2596–2607]. Biochim. Biophys. Acta (BBA) Bioenerg. 2013, 1833, 3445–3446. [Google Scholar] [CrossRef]

	



Holladay, C.A.; Abbah, A.A.; O’Dowd, C.; Pandit, A.; Zeugolis, D.I. Preferential tendon stem cell response to growth factor supplementation. J. Tissue Eng. Regen. Med. 2014, 10, 783–798. [Google Scholar] [CrossRef]

	



Brown, J.P.; Galassi, T.V.; Stoppato, M.; Schiele, N.R.; Kuo, C.K. Comparative analysis of mesenchymal stem cell and embryonic tendon progenitor cell response to embryonic tendon biochemical and mechanical factors. Stem Cell Res. Ther. 2015, 6, 89. [Google Scholar] [CrossRef]

	



Gonçalves, A.I.; Rodrigues, M.T.; Lee, S.J.; Atala, A.; Yoo, J.J.; Reis, R.L.; Gomes, M.E. Understanding the Role of Growth Factors in Modulating Stem Cell Tenogenesis. PLoS ONE 2013, 8, e83734. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, M.-T.; Yang, H.-W.; Chen, T.-H.; Lee, O.K.-S. Modulation of Proliferation and Differentiation of Human Anterior Cruciate Ligament–Derived Stem Cells by Different Growth Factors. Tissue Eng. Part A 2009, 15, 3979–3989. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, P.R.A.; Buhrmann, C.; Mobasheri, A.; Matis, U.; Shakibaei, M. Three-dimensional high-density co-culture with primary tenocytes induces tenogenic differentiation in mesenchymal stem cells. J. Orthop. Res. 2011, 29, 1351–1360. [Google Scholar] [CrossRef] [PubMed]

	



Theiss, F.; Mirsaidi, A.; Mhanna, R.; Kümmerle, J.M.; Glanz, S.; Bahrenberg, G.; Tiaden, A.; Richards, P.J. Use of biomimetic microtissue spheroids and specific growth factor supplementation to improve tenocyte differentiation and adaptation to a collagen-based scaffold in vitro. Biomaterials 2015, 69, 99–109. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Feng, L.; Xu, J.; Yang, Z.; Wu, T.; Zhang, J.; Shi, L.; Zhu, D.; Zhang, J.-F.; Li, G. MiR-378a suppresses tenogenic differentiation and tendon repair by targeting at TGF-β2. Stem Cell Res. Ther. 2019, 10, 108. [Google Scholar] [CrossRef] [PubMed]

	



Orfei, C.P.; Viganò, M.; Pearson, J.R.; Colombini, A.; De Luca, P.; Ragni, E.; Santos-Ruiz, L.; De Girolamo, L. In Vitro Induction of Tendon-Specific Markers in Tendon Cells, Adipose- and Bone Marrow-Derived Stem Cells is Dependent on TGFβ3, BMP-12 and Ascorbic Acid Stimulation. Int. J. Mol. Sci. 2019, 20, 149. [Google Scholar] [CrossRef] [PubMed]

	



Ferdous, Z.; Wei, V.M.; Iozzo, R.V.; Höök, M.; Grande-Allen, K.J. Decorin-transforming Growth Factor-β Interaction Regulates Matrix Organization and Mechanical Characteristics of Three-dimensional Collagen Matrices. J. Biol. Chem. 2007, 282, 35887–35898. [Google Scholar] [CrossRef]

	



Barsby, T.; Guest, D.; Guest, D. Transforming Growth Factor Beta3 Promotes Tendon Differentiation of Equine Embryo-Derived Stem Cells. Tissue Eng. Part A 2013, 19, 2156–2165. [Google Scholar] [CrossRef]

	



Kapacee, Z.; Yeung, C.-Y.C.; Lu, Y.; Crabtree, D.; Holmes, D.F.; Kadler, K.E. Synthesis of embryonic tendon-like tissue by human marrow stromal/mesenchymal stem cells requires a three-dimensional environment and transforming growth factor β3. Matrix Biol. 2010, 29, 668–677. [Google Scholar] [CrossRef]

	



Jiang, K.; Chun, G.; Du, Q.; Wang, Z.; Wang, A.; Xiong, Y. Effect of transforming growth factor-?3 on the expression of Smad3 and Smad7 in tenocytes. Mol. Med. Rep. 2016, 13, 3567–3573. [Google Scholar] [CrossRef]

	



Lee, C.H.; Lee, F.Y.; Tarafder, S.; Kao, K.; Jun, Y.; Yang, G.; Mao, J.J. Harnessing endogenous stem/progenitor cells for tendon regeneration. J. Clin. Investig. 2015, 125, 2690–2701. [Google Scholar] [CrossRef]

	



Hoffmann, A.; Pelled, G.; Turgeman, G.; Eberle, P.; Zilberman, Y.; Shinar, H.; Keinan-Adamsky, K.; Winkel, A.; Shahab, S.; Navon, G.; et al. Neotendon formation induced by manipulation of the Smad8 signalling pathway in mesenchymal stem cells. J. Clin. Investig. 2006, 116, 940–952. [Google Scholar] [CrossRef]

	



Lee, J.Y.; Zhou, Z.; Taub, P.J.; Ramcharan, M.; Li, Y.; Akinbiyi, T.; Maharam, E.R.; Leong, D.J.; Laudier, D.M.; Ruike, T.; et al. BMP-12 Treatment of Adult Mesenchymal Stem Cells In Vitro Augments Tendon-Like Tissue Formation and Defect Repair In Vivo. PLoS ONE 2011, 6, e17531. [Google Scholar] [CrossRef]

	



Chai, W.; Ni, M.; Rui, Y.-F.; Zhang, K.-Y.; Zhang, Q.; Xu, L.-L.; Chan, K.M.; Li, G.; Wang, Y. Effect of growth and differentiation factor 6 on the tenogenic differentiation of bone marrow-derived mesenchymal stem cells. Chin. Med. J. 2013, 126, 1509–1516. [Google Scholar]

	



Violini, S.; Ramelli, P.; Pisani, L.F.; Gorni, C.; Mariani, P. Horse bone marrow mesenchymal stem cells express embryo stem cell markers and show the ability for tenogenic differentiation by in vitro exposure to BMP-12. BMC Cell Biol. 2009, 10, 29. [Google Scholar] [CrossRef]

	



Jiang, D.; Gao, P.; Zhang, Y.; Yang, S. Combined effects of engineered tendon matrix and GDF-6 on bone marrow mesenchymal stem cell-based tendon regeneration. Biotechnol. Lett. 2016, 38, 885–892. [Google Scholar] [CrossRef] [PubMed]

