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Research has shown that the surrounding biomechanical environment plays a significant role in the development, differentiation, repair, and degradation of tendon, but the interactions between tendon cells and the forces they experience are complex. In vitro mechanical stimulation models attempt to understand the effects of mechanical load on tendon and connective tissue progenitor cells. This article reviews multiple mechanical stimulation models used to study tendon mechanobiology and provides an overview of the current progress in modelling the complex native biomechanical environment of tendon. Though great strides have been made in advancing the understanding of the role of mechanical stimulation in tendon development, damage, and repair, there exists no ideal in vitro model. Further comparative studies and careful consideration of loading parameters, cell populations, and biochemical additives may further offer new insight into an ideal model for the support of tendon regeneration studies.
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INTRODUCTION
Tendons are connective tissues responsible for transmitting the force generated by muscles to bones. Although their structure and composition allow them to tolerate repetitive forces during daily activities, excessive or abnormal applications of force can cause tendon damage or rupture. Tendon repair can be difficult due to the hypocellular and avascular nature of tendon tissue. Emerging tissue engineering strategies continue to be developed with the goal of augmenting current treatment approaches as well as the development of novel therapies for the treatment of tendon injuries. Although exposure to excessive force contributes to tendon injury, mechanical loading of tendon tissue also plays an important role in appropriate tendon healing. As a result, in vitro mechanical stimulation studies attempt to understand the effects of mechanical load on tendon and connective tissue progenitor cells that have the potential to differentiate into tendon cells. These models have allowed researchers to observe the effects of mechanical loading on these cells with regard to tendon gene expression, cell morphology, protein production as well as more gross tissue properties including cellular alignment and tensile strength. This review aims to summarize and compare the different cellular mechanical loading models used in the study of tendon mechanobiology and highlight how the designs of these models have evolved over time in the effort to recapitulate the complexity of forces exerted upon tendon tissues in vivo. First, we contextualize our discussion with an introduction to current understanding of native tendon structure and biomechanics. We then discuss how explanted tendon, 2D, and 3D models have contributed to our understanding of the effects of mechanical stimulation in the effort to recapitulate the native tendon architecture in the in vitro setting. We conclude by identifying existing gaps in knowledge and possible directions for future work within the field of in vitro mechanical loading research.
STRUCTURE AND BIOMECHANICS OF TENDON
Structure of Tendon
Tendons are hypocellular structures that largely consist of water and extracellular matrix (ECM), with water making up 55–70% of the tissue mass.(Jaiswal et al., 2020). ECM is predominantly composed of various types of collagen protein molecules. Type I collagen accounts for 60–85% of the total dry weight of tendon tissue (Docheva et al., 2015), whereas type III collagen accounts for 1–5% of the total collagen content.(Liu et al., 1995; Lim et al., 2019). There are also small amounts of other collagen proteins, such as type II, IV, V, XII and XIV collagen (Wang, 2006; Wang et al., 2018a). Type III collagen plays an important role in regulating the size of type I collagen fibrils, while type V collagen, found in the center of fibrils, is thought to act as the template for fibrillogenesis. (Thorpe and Screen, 2016).
Tendon’s mechanical properties can be attributed to its hierarchical structure of collagen fibrils (Trelstad and Hayashi, 1979; Wang, 2006). At the molecular level, collagen’s triple helix structure allows tendon tissues to have sufficient mechanical strength. (Fratzl et al., 1998). The intermolecular sliding of collagen within tendon facilitates deformation in a linear fashion with application of strain (Kelc et al., 2013). Collagen fibrillogenesis, or the formation of fibrils from the collagen molecules, is an important multi-step process that determines the functionality of the overall tendon. There has been debate on how this process unfolds as tendons mature. Some believe that collagen molecules assemble to form fibril intermediates, which then assemble end-to-end to create longer and mechanically functional fibrils. These longer fibrils then interact laterally, forming fibrils of a larger diameter. In contrast, Kalson et al. have suggested that end-to-end and lateral fusion events do not contribute to fibril growth, as serial microscopy has revealed few fusion events during development, and the number of fibrils does not decrease as expected with fusion. (Kalson et al., 2015). Rather, collagen molecules may accrue on fibril ends, growing in a binding site- and structure-specific mechanism as described by the surface-nucleation-and-propagation (SNP) model. (Holmes et al., 1998). Collagen fibril bundles form fibers, which in turn form the fascicles of tendon tissues. These structures are arranged parallel to the long axis of tendon tissues, which give tendon tissue its hallmark tensile strength (Wang, 2006). Some authors have posited that fascicles are further organized into a spiral formation (Kannus, 2000; Ottani et al., 2002). While some argue that such a structure would make transference of force to bone less efficient, this architecture may be better suited to resisting flexion, compression, and multidirectional forces.