	



Ozasa, Y.; Gingery, A.; Thoreson, A.R.; An, K.-N.; Zhao, C.; Amadio, P.C. A Comparative Study of the Effects of Growth and Differentiation Factor 5 on Muscle-Derived Stem Cells and Bone Marrow Stromal Cells in an In Vitro Tendon Healing Model. J. Hand Surg. 2014, 39, 1706–1713. [Google Scholar] [CrossRef]

	



Park, A.; Hogan, M.V.; Kesturu, G.S.; James, R.; Balian, G.; Chhabra, A.B. Adipose-Derived Mesenchymal Stem Cells Treated with Growth Differentiation Factor-5 Express Tendon-Specific Markers. Tissue Eng. Part A 2010, 16, 2941–2951. [Google Scholar] [CrossRef]

	



Berasi, S.P.; Varadarajan, U.; Archambault, J.; Cain, M.; Souza, T.A.; Abouzeid, A.; Li, J.; Brown, C.T.; Dorner, A.J.; Seeherman, H.J.; et al. Divergent activities of osteogenic BMP2, and tenogenic BMP12 and BMP13 independent of receptor binding affinities. Growth Factors 2011, 29, 128–139. [Google Scholar] [CrossRef]

	



Shen, H.; Gelberman, R.H.; Silva, M.J.; Sakiyama-Elbert, S.E.; Thomopoulos, S. BMP12 induces tenogenic differentiation of adipose-derived stromal cells. PLoS ONE 2013, 8, e77613. [Google Scholar] [CrossRef]

	



Tan, S.-L.; Ahmad, T.S.; Ng, W.-M.; Azlina, A.A.; Azhar, M.M.; Selvaratnam, L.; Kamarul, T. Identification Pathways Mediating Growth Differentiation Factor5-Induced Tenogenic Differentiation in Human Bone Marrow Stromal Cells. PLoS ONE 2015, 10, e0140869. [Google Scholar] [CrossRef]

	



Moussad, E.E.-D.A.; Brigstock, D.R. Connective Tissue Growth Factor: What’s in a Name? Mol. Genet. Metab. 2000, 71, 276–292. [Google Scholar] [CrossRef]

	



Yuda, A.; Maeda, H.; Fujii, S.; Monnouchi, S.; Yamamoto, N.; Wada, N.; Koori, K.; Tomokiyo, A.; Hamano, S.; Hasegawa, D.; et al. Effect of CTGF/CCN2 on Osteo/Cementoblastic and Fibroblastic Differentiation of a Human Periodontal Ligament Stem/Progenitor Cell Line. J. Cell. Physiol. 2014, 230, 150–159. [Google Scholar] [CrossRef]

	



Li, X.; Pongkitwitoon, S.; Lu, H.; Lee, C.; Gelberman, R.; Thomopoulos, S. CTGF induces tenogenic differentiation and proliferation of adipose-derived stromal cells. J. Orthop. Res. 2019, 37, 574–582. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Tao, X.; Chen, L.; Han, W.; Zhou, Y.; Tang, K. CTGF Positively Regulates BMP12 Induced Tenogenic Differentiation of Tendon Stem Cells and Signaling. Cell. Physiol. Biochem. 2015, 35, 1831–1845. [Google Scholar] [CrossRef]

	



Viganò, M.; Orfei, C.P.; Colombini, A.; Stanco, D.; Randelli, P.; Sansone, V.; De Girolamo, L. Different culture conditions affect the growth of human tendon stem/progenitor cells (TSPCs) within a mixed tendon cells (TCs) population. J. Exp. Orthop. 2017, 4, 8. [Google Scholar] [CrossRef] [PubMed]

	



Hankemeier, S.; Keus, M.; Zeichen, J.; Jagodzinski, M.; Barkhausen, T.; Bosch, U.; Krettek, C.; Van Griensven, M. Modulation of Proliferation and Differentiation of Human Bone Marrow Stromal Cells by Fibroblast Growth Factor 2: Potential Implications for Tissue Engineering of Tendons and Ligaments. Tissue Eng. 2005, 11, 41–49. [Google Scholar] [CrossRef] [PubMed]

	



Kraus, T.M.; Imhoff, F.B.; Reinert, J.; Wexel, G.; Wolf, A.; Hirsch, D.; Hofmann, A.; Stöckle, U.; Buchmann, S.; Tischer, T.; et al. Stem cells and bFGF in tendon healing: Effects of lentiviral gene transfer and long-term follow-up in a rat Achilles tendon defect model. BMC Musculoskelet. Disord. 2016, 17, 148. [Google Scholar] [CrossRef]

	



Kraus, T.M.; Imhoff, F.B.; Wexel, G.; Wolf, A.; Hirsch, D.; Lenz, L.; Stockle, U.; Buchmann, S.; Tischer, T.; Milz, S.; et al. Stem Cells and Basic Fibroblast Growth Factor Failed to Improve Tendon Healing. J. Bone Jt. Surg. Am. Vol. 2014, 96, 761–769. [Google Scholar] [CrossRef]

	



Tokunaga, T.; Shukunami, C.; Okamoto, N.; Taniwaki, T.; Oka, K.; Sakamoto, H.; Ide, J.; Mizuta, H.; Hiraki, Y. FGF-2 Stimulates the Growth of Tenogenic Progenitor Cells to Facilitate the Generation of Tenomodulin -Positive Tenocytes in a Rat Rotator Cuff Healing Model. Am. J. Sports Med. 2015, 43, 2411–2422. [Google Scholar] [CrossRef]

	



Brown, J.P.; Finley, V.G.; Kuo, C.K. Embryonic mechanical and soluble cues regulate tendon progenitor cell gene expression as a function of developmental stage and anatomical origin. J. Biomech. 2013, 47, 214–222. [Google Scholar] [CrossRef]

	



Murphy, D.J.; Nixon, A.J. Biochemical and site-specific effects of insulin-like growth factor I on intrinsic tenocyte activity in equine flexor tendons. Am. J. Vet. Res. 1997, 58, 103–109. [Google Scholar] [PubMed]

	



Schnabel, L.V.; Lynch, M.E.; Van Der Meulen, M.C.; Yeager, A.E.; Kornatowski, M.A.; Nixon, A.J.; Van Der Meulen, M.C.H. Mesenchymal stem cells and insulin-like growth factor-I gene-enhanced mesenchymal stem cells improve structural aspects of healing in equine flexor digitorum superficialis tendons. J. Orthop. Res. 2009, 27, 1392–1398. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Chen, L.; Zhou, Y.; Liu, X.; Tang, K. Insulin-Like Growth Factor-1 and Bone Morphogenetic Protein-2 Jointly Mediate Prostaglandin E2-Induced Adipogenic Differentiation of Rat Tendon Stem Cells. PLoS ONE 2014, 9, e85469. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, W.; Pufe, T.; Unterhauser, F.; Zantop, T.; Mentlein, R.; Weiler, A. The splice variants 120 and 164 of the angiogenic peptide vascular endothelial cell growth factor (VEGF) are expressed during Achilles tendon healing. Arch. Orthop. Trauma Surg. 2003, 123, 475–480. [Google Scholar] [CrossRef]

	



Öhberg, L.; Lorentzon, R.; Alfredson, H. Neovascularisation in Achilles tendons with painful tendinosis but not in normal tendons: An ultrasonographic investigation. Knee Surg. Sports Traumatol. Arthrosc. 2001, 9, 233–238. [Google Scholar] [CrossRef]

	



Boyer, M.I.; Watson, J.T.; Lou, J.; Manske, P.R.; Gelberman, R.H.; Cai, S.R. Quantitative variation in vascular endothelial growth factor mRNA expression during early flexor tendon healing: An investigation in a canine model. J. Orthop. Res. 2001, 19, 869–872. [Google Scholar] [CrossRef]

	



Ferrara, N.; Adamis, A.P. Ten years of anti-vascular endothelial growth factor therapy. Nat. Rev. Drug Discov. 2016, 15, 385–403. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Liu, H.; Stile, F.; Lei, M.-P.; Pang, Y.; Oswald, T.M.; Beck, J.; Dorsett-Martin, W.; Lineaweaver, W.C. Effect of Vascular Endothelial Growth Factor on Rat Achilles Tendon Healing. Plast. Reconstr. Surg. 2003, 112, 1613–1619. [Google Scholar] [CrossRef]

	



Petersen, W.; Unterhauser, F.; Pufe, T.; Zantop, T.; Südkamp, N.P.; Weiler, A. The angiogenic peptide vascular endothelial growth factor (VEGF) is expressed during the remodeling of free tendon grafts in sheep. Arch. Orthop. Trauma Surg. 2003, 123, 168–174. [Google Scholar] [CrossRef] [PubMed]

	



Kraus, A.; Sattler, D.; Wehland, M.; Luetzenberg, R.; Abuagela, N.; Infanger, M. Vascular Endothelial Growth Factor Enhances Proliferation of Human Tenocytes and Promotes Tenogenic Gene Expression. Plast. Reconstr. Surg. 2018, 142, 1240–1247. [Google Scholar] [CrossRef]

	



Heldin, C. Structural and functional studies on platelet-derived growth factor. EMBO J. 1992, 11, 4251–4259. [Google Scholar] [CrossRef]

	



Yoshikawa, Y.; Abrahamsson, S.-O. Dose-related cellular effects of platelet-derived growth factor-BB differ in various types of rabbit tendons in vitro. Acta Orthop. Scand. 2001, 72, 287–292. [Google Scholar] [CrossRef]

	



Perikamana, S.K.M.; Lee, J.; Ahmad, T.; Kim, E.-M.; Byun, H.; Lee, S.; Shin, H. Harnessing biochemical and structural cues for tenogenic differentiation of adipose derived stem cells (ADSCs) and development of an in vitro tissue interface mimicking tendon-bone insertion graft. Biomaterials 2018, 165, 79–93. [Google Scholar] [CrossRef]

	



Evrova, O.; Kellenberger, D.; Calcagni, M.; Vogel, V.; Buschmann, J. Supporting Cell-Based Tendon Therapy: Effect of PDGF-BB and Ascorbic Acid on Rabbit Achilles Tenocytes In Vitro. Int. J. Mol. Sci. 2020, 21, 458. [Google Scholar] [CrossRef]

	



Roth, S.P.; Schubert, S.; Scheibe, P.; Groß, C.; Brehm, W.; Burk, J. Growth Factor-Mediated Tenogenic Induction of Multipotent Mesenchymal Stromal Cells Is Altered by the Microenvironment of Tendon Matrix. Cell Transplant. 2018, 27, 1434–1450. [Google Scholar] [CrossRef]

	



Rajpar, I.; Barrett, J.G. Optimizing growth factor induction of tenogenesis in three-dimensional culture of mesenchymal stem cells. J. Tissue Eng. 2019, 10, 204173141984877. [Google Scholar] [CrossRef]

	



Paschos, N.K.; Brown, W.E.; Eswaramoorthy, R.; Hu, J.C.; Athanasiou, K.A. Advances in tissue engineering through stem cell-based co-culture. J. Tissue Eng. Regen. Med. 2014, 9, 488–503. [Google Scholar] [CrossRef]

	



Wu, T.; Liu, Y.; Wang, B.; Sun, Y.; Xu, J.; Yuk-Wai, L.W.; Xu, L.; Zhang, J.-F.; Li, G. The Use of Cocultured Mesenchymal Stem Cells with Tendon-Derived Stem Cells as a Better Cell Source for Tendon Repair. Tissue Eng. Part A 2016, 22, 1229–1240. [Google Scholar] [CrossRef]

	



Luo, Q.; Song, G.; Song, Y.; Xu, B.; Qin, J.; Shi, Y. Indirect co-culture with tenocytes promotes proliferation and mRNA expression of tendon/ligament related genes in rat bone marrow mesenchymal stem cells. Cytotechnology 2009, 61, 1–10. [Google Scholar] [CrossRef]

	



Canseco, J.A.; Kojima, K.; Penvose, A.R.; Ross, J.D.; Obokata, H.; Gomoll, A.H.; Vacanti, C.A. Effect on Ligament Marker Expression by Direct-Contact Co-culture of Mesenchymal Stem Cells and Anterior Cruciate Ligament Cells. Tissue Eng. Part A 2012, 18, 2549–2558. [Google Scholar] [CrossRef]

	



Kraus, A.; Woon, C.Y.; Raghavan, S.; Megerle, K.; Pham, H.; Chang, J. Co-Culture of Human Adipose-Derived Stem Cells with Tenocytes Increases Proliferation and Induces Differentiation into a Tenogenic Lineage. Plast. Reconstr. Surg. 2013, 132, 754e–766e. [Google Scholar] [CrossRef]

	