Non-collagenous proteins found within tendon extracellular matrix (ECM) consist of a variety of proteoglycan (PG) molecules (e.g. decorin, fibromodulin, lumican, and fibromodulin), glycoproteins (e.g. tenascin C, fibronectin, lubricin, and laminin) and glycosaminoglycans (Humphrey et al., 2014). The hydrophilic nature of these proteins help the structure to retain high water content, which provides some resistance to physiologic compression forces and inter-fascicular sliding (Jozsa et al., 1989; Kirkendall and Garrett, 1997; Martin et al., 2003; Vogel, 2004; Kohrs et al., 2011; Docheva et al., 2015; Wunderli et al., 2020). In addition, proteoglycans play important roles in collagen fibrillogenesis. Lumican, fibromodulin, decorin, and biglycan all play a role in stabilizing fibril formation and maturation, as knockout mouse models demonstrate that elimination of these proteoglycans result in weaker tendons and increased fibrosis (Robbins et al., 1997; Ezura et al., 2000; Zhang et al., 2009). Proteoglycans may also play a role in attenuating strain experienced at the cellular level. Studies have found that the levels of strain transferred to cells in synthetic scaffolds differ from native levels, as significant strain attenuation occurs from the tissue level to the cell level (Cheng and Screen, 2007). At times, levels of strain estimated on synthetic scaffolds can overestimate native tissue strain by 20–60% (Han et al., 2013). The authors further found that cells in the PG-rich portions of the sample experienced less strain than those in more fibrous areas, suggesting that PGs may affect the local mechanical response, possibly through support of collagen fibrillogenesis or facilitation of resistance to compression or sliding forces.
Biomechanical Properties of Tendon
Tendon tissues have specialized mechanical properties and have features of linear elastic material models as well as viscoelastic material models. In fact, mathematical methods termed quasi-linear viscoelasticity models have been used to model tendon tissue’s mechanical behavior (Woo et al., 2000).
The stress-strain curves of tendon tissues are of particular interest because they demonstrate their intrinsic tensile strength during pull-to-failure testing. When using linear elastic material models to describe tendon mechanical properties, the stress-strain curves have three regions, including the toe region, the linear region, and the yield or failure region. (Hooley et al., 1980; Lieber et al., 1991). The toe region corresponds with stretching of crimped fiber bundles, which continues until 2% of strain (Wang, 2006). Within the toe region, the crimp pattern of tendon fibers is stretched; it is recovered when the stress disappears (Lim et al., 2019). Within the linear region (2–6% strain), the slope of the stress-strain curve appears to be constant as it is the inflection point where the curve transitions from strain stiffening to strain softening. This region is also the point at which the tangent modulus reaches its maximum value. Studies have found that over 4% strain can cause microscopic damage during the sliding of collagen fibrils (Thompson et al., 2017). The failure region of the stress-strain curve demonstrates macroscopic tears associated with strain values over 8–10% (Butler et al., 2000; Thompson et al., 2017).
Viscoelastic materials demonstrate different mechanical properties depending on the rate of loading (Woo et al., 2000; Robi et al., 2013). One characteristic of viscoelastic materials such as tendons is creep, the deformation of a material in response to constant load (Jaiswal et al., 2020). Creep test or “fatigue” test is used to demonstrate response of tendon to continuous or repetitive loading (Wang et al., 2018a). Creep testing helps explain the relation between time and strain under constant load (Wren et al., 2003). Upon exposure to initial load, the deformation of tendon tissue is temporary, but as the load is sustained, damage accumulates, and the subsequent strength and stiffness of the damaged tendon tissue decreases (Wang et al., 1995). It is also worth noting that the mechanical properties of different tendons varies by tendon anatomic location and function (Wang et al., 1995; Maganaris and Paul, 1999; Shani et al., 2016).