Yu, Y.; Zhou, Y.; Cheng, T.; Lu, X.; Yu, K.; Zhou, Y.; Hong, J.; Chen, Y. Hypoxia enhances tenocyte differentiation of adipose-derived mesenchymal stem cells by inducing hypoxia-inducible factor-1α in a co-culture system. Cell Prolif. 2016, 49, 173–184. [Google Scholar] [CrossRef]

	



Zheng, Y.; Zhou, Y.; Zhang, X.; Chen, Y.; Zheng, X.; Cheng, T.; Wang, C.; Hu, X.; Hong, J. Effects of hypoxia on differentiation of menstrual blood stromal stem cells towards tenogenic cells in a co-culture system with Achilles tendon cells. Exp. Ther. Med. 2017, 13, 3195–3202. [Google Scholar] [CrossRef]

	



Wunderli, S.L.; Blache, U.; Snedecker, J. Tendon explant models for physiologically relevant in vitro study of tissue biology—A perspective. Connect. Tissue Res. 2020, 61, 262–277. [Google Scholar] [CrossRef]

	



Lovati, A.B.; Corradetti, B.; Cremonesi, F.; Bizzaro, D.; Consiglio, A.L. Tenogenic differentiation of equine mesenchymal progenitor cells under indirect co-culture. Int. J. Artif. Organs 2012, 35, 996–1005. [Google Scholar] [CrossRef]

	



Costa-Almeida, R.; Berdecka, D.; Rodrigues, M.T.; Reis, R.L.; Gomes, M.E. Tendon explant cultures to study the communication between adipose stem cells and native tendon niche. J. Cell. Biochem. 2018, 119, 3653–3662. [Google Scholar] [CrossRef]

	



Wu, S.; Peng, H.; Li, X.; Streubel, P.N.; Liu, Y.; Duan, B. Effect of scaffold morphology and cell co-culture on tenogenic differentiation of HADMSC on centrifugal melt electrospun poly (L-lactic acid) fibrous meshes. Biofabrication 2017, 9, 044106. [Google Scholar] [CrossRef]

	



Chen, J.; Zhang, W.; Liu, Z.Y.; Heng, B.C.; Ouyang, H.W.; Dai, X.S. Physical regulation of stem cells differentiation into teno-lineage: Current strategies and future direction. Cell Tissue Res. 2014, 360, 195–207. [Google Scholar] [CrossRef]

	



Testa, S.; Costantini, M.; Fornetti, E.; Bernardini, S.; Trombetta, M.; Seliktar, D.; Cannata, S.; Rainer, A.; Gargioli, C. Combination of biochemical and mechanical cues for tendon tissue engineering. J. Cell. Mol. Med. 2017, 21, 2711–2719. [Google Scholar] [CrossRef]

	



Rinoldi, C.; Fallahi, A.; Yazdi, I.K.; Paras, J.C.; Kijeńska-Gawrońska, E.; Santiago, G.T.-D.; Tuoheti, A.; Demarchi, D.; Annabi, N.; Khademhosseini, A.; et al. Mechanical and Biochemical Stimulation of 3D Multilayered Scaffolds for Tendon Tissue Engineering. ACS Biomater. Sci. Eng. 2019, 5, 2953–2964. [Google Scholar] [CrossRef]








[image: Ijms 21 06726 g001 550] 





Figure 1. In vitro strategies for tendon tissue engineering. Tendon tissue engineering refers to a multidisciplinary field that aims at the inducement of tissue repair or regeneration. Therefore, it involves the combination of several key factors, such as cells, scaffolds, biochemical and mechanical inputs to produce a functional tendon-like construct. Abbreviations. PGA: polyglycolic acids; PLA: polylactic acids, PCL: polycaprolactones; PLGA: poly(lactic-co-glycolic) acids; PLCL: poly (lactil-co-captolactone) acids; ESCs: embryonic stem cells; iPSCs: induced pluripotent stem cells; AECs: amniotic epithelial stem cells; AMCs: amniotic mesenchymal stem cells; AFCs: amniotic fluid stem cells; UB-MSCs: umbilical cord mesenchymal stem cells; BMSCs: bone marrow mesenchymal stem cells; ADSCs: adipose derived mesenchymal stem cells; TPSCs: tendon progenitors stem cells; TGFβ: transforming growth factor beta; BMPs: bone morphogenetic proteins; CTGF: connective tissue growth factor; FGFs: fibroblastic growth factors; IGF-1: VEGF: vascular endothelial growth factor; PDGFs: platelet-derived growth factor. 
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Figure 2. Hierarchical arrangement of the structure of tendons: (a) Scanning electron microscopy (SEM) of a transverse section of collagen fiber bundles (scale bar = 10 μm); (b) SEM image of longitudinal collagen bundles in which their parallel arrangement along the longitudinal axis of the tendon is clearly shown; each collagen bundle is surrounded by the endotenon (scale bar = 20 μm); (c) SEM image that shows the multiple collagen fiber bundles that make up the tendon. The sample has been cross-sectioned, but it is clearly evident the parallel orientation of the collagen fibers (red arrows) (scale bar = 10 μm). Tendon images were obtained by field emission-scanning electron microscopy (FE-SEM, mod. LEO 1525; Carl Zeiss, Oberkochen, Germany). Samples were fixed in 4% paraformaldehyde (PFA), dehydrated with critical point dryer (mod. K850 Emitech, Assing, Rome, Italy), and cut before to be coated with a gold (250 Å thickness) using a sputter coater (mod.108 Å; Agar Scientific, Stansted, UK), courtesy of Giovanna Della Porta and Electron Microscopy Labs at Dept. of Industrial Engineering, University of Salerno. 
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Figure 3. Typical stress–strain curve for tendon tissue. The schematization illustrates the behavior of collagen fibers: under tensile strain, they stretch out absorbing shock, and when the stimulus disappears, they return to their initial configuration. If the stretching limit is exceeded, overcoming the physiological range, the tissue may suffer microscopic and macroscopic traumas. Adapted from [100]. 
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Figure 4. Scientometric analysis aimed to compare the available publications on the Scopus database related to the main topics on tendon differentiation discussed in this review. The legend indicates the number of total publications for each topic, whereas the figure also represents the sub-class of papers exclusively referred to the in vitro conditions. 
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Figure 5. The comparative scientometric analysis of available publications on the Scopus database on tendon differentiation and in vitro tendon differentiation reveals four main common topics: stem cells, growth factors, biomaterials, and physical stimuli. The topic papers’ distributions amongst topics are independent of tendon differentiation sub-category (tendon or in vitro tendon differentiation). Stem cells are the most represented one (approximately 65%) followed by growth factors (approximately 20%), biomaterials (approximately 10%), and finally physical stimuli (for both 5%). 
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Figure 6. The light blue section shows the percentage/number of papers available on the Scopus database obtained by combining key words in vitro tendon differentiation with stem cells. In the histogram, the relative percentage of cited papers is expressed as well as the relative number in the legend. 
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Figure 7. The pink section shows the percentage/number of papers available on Scopus database obtained by combining key words in vitro stem cells tendon differentiation with hypoxia. In the histogram, the relative percentage of cited papers is expressed as well as the relative number in the legend. 
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Figure 8. The orange section shows the percentage/number of papers available on the Scopus database obtained by combining key words in vitro stem cells tendon differentiation with physical stimuli. In the histogram, the relative percentage of the cited papers is expressed as well as the relative number in the legend. 
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Figure 9. The green section shows the percentage/number of papers available on the Scopus database obtained by combining key words in vitro stem cells tendon differentiation with biomaterials. In the histogram, the relative percentage of cited papers is expressed as well as the relative number in the legend. 
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Figure 10. The yellow section shows the percentage/number of papers available on the Scopus database obtained by combining key words in vitro stem cells tendon differentiation with growth factors. In the histogram, the relative percentage of cited papers is expressed as well as the relative number in the legend. 
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Figure 11. The gray section shows the percentage/number of papers available on the Scopus database obtained by combining key words in vitro stem cells tendon differentiation with co-culture. In the histogram, the relative percentage of cited papers is expressed as well as the relative number in the legend. 
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Table 1. Ultrastructure and mechanical matrix properties in tendon tissue engineering.
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Materials

	
Shape and Structure of the Scaffold

	
Mechanical Properties of the Scaffold

	
Ref.






	
Silk fibroin–collagen

	
As-spun scaffold → diameter = 1.15 μm; pore size = 43.79 μm2

Cross-linked scaffold with ethanol → diameter = 0.76 μm; pore size = 21.39 μm2

Cross-linked scaffold with methanol → diameter = 0.91 μm; pore size = 10.81 μm2

	
Cross-linked scaffold with ethanol → Stress = 1.2 MPa; Modulus of elasticity = 4.2 MPa

Cross-linked scaffold with methanol → Stress = 2.92 MPa; Modulus of elasticity = 9.78 MPa

	
[324]




	
PLGA–Silk fibroin

	
Knitted silk scaffold (3 yarns, diameter = 10 μm) coated with electrospun PLGA nanofibers diameter = 200–700 nm

Thickness of the knitted scaffolds = 0.6–1 mm

Thickness of the coated hybrid scaffolds = 0.8–1.4 mm

	
Hybrid scaffold → failure load = 70.8 N;

stiffness = 4.29 N/mm

	
[325]




	
CS–PCL

	
Random nanofibers = 215.79 nm

Aligned nanofibers = 175.82 nm

	
n.d.

	
[328]




	
PEUUR

	
Four randomly oriented meshes with diameter: 0.28, 0.72, 0.82, 2.3 μm

Two meshes with aligned fibers with diameter: 0.46 and 0.53 μm

	
n.d.

	
[335]




	
PEUUR

	
Aligned and randomly oriented fibers with different diameter size

<1 μm, >1–2 μm<, and >2 μm

	
n.d.

	
[336]




	
PU

	
Aligned and random nanofibers with diameter of ≈657 nm;

porosity = 85%; total pore area = 61.8 m2/g

	
Aligned nanofibers → Young’s modulus = 2500 kPa;

Ultimate strength = 3520 kPa; Max strain = 1.08

Random nanofibers → Young’s modulus = 540 kPa;

Ultimate strength = 1130 kPa; Max strain = 1.03

	
[337]




	
PLLA/PEO loaded with TSA

	
PLLA/PEO random mats → diameter = 1.51 μm

PLLA/PEO/TSA random mats → diameter = 1.44 μm

PLLA/PEO aligned mats → diameter = 1.73 μm

PLLA/PEO/TSA aligned mats → diameter = 1.63 μm

	
PLLA/PEO/TSA random mats → Young’s modulus = 513.09 MPa; Tensile strength = 12.5 MPa

PLLA/PEO/TSA aligned mats → Young’s Modulus = 51.59 MPa; Tensile strength = 2.70 MPa

	
[338]




	
PLGA (85:15)/COL/PU

	
Randomly oriented scaffolds with average fiber diameter size of 1.92 μm and pore size of 174.7 μm2

Aligned fiber scaffold with average fiber diameter size of 0.712 μm and pore size of 6.75 μm2

	
Random fiber 1.92 μm → Young’s Modulus = 20.76 MPa; Ultimate Tensile Strain = 56.16%; Tensile Stress = 1.17 MPa

Aligned fiber 0.712 μm → Young’s Modulus = 38.11 MPa; Ultimate Tensile Strain = 82.99%; Tensile Stress = 1.80 MPa

	
[350]




	
PLGA (50:50)/COL1/PU

	
Randomly oriented scaffolds with average fiber diameter size of 2.82 μm and pore size of 211.3 μm2

Aligned fiber scaffold with average fiber diameter size of 0.759 μm and 4.67 μm2

	
Random fiber 2.82 μm → Young’s Modulus = 75.4 MPa; Ultimate Tensile Strain = 28.55%; Tensile Stress = 0.86 MPa

Aligned fiber 0.759 μm → Young’s Modulus = 52.46 MPa; Ultimate Tensile Strain = 79.48%; Tensile Stress = 2.46 MPa




	
PLGA (85:15)

	
Aligned fleeces → diameter = 2.5 μm

Random fleeces → diameter = 2.1 μm

	
Aligned fibers → stress = 26.02 MPa and strain = 344%

Random fibers → stress = 15 MPa and strain = 240%

	
[190]




	
PCL and PLLA

	
Sheets of aligned PCL → diameter = 898 nm; pore size = 14.3 μm

Sheet of aligned PLLA → diameter = 869 μm; pore size = 21 μm

	
Braided PCL scaffolds → Young’s Modulus = 45.96 MPa; Ultimate stress = 19.99 MPa; Ultimate Strain = 0.62 mm/mm; Stiffness = 11.25 N/mm;

Stacked PCL scaffolds → Young’s Modulus = 66.48 MPa; Ultimate stress = 8.73 MPa; Ultimate Strain = 0.24 mm/mm; Stiffness = 36.51 N/mm;

Braided PLLA scaffolds → Young’s Modulus = 45.57 MPa; Ultimate stress = 5.74 MPa; Ultimate Strain = 0.50 mm/mm; Stiffness = 5.94 N/mm;