Mechanical loading, even within the range of typical of daily activities, can lead to tendon damage. In vitro mechanical loading studies have reported that mechanical degradation can occur within 24 h of exposure to very low levels of repetitive stress, at a level less than 5% of the ultimate tensile strength of the tissue (Parent et al., 2011). However, this observed in vitro degradation would likely be different in vivo due to the repair mechanisms of host tendon tissues and the associated supporting cells (e.g. resident connective tissue progenitor cells and immune system cells). Based on results of in vitro studies, Wang et al. have suggested that physiologic loading triggers tendon repair, such that the repair counteracts microscopic damage (Wang et al., 2003; Wang et al., 2015). In particular, the therapeutic effects of eccentric loading have been extensively studied in the context of treating Achilles tendinopathy (Fahlström et al., 2003). While human studies reveal that eccentric loading tends to increase the maximum force and the maximum number of repetitions tendons can sustain (Malliaras et al., 2013), the mechanism by which this form of loading has been unclear (O’Neill et al., 2015). A possible explanation can be attributed to complex muscle-tendon interactions, by which the muscle shields tendon from stress by storing energy or increasing tendon stiffness, thereby reducing damage (Sugisaki et al., 2011; Roberts and Konow, 2013; O’Neill et al., 2015). Neuromodulatory effects that facilitate adaptive or protective motor patterns may also explain therapeutic effects of eccentric loading (Rees et al., 2008; Rio et al., 2016). These interactions of the tendon with the surrounding tissue have only been captured in live patients or animal models. Therefore, effects of repair may be more significant in vivo, in the presence of supporting cells and chemical signals which may more readily trigger healing. This may explain the discrepancy between ruptures observed with creep testing of explanted tendon tissues and the long-term functionality of tendon tissues in vivo (Wang et al., 2018a).
However, some degree of mechanical stimulation is required to maintain normal tendon structural and mechanical properties. Live studies have revealed that stress shielding can cause deterioration of tendon tissue. Early studies assessing the effects of completely releasing stress in various live animal models revealed that collagen bundles were less aligned, and fibrils tended to be smaller in diameter (Muellner et al., 2001; Majima et al., 2003). Stress shielding also decreased the mechanical strength and strain-at-failure of collagen fascicles (Yamamoto et al., 1999). These studies reaffirm that some level of mechanical stimulation may be essential to optimal maintenance and repair of tendon structure in vivo; this suggests that complete deprivation of stress in the in vitro setting may cause tenocytes and tendon explants to lose tendon-like properties as well.
While tensile loads are the main mechanical stress to which tendon are exposed, other forces may contribute to physiologic or pathologic responses to applied forces. Compressive forces have been suggested as a cause of tendon damage.(Almekinders et al., 2003; Hamilton and Purdam, 2004). In addition, interfibrillar shear stress and fluid shear stress also have been described in tendon tissue (Arnoczky et al., 2002a; Lavagnino et al., 2008; Szczesny and Elliott, 2014; Szczesny et al., 2015; Lee and Elliott, 2019). Low levels of fluid shear stress resulted in lower levels of collagenase mRNA inhibition, indicating that this form of mechanical stimulation plays a significant role in the preservation of collagen matrix integrity. (Lavagnino et al., 2008). Sliding and rotational behaviors in the fibers of tendon samples have also been observed; studies investigating the transference of applied force to cells also found that applied levels of strain were significantly attenuated at the fiber level, suggesting that these sliding forces may play a role in attenuating forces experienced by tendon. (Cheng and Screen, 2007; Lee and Elliott, 2019). In energy-storing tendons such as flexor tendons, fascicular sliding and interfascicular matrix (IFM) elasticity facilitated these tendons’ ability to resist and recover from higher loads (Thorpe et al., 2015). Thus, sliding forces may play an important role in tendon behavior at multiple levels of organization and moderate the level of strain exerted at the cellular level.