Stacked PLLA scaffolds → Young’s Modulus = 118.47 MPa; Ultimate stress = 5.76 MPa; Ultimate Strain = 0.22 mm/mm; Stiffness = 24.31 N/mm;

	
[367]




	
PCL

	
Random multilayer scaffolds → diameter = 1.76 μm; thickness = 0.75 mm

Aligned multilayer scaffolds → diameter = 1.57 μm; thickness = 0.43 mm

	
Random multilayer → Elastic Modulus = 12 MPa; Yield Strength = 0.5 MPa

Aligned multilayer → Elastic Modulus = 18 MPa; Yield Strength = 1.5 MPa

	
[368]




	
PLLA

	
Mat thickness ranged between 0.14 and 0.17 mm

Aligned fibers = 430 nm

Random fibers = 450 nm

	
Aligned fibers → Stiffness = 3.48 N/mm; Failure force = 1.88 N; Young’s Modulus = 22.76 MPa

Random fibers → Stiffness = 0.07 N/mm; Failure force = 0.17 N; Young’s Modulus = 0.63 MPa

	
[369]




	
PLGA (85:15)

	
Aligned scaffold →thickness = 0.22 mm; diameter = 615 nm; pore diameter = 4.228 μm; porosity = 80.745%; permeability = 7.87 × 10−12 m4/N s

Random scaffold → thickness = 0.19 mm; diameter = 568 nm; pore diameter = 4.914 μm; porosity = 81.760%; permeability = 5.72 × 10−12 m4/N s

	
Aligned scaffolds → Elastic Modulus = 341 MPa; Yield Strength = 9.8 MPa; Ultimate Stress = 12 MPa and Strain = 8%

Random scaffolds → Elastic Modulus = 107 MPa; Yield Strength = 2.5 MPa; Ultimate Stress = 3.7 MPa and Strain = 80%.

	
[370]




	
PLLA/COL1 (75:25)

	
Individual aligned fiber with diameter = 0.36 μm and bundle diameter = 624.9 μm

	
Bundle PLLA/Col1 (75:25) → failure stress = 11.3 MPa; work to failure = 0.225 J/mm3;

	
[371]




	
PLLA/COL1 (50:50)

	
Individual aligned fiber with diameter = 0.39 μm and bundle diameter = 643.1 μm

	
Bundle PLLA/Col1 (50::50) → failure stress = 6 MPa; work to failure = 0.208 J/mm3;




	
PCL

	
PCL yarns with diameter = 208.5 μm

Yarn diameter size = 460.2 nm, pore size = 12.2 μm

Random PCL diameter = 484.5 nm, pore size = 2.1 μm

Aligned PCL diameter = 452.3 nm, pore size = 1.4 μm

	
Yarn PCL woven fabrics → Young’s modulus = 70 MPa; Ultimate tensile strength = 10.7 MPa; Elongation at failure = 48%

Random mesh → Young’s modulus = 5.2 MPa; Ultimate tensile strength = 2.2 MPa; Elongation at failure = 240%

Aligned mesh → Young’s modulus = 13.6 MPa; Ultimate tensile strength = 5 MPa; Elongation at failure = 45%

	
[373]




	
PCL/DT-NPs

	
PCL/DT-NP scaffold

PCL and PCL/DT-NP twisted yarn using 12 threads

Diameter range 313–346 μm

	
PCL → Young’s modulus = 12 MPa; Strain at break = 3.4 mm·mm−1; Stress = 2.9 MPa

PCL/DT-NP2.5 → Young’s modulus = 18 MPa; Strain at break = 3.9 mm·mm−1; Stress = 4.2 MPa

PCL/DT-NP5 → Young’s modulus = 22 MPa; Strain at break = 4.2 mm·mm−1; Stress = 4.8 MPa

	
[304]




	
PLLA/PCL

	
Braided aligned PLLA and PCL nanofibers with diameter ≈990 and 945 nm, respectively.

Varying number of stitches (SPI) (8, 12, 16, 20 and 24) →↑ braid angle from 47° to 67°

	
PCL/PLLA (100/0) → Ultimate strength = 50.57 MPa; ultimate strain = 1.01 mm/mm; Young’s modulus = 121.21 MPa

PCL/PLLA (75/25) → Ultimate strength = 20.30 MPa; ultimate strain = 2.30 mm/mm; Young’s modulus = 78.71 MPa

PCL/PLLA (50/50) → Ultimate strength = 4.64 MPa; ultimate strain = 0.75 mm/mm; Young’s modulus = 14.79 MPa

PCL/PLLA (25/75) → Ultimate strength = 2.78 MPa; ultimate strain = 1.85 mm/mm; Young’s modulus = 5.25 MPa

PCL/PLLA (0/100) → Ultimate strength = 13.47 MPa; ultimate strain = 0.75 mm/mm; Young’s modulus = 48.50 MPa

Different braiding angles →↑ strength, Young’s Modulus and yield strength and ↓ yield strain with the braiding angles of 67° (8 SPI) compared to 47° (24 SPI)

	
[374]




	
PLGA (85:15)

	
Aligned fibers with diameters 320 nm, 680 nm, and 1.80 μm

	
The UTS and yield strength of the scaffolds remained unchanged whether is the fiber diameter size.

The tensile modulus increased by increasing fiber diameter size while elongation at break and ductility decreased when the fiber diameter size in increased.

	
[375]




	
PCL

	
Four PCL mats with randomly oriented fiber and different diameter size; 0.11, 0.78, 1.88, and 3.43 μm

	
fiber diameters (range of 0.1–3.4 μm) → Young’s modulus = 7.6–30.6 MPa;

ultimate tensile strength = 0.9–6.3 MPa; strain at break = 49–442%

	
[376]




	
PLGA (85:15)

	
Aligned nanofibers → diameter = 615 nm; pore size = 4.23 μm; porosity = 80.75%

Random nanofibers → diameter = 667 nm; pore size = 4.91 μm; porosity = 81.76%

	
n.d.

	
[377]




	
PLGA (85:15)

	
Meshes of randomly oriented fiber with diameter nano-1 (390 nm), nano-2 (740 nm), micro (1.42 μm)

Meshes of aligned fibers with diameter nano-2 (740 nm)

	
n.d.

	
[378]








polylacticacids (PLLA); polycaprolactones (PCL); poly (lactic-co-glycolic) acids (PLGA); poly(esterurethane) urea (PEUUR); polyurethane (PU); polyethyleneoxide (PEO); chitosan (CS); iron oxide nanoparticles (DT-NP); collagen type 1 (Col I). not determined (n.d.).
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Table 2. In vitro assessment of teno-inductive properties of scaffolds on stem cells.
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	Cells
	Mechanical Properties of the Bio-Hybrid In Vitro
	Major In-Vitro Outcome
	Ref.