TENDON CELL RESPONSE TO MECHANICAL LOAD
Mechanical stimulation is essential for tendon development, maturation, and repair, but the underlying mechanisms of tendon mechanoresponse elements remain poorly understood. Tendon cell and progenitor cell biology are known to be influenced by mechanical factors, (Engler et al., 2006), the response to which is mediated by the ECM itself, mechanosensors, and effector molecules (Banes et al., 1999). Matrix stiffness, discussed later in 2D model studies, has been shown to strongly influence stem cell differentiation, as demonstrated by changes in cell morphology as well as gene expression and protein production. In addition to general mechanoresponse pathways via membrane proteins and signalling cascades, studies have added to a growing body of knowledge of tendon-specific pathways.
Tendon-specific pathways for mechanoresponse have recently been described. (Fang et al., 2020; Passini et al., 2021). At the enthesis, cilia transduce biophysical activity via hedgehog (Hh) signaling to facilitate adaptation to load in an inverse relationship (Fang et al., 2020). Mechanical stimulation caused cilia disassembly, a process disrupted with the loss of Hh signaling. Deletion of ciliary genes in mice resulted in weakened entheses and decreased enthesis mineralization, suggesting that cilia may play a role in the enthesis mechanoresponse mechanisms and may also be influenced to affect pathology resulting from overloading. In late 2021, Passini et al. published their findings that intracellular calcium signaling occurs among explanted rat tendon fascicles in response to stretch (Passini et al., 2021). At low strain rates (0.1% strain/second), tenocytes in their ex vivo model exhibited multiple intracellular Ca2+ signals over a longer duration, while at high strain rates (1.0% strain/second), tenocytes displayed a single shorter duration intracellular Ca2+ response. They also noted that, as strain rate increased, higher tissue stretch was required to elicit a response among 50% of the cells in their model. Passini et al. also demonstrated that tenocytes, which reside between collagen fibers and are thus exposed to mechanical shear during tissue stretching, are able to detected these shear-stress forces via the mechanosensitive ion channel PIEZO1. The authors proposed that the Ca2+ signals observed in their experiments may in turn activate enzymatic cross linking of collagen, contributing to increased tendon stiffness and strength and, ultimately, affecting physical performance This pathway suggests a mechanism by which tendon mechanoresponses to shearing and stretching forces are optimized in order to maintain tendon morphology and biomechanical properties.
More generally, cells, including those in tendon, may detect mechanical stimulation via transmembrane proteins that are integrated with cytoskeletal elements and non-receptor signaling molecules. Though studied in other mesenchymal cell populations and not unique to tendon, these pathways nevertheless play an important role in guiding the cellular response to mechanical stimulation. These mechanosensing cellular structures and surface molecules include integrins, cadherins, and connexins. (Chrzanowska-Wodnicka and Burridge, 1996; Lavagnino et al., 2011; Leckband et al., 2011; Schiele et al., 2013). For example, forces on ECM-integrin-cytoskeletal linkages may initiate signal pathways by altering protein folding or binding affinity. For example, studies have shown that stretching forces can expose binding sites on fibronectin promoting self-assembly into fibrils. (Morla and Ruoslahti, 1992; Zhong et al., 1998). Cytoskeleton deformation by mechanical stimulation can also alter transcriptional activities within the cell.(Wang et al., 2009; Tajik et al., 2016). Integrins can sense forces to which a cell is exposed and then propagate that forces to the actin cytoskeleton, nuclear laminins and eventually chromatin, which causes stretching and access to target genes for transcription.(Tajik et al., 2016). Pathways for stem cell differentiation may also be activated in this manner where actin filaments rapidly polymerize and depolymerize in response to mechanical loading, which in turn leads to translocation of MKL1 (megakaryoblastic leukemia 1) into the nucleus. MKL1 protein is shown to interact with the beta catenin (Wnt) and Smads (TGF-beta) pathways, which can further guide cellular differentiation, migration, and cell cycle regulation.(Scharenberg et al., 2014). Increased MKL1-actin activity reduces chromatin access, leading to reduction of cell pluripotency.(Hu et al., 2019).