	BMSCs
	After 21 days of culture

Acellular scaffold → failure load = 61.5 N; stiffness = 5.92 N/mm

Bio-hybrid scaffolds FGF (−) → failure load = 68.2 N; stiffness = 5.53 N/mm

Bio-hybrid scaffolds FGF (+) → failure load = 82.7 N; stiffness = 6.97 N/mm
	Bio-hybrid scaffolds (FGF +/−) → viable cells on the surface and in the depths of the scaffolds with higher viability on scaffolds FGF +

↑ mRNA expression Col I, Col III, fibronectin and biglycan and collagen ECM content at day 14 and 21, respectively, in scaffold FGF (+) respect to FGF (−).
	[325]



	Human primary BMSCs
	n.d.
	Aligned/random scaffolds: No difference in cell adhesion, and fibroblast morphology was observed onto both scaffold

Cells aligned parallel to the direction of the nanofiber orientation.

No difference has been detected for Tnmd gene expression on the aligned/random scaffold while Col I and Col III was upregulated on aligned scaffold.
	[328]



	Rat BMSCs
	n.d.
	Cells acquired spindle-like morphology on aligned fibers respect to random ones.

↓ cellular density by increasing fiber diameter size.

↑ cellular aspect ratio by increasing fiber diameter size and alignment

↓ mRNA ColI a1, Tnmd and decorin by increasing fiber diameter and alignment while ↑ mRNA Scx by increasing fiber diameter and decreasing fiber alignment
	[335]



	Multipotent fibroblastic C3H10T1/2 cells
	n.d.
	↓ cell density and ↓ mRNA decorin and Col I gene expression by increasing fiber diameter size after 7 days culture while ↑ mRNA Col I gene expression by decreasing fiber diameter after 14 days culture
	[336]



	Human LF
	n.d.
	Aligned/random nanofibers → no difference in cell proliferation and adhesion while ↑ collagen content in aligned nanofibers respect to random ones.

By applying 5% uniaxial strain for 24 h at a frequency of 12 cycles/min → no histological difference between aligned nanofibers under static and dynamic conditions, ↑ collagen ECM in the aligned nanofibers under dynamic conditions.

Random nanofibers → cells acquired a spindle-like morphology under only dynamic conditions.
	[337]



	Mouse tail TSPCs
	n.d.
	Aligned/random (+/− TSA) →↑ cell elongation and ↓ nuclear shape

Aligned/random (+/− TSA) → no differences in cell proliferation and adhesion

Aligned-TSA →↑ tenogenesis protein (Col I, Col V, Tnmd and Epha4), ↑ ScxGFP protein expression and mRNA expression of Scx, Mkx, Eya1, Eya2, Six2, HoxA11 and Egr1, and ↑ HADC 3 and 4 and ↓ HDAC 1 compared to other groups,
	[338]



	Human iPSCs from HFF (human foreskin fibroblast)
	n.d.
	Aligned/random nanofibers: no differences in cell proliferation rate and adhesion.

Cells seeded onto aligned nanofibers present a fibroblastic phenotype while those onto random nanofibers show a stellate-patterned morphology.

Aligned nanofibers: ↑ mRNA of tendon-related genes (Scx, Mkx, Tnmd, HoxA11, Epha4, Col Ia1) and mRNA of integrin a1, a2, a5, b1 and myosin II B.
	[340]



	AECs
	n.d.
	Aligned/random →↓ DNA quantity and cell proliferation

Aligned/random →↑ mRNA Snail and Vimentin, and ↑ α-SMA and ↓ Cytokeratin-8 protein expression

Aligned/random →↑ mRNA Tnmd and Col I after 48 h culture.
	[190]



	Human BMSCs
	n.d.
	Cells were homogenously distributed and showed an elongated morphology on the stacked scaffold compared to the braided ones.

Braided scaffolds: ↓ cell infiltration and ↓ cell distribution homogeneity.

Stacked scaffolds: ↑ cell proliferation and Col I ECM deposition with an enhanced deposition in the case of PLLA scaffolds.

Both braided and stacked PCL and PLLA scaffolds upregulated the expression of Scx with a strong enhancement on braided PLLA scaffolds at day 7 of culture.

Braided and stacked scaffolds: No differences were seen in the expression of tenogenic transcription factor Mkx and ECM glycoprotein Tnc.

Stacked scaffolds downregulate the expression of Col Ia1 and Col IIIa1 compared to the braided ones.
	[367]



	Human ADSCs
	Aligned scaffolds showed significant increase in Young’s modulus and yield stress along the axis of fiber alignment compared to random one after 28 days of culture.
	Aligned/random scaffolds → no difference in cell proliferation, GAGs and Col I and Col III content.

Both scaffolds expressed tendon related genes markers with ↑ mRNA Tnmd and Col3A1 in aligned scaffolds.
	[368]



	Human tendon Progenitor Stem Cells
	n.d.
	Aligned fibers →↑ tenogenic markers scleraxis, eya2, Col I, Col III, Col XIV, elastin, integrin α1, α5, β1 and myosin II.

Random fibers: ↑ mRNA Ocn and Alp gene expression compared to aligned fibers.
	[369]



	Human rotator cuff fibroblast-like cells
	Aligned cellular → Elastic modulus = 350 MPa;

Ultimate stress = 6 MPa; Yield strength = 6 MPa

Random cellular → Elastic modulus = 120 MPa;

Ultimate stress = 1 MPa; Yield strength = 1 MPa
	Aligned/random scaffolds: no difference in cell proliferation and adhesion.

Cells acquired an elongated shape on the aligned scaffolds while maintaining their polygonal shape on the random ones.

Aligned scaffolds: ↑ mRNA integrin α2 and Col I while similar mRNA gene expression for α5, β1 and Col III respect to random fibers.

Similar matrix deposition in terms of Col I and Col III was seen with oriented collagen matrix along the aligned fiber.
	[370]



	Human tenocytes and human ADSCs
	n.d.
	Human tenocytes → cells elongated along the aligned fibers. All scaffolds types (random, aligned woven fabrics) expressed Tnmd and Col I. ↑ mRNA tendon-related genes (Tnc, Col III, Col II and Tnmd) in woven fabrics compared to aligned and random groups.

Human ADSCs →↑ proliferation rate, cell infiltration, and ↑ mRNA of Scx, Col I, Tnmd gene expression on woven fabrics compared to aligned and random groups.