The YAP/TAZ pathway may be another non-specific pathway that may be activated in response to tendon mechanical stimulation. YAP (Yes-associated protein) and TAZ (transcriptional co-activator with PDZ-binding motif) effector proteins in the Hippo pathway have been found to be influenced by ECM stiffness and cytoskeleton organization. (Dupont et al., 2011). YAP/TAZ play a key role in regulating the quiescence, proliferation, and differentiation of adult progenitor cells in multiple tissues including tendon. (Heng et al., 2020). In an environment with a stiff ECM or cellular attachment substrate, increased integrin clustering and focal adhesion formation increases F-actin polymerization, which in turn induces cell spreading. This then promotes translocation of YAP/TAZ into the nucleus, which consequently increases osteogenesis via upregulation of RUNX2 and downregulation of PPAR-γ. On soft substrates, cells retain a rounder shape due to less focal adhesion formation and actin polymerization, which sequesters YAP/TAZ to the cytosol. This sequestration consequently downregulates RUNX2 (runt-related transcription factor 2) and upregulates PPAR-γ (peroxisome proliferator-activated receptor gamma), driving adipogenesis. In particular, TAZ activation has been consistently reported to play a role in osteogenesis, while the role of YAP remains controversial.(Heng et al., 2020). However, Yeung et al. have reported upregulation of YAP/TAZ target genes during tendon development, possibly reflecting the concurrent deposition of ECM components. (Yeung et al., 2015).
IN VITRO TENDON CELL LOADING MODELS
Numerous loading models have been developed to study the mechanobiology of tendon. The scope of this review is limited to in vitro loading models, which can be grossly separated into explant, 2-dimensional (2D), or 3-dimensional (3D) loading models. The ideal in vitro model and loading conditions for tendon tissue engineering recapitulates the various mechanical forces transmitted through the ECM in vivo to native tendon cells while also maintaining cell viability. Desirable characteristics of optimal tendon tissue models include the generation of a well-aligned cellular morphology, the differentiation of progenitor cells towards a tendon-like phenotype, and the production of ECM proteins commonly observed among tendon tissues.(Butler et al., 2000; Brennan et al., 2018). These models must also have the capacity to tolerate the application of physiologically-relevant forces. Tendon tissues in vivo are usually subjected to uniaxial loading at a level of approximately 4–6% strain, (Screen et al., 2004), though higher and lower amounts of uniaxial loads may be utilized to replicate pathologic states. Tendon-derived stem cells (TDSCs) are endogenous progenitor cells within tendon tissues and have been isolated from both animal and human sources (Rui et al., 2010; Lui and Chan, 2011). While TDSCs may be the most relevant MSC population for tendon regeneration research, studies have found that bone marrow or adipose derived MSCs are robust alternatives.(Yin et al., 2016; Youngstrom et al., 2016). The following two sections summarize the main categories of in vitro tenogenic mechanical loading models as well as key principles and findings associated with the use of these models.
Ex vivo Tendon Loading Models
Tendon explants as an ex vivo loading model provide useful insight into the mechanical behavior of isolated tendons. Native cell-cell and cell-matrix interactions are preserved and may thus be investigated, providing information not otherwise available through 2D and 3D models. 2D and 3D models also currently lack the heterogeneity in cell population found in native tendon.(Viganò et al., 2017). These mechanical studies produced some of the earliest knowledge about cell-cell interactions, intrinsic tendon mechanical properties, cell viability and growth, and gene expression.
Strain levels used in ex vivo studies range from 1 to 9%, though strains of 20–30% have been applied to model tendon injury.(Scott et al., 2005; Legerlotz et al., 2013). A general summary of the outcomes of different levels of applied strain is given in Table 1, and loading parameters used in individual studies are given in Supplementary Table S1. Cyclic strain from 1 to 3% on tendon fascicles and whole-tendon samples have been sufficient to preserve tenocyte-like morphology and tendon specific gene expression, (Maeda et al., 2009; Wang et al., 2013; Wunderli et al., 2018; Tohidnezhad et al., 2020), but matrix deterioration and reduced maximum stress and energy density were also noted at these levels of strain.(Devkota et al., 2007; Wang et al., 2013). Physiologic loads of 5–6% also yielded increased collagen production and can rescue unloaded tendon samples from pathologic changes.(Wang et al., 2015). Overloading of explants revealed degenerative changes in ECM and increased apoptosis and inflammatory markers.(Legerlotz et al., 2013; Wang et al., 2013). Failure-loaded samples were notable for collagen fiber kinking and denaturation.(Szczesny et al., 2018). Interestingly, the lack of change in tissue modulus suggests that changes in tissue architecture initiate the first changes in tenocyte phenotype and cell viability during injury. This hypothesis has been supported by Freedman et al.‘s work which found that macroscale damage and matrix disorganization caused by fatigue loading propagates down to cellular level; damaged matrix may transmit forces differently than uninjured matrix, thus spurring differential cellular responses.(Freedman et al., 2018). In summary, low to physiologic loading preserved and sometimes rescued tenogenic genes and ECM production in explants, while high strains more consistently caused structural damage, which consequently affects cellular responses due to changes in detected mechanical strain.
TABLE 1 | Overview of outcomes of applied mechanical strain to tendon explants and fascicles.
[image: Table 1]Because researchers can avoid the challenges in finetuning scaffold properties in ex vivo studies, important findings have been produced from comparing different loads. Interestingly, ex vivo studies of tendon explants from various species have revealed that healthy tendons can demonstrate auxetic behavior when placed under biaxial strain—that is, the tendons become thicker, rather than thinner, when stretched.(Gatt et al., 2015). Furthermore, this auxetic behavior was highly influenced by tendon microstructure, which may be compromised by damage due to excessive loads or altered tendon biology. A 3D hydrogel scaffold with auxetic properties was developed to aid in future tendon-to-muscle regeneration (Warner et al., 2017), but beyond cell viability studies, there remains little information about the effects of this scaffold with regard to guiding tenogenic differentiation among mesenchymal progenitor cells.
Two-Dimensional (2D) Loading Models
Two-dimensional loading models study the effects of mechanical stimulation, with or without additional dynamic loading, on cells grown in monolayer. In the case of dynamic loading, cells adhere to a flexible material to which mechanical strain can be applied. The stiffness of the substrate on which cells are plated has also been shown to affect tenogenic gene expression among progenitor cells.(Sharma and Snedeker, 2010). Most other models, including commercially available units such as those made by Flexcell®, use the cyclical application of negative pressure (via a vacuum device) to homogenously apply mechanical strain to the flexible material and the attached cells. This provides customizable loading conditions for experiments. 2D models mainly investigate the effects of deforming cellular cytoskeletons and nuclei, providing an approach to evaluate certain cell differentiation and migration pathways. Depending on the cell population seeded, the aim of the study may be to study mechanical stimulation’s effects on the preservation of tendon-specific genes or morphology in tendon cells or the differentiation of progenitor cells towards a tenogenic fate. However, 2D models lack a substantial ECM component and thus are not well-suited to replicate cell-ECM interactions, which is a major limitation of these techniques.
2D Mechanical Stimulation
Static mechanical stimulation of cells in monolayer may be achieved via specialized plates with defined mechanical properties. Culture plates composed of materials with different degrees of mechanical stiffness, functionalized with type I collagen or fibronectin cellular adhesion molecules, have been reported to guide the fate of bone marrow stem cells (BMSCs) towards tendon or bone phenotypes. Snedeker et al. plated BMSCs onto gel strips with stiffnesses ranging from 10 kPa to 100 kPa and found that increased RUNX2 expression was associated with increased stiffness of a fibronectin-coated substrate. (Sharma and Snedeker, 2010). Gene expression of scleraxis (SCX), tenascin-C (TNC), tenomodulin (TNMD), and collagen III (COL3) have been noted to be increased among cells plated on collagen substrates within a more narrow range of stiffness (approximately 30–50 kPa), even in the absence of additional dynamic mechanical load.(Sharma and Snedeker, 2010, 2012). The authors hypothesize that since SCX expression can be affected by MAP kinase activity, and MAP kinase can be influenced by mechanical stimulation, it is possible that stiffer substrates stimulate a level of MAP kinase activity that does not permit tenogenesis, while softer substrates may provide insufficient mechanical stimulation. Islam et al. found a similar upregulation of tenogenic markers in mesenchymal stem cells (MSCs) plated on type-1 collagen sheets of varying stiffness. Higher levels of SCX were seen in cells on sheets with a modulus of 100 MPa compared to 0.1 MPa.(Islam et al., 2017). In addition, architectural organization of the substrate influenced tenogenesis and ECM formation. 10 MPa collagen sheets with highly aligned fibers demonstrated comparable increases in type-III collagen gene expression and cartilage oligomeric matrix protein (COMP, a protein involved in tendon load resistance) (Smith et al., 1997) as an unaligned 100 MPa sheet.(Islam et al., 2017). Finally, RUNX2 gene expression was significantly increased after 21 days in cells seeded on the 100 MPa sheet, suggesting that the same conditions for stiffness that promote tenogenesis also promote osteogenesis over time.(Islam et al., 2017). Researchers should be aware of the time-dependent and substrate-dependent nature of tenogenic differentiation to achieve optimal conditions for tendon or tendon-like tissue formation.