Co-culture/tri-culture →↑ mRNA expression Scx, Tnc, Tnmd, A-VEGFA and ANGPT2 in the tri-culture system compared to other groups

Dynamic culture by applying a 4% strain at frequency of 0.5 Hz for 2 h per day

Dynamic/static culture →↑ Tnmd and Col protein and ↑ tendon related gene expression under dynamic stretch with tri-culture system compared to static condition.
	[373]



	Human ADSCs
	n.d.
	Aligned PCL/DT-NP5 yarns under static and magnetic stimulation conditions → no differences in cell activity while ↑ in cell alignment and elongation along the longitudinal direction of the fibers under magnetic stimulation. ↑ mRNA Dcn, Col Ia1, Col IIIa1, Tnc under both conditions while ↑ mRNA Tnmd and Scx and ↓ mRNA osteogenic marker (RUNX2) only under magnetic stimulation.
	[304]



	Human iPSC-MSCs
	n.d.
	Three days under static condition then for 7 days under 3% strain at 0.25 Hz for 2 h/day.

PLLA/PCL scaffolds →↑ cell adhesion in PLLA compared to PCL. Cells were more elongated on PLLA scaffolds with 8 SPI compared to other groups (PCL 8 SPI, PLLA, and PCL 24 SPI).

PLLA/PCL scaffolds → no difference in Scx and Tnmd mRNA expression while ↑ Col I, Col III, RUNX2, Ocn mRNA expressions and ↑ in Col I and Tnmd protein expressions in PLLA respect to PCL.

Static/dynamic conditions →↓ RUNX2 and Ocn mRNA expression under cyclic condition compared to static one.

Different braiding angles → cells showed elongated morphology on PLLA with 8 SPI while those seeded on PLLA with 24 SPI showed a rounder morphology. No difference in SCX and TNMD between PLLA and PCL with 8 and 24 stitches, ↓ Col I, Col III, RUNX2, and Ocn mRNA expression on PLLA with 8 SPI compared to 24 SPI after 10 days culture under cyclic condition.
	[374]



	Human rotator cuff fibroblast
	n.d.
	The cells were more aligned and elongated in the fibers with larger fiber diameter size.

Smaller fiber diameter size →↑ cell proliferation and ↑ in collagen and proteoglycans synthesis.

Larger fiber diameter size →↑ mRNA expression of Col I, Col III, Col V and Tnmd.
	[375]



	Human MSCs
	n.d.
	1% strain at 1 Hz for 90 min twice a day

Aligned/random scaffolds →↑ cell proliferation on random scaffolds after 28 days of dynamic culture with compared to other groups.

Aligned/random → cells acquired an elongated morphology on aligned scaffolds (static and dynamic conditions) and on random scaffolds under dynamic conditions while those on random scaffolds remained cuboidal.

Static/dynamic culture →↑ Col I ECM content in aligned (static) and random (dynamic) scaffolds while ↑ Col I and Col III ECM content on only aligned (dynamic)

Aligned scaffolds under static/dynamic culture → no change in Col I and Tnmd mRNA expression between groups; ↑ Col III, fibronectin, and Tenascin-C and ↓ Scx mRNA expression under dynamic culture compared to static one after 28 days culture. ↑ integrin α2, α5, β1 expression on aligned scaffolds under dynamic condition.
	[377]



	Human rotator fibroblast
	n.d.
	Nano-/micro-fibers: ↑ cell adhesion, spreading and elongation by ↑ fiber diameter size. No differences in cell viability and proliferation.

Nano-/micro-fibers: ↑ collagen content in nano-1 and nano-2 compared to micro scaffolds while ↑ Col I and Col III in the micron scaffold compared to the nano ones. ↓ mRNA expression α2 and ↑ mRNA expression β1 and ↑ mRNA expression RhoA and Rac1 on the nanofibers compared to microfibers after 7 days culture

Aligned/random fibers: ↑ cell adhesion and alignment and ↓ cell proliferation onto aligned fibers compared to random ones.
	[378]







Bone-marrow derived Mesenchymal Stem Cells (BMSC); Amniotic Epithelial Stem Cells (AEC); Mesenchymal Stem Cells (MSC); Adipose-Derived Stem Cells (ADSC); induced Pluripotent Stem Cells–Mesenchymal Stem Cells (iPSC–MSC); Tendon Stem/Progenitor Cells (TSPC); Ligament fibroblast (LF). not determined (n.d.).
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Table 3. In vivo performance of bio-hybrids constructs in tendon tissue engineering (↑ = increase; ↓ = decrease).
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	Animal Model, Tissue Site, and

Duration of Implantation
	Mechanical Properties of the Scaffold

Following Implantation
	Biological Outcomes
	Ref.





	Rat Achilles Tendon model, 2 and 4 weeks
	Aligned-TSA vs. Aligned vs. Random-TSA vs. Random

Stiffness = 29 vs. 25 vs. 20 vs. 19 MPa

Failure Force = 38 vs. 32 vs. 32 vs. 31 N

Stress at Failure = 6.6 vs. 5 vs. 5.5 vs. 4.2 MPa

Young’s Modulus = 51 vs. 33 vs. 31 vs. 32 MPa
	
	
Aligned fibers: regulation of typical tendon structure with cell alignment along the fibrous axis



	
↑ matrix deposition and ↑ mRNA Mkx, Tnmd, bgn, Fmod, Col I, Col III, and Dcn on aligned fibers especially aligned-TSA vs. other groups



	
↑ collagen fibril diameter in aligned-TSA vs. other groups





	[336]



	Rat Achilles Tendon model, 2 and 4 weeks
	Aligned vs. random

Stiffness = 32.08 vs. 20.95 N/mm

Failure Force = 50.47 vs. 42.85 N

Stress at Failure = 5.91 vs. 4.90 MPa

Young’s Modulus = 20.24 vs. 14.40 MPa
	Aligned nanofiber: ↑ mRNA of tendon-related ECM gene markers Col Ia1, Col Va1 and Bgn, Scx, HoxA11, Tnmd and Fmod and ↓ mRNA of Ocn and RUNX2. ↑ deposition of ECM (Col I and Dcn) after 4 weeks implantation.
	[340]



	Mouse skeletal muscle, 1 and 6 weeks

Mouse skin, 1 week
	n.d.
	
	
Cytotoxicity model: linear cell distribution with an elongated morphology and aligned collagen bundles formation on the aligned fibers



	
Aligned fibers: ↑ collagen I ECM deposition with aligned structure.





	[369]







not determined (n.d.).
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