2D Dynamic Mechanical Loading
Studies of biaxial or uniaxial dynamic loading have also been studied on 2D models. Biaxial loading generates a multidirectional strain (e.g. radial strain exerted on monolayer of cells adherent to a flexible substrate). Although this strain model does not typically replicate typical physiologic tendon loading, cells undergoing cyclic biaxial strain have shown increased proliferation, collagen production, and cell morphology changes similar to those observed among tenocytes.(Zeichen et al., 2000; Goodman et al., 2004; Deniz et al., 2020). Uniaxial strain more closely replicates loads experienced by native tendon cells, and thus the majority of mechanical loading research has focused on the effects of uniaxial strain on tendon and stem cells. Similar to cyclic biaxial strain, cyclic uniaxial strain has also increased collagen I production, cell proliferation, and cell alignment.(Yang et al., 2004; Riboh et al., 2008). As with static loading, duration of application of strain appear to influence cell behavior; for example, Jun N-terminal kinase 1 (JNK) pathway-mediated apoptosis was noted to be elevated over brief applications of cyclic uniaxial strain, however, after long-term exposure to strain, no differences in levels of tenocyte apoptosis were found. This implies that tenocytes may have the capacity to develop stress tolerance during prolonged periods of mechanical loading and this phenomenon may be evolutionarily and functionally beneficial in vivo.(Skutek et al., 2003). Although few studies have directly compared the effects of biaxial versus uniaxial strain on cell behavior, Wall et al. found that biaxial substrate strain induces lower levels of cellular strain compared to uniaxial substrate strain.(Wall et al., 2007). Wang et al. found that while uniaxial strain consistently increased expression of SCX, Mohawk (MKX), and TNMD, biaxial loading actually inhibited expression of those markers.(Wang et al., 2018b).
Customizable mechanical loads have afforded observation of the effects of different levels of strain on tenogenic differentiation and morphology. Though low and high strain generally model tendon behavior seen in pathological conditions, results from these studies have been varied (Tables 2, 3). Loading parameters of studies discussed are included in Supplementary Table S2. Low magnitude loads of 2–4% have increased early gene expression of inflammatory factors and ECM degradation enzymes, (Tsuzaki et al., 2003), and tendon-derived stem cells under low strain have also demonstrated upregulated osteogenic and chondrogenic markers, including bone morphogenic protein (BMP-2) expression. (Chen et al., 2008; Rui et al., 2011). Conversely, low strain loading also increased tenogenic gene expression, including MKX, TNMD, and collagen, type 1, alpha 1 and 2 (COL1A1, COL1A2).(Zhang and Wang, 2010; Kayama et al., 2016). Of note, Kayama et al. did not find an increase in SCX expression with 2% cell strain.(Kayama et al., 2016). It is possible that 2% strain, or the duration of 2% strain used in the study, is insufficient to increase expression of that specific marker.
TABLE 2 | Overview of outcomes of applied mechanical strain to 2D loading studies using human cells (stem cells and tendon fibroblasts).
[image: Table 2]TABLE 3 | Overview of outcomes of applied mechanical strain to 2D loading studies using animal cells (stem cells and tendon fibroblasts).
[image: Table 3]Moderate-to-high physiologic loads of approximately 4–8% increased ECM and tenogenic gene expression, (Chen et al., 2007; Nam et al., 2019), though some studies also noted a concomitant increase in osteogenic, adipogenic, and chondrogenic markers.(Zhang and Wang, 2013; Nie et al., 2021). This may be due to cell types used in the study. Zhang and Wang found that tendon-derived stem cells stimulated by 8% strain expressed higher levels of non-tendon genes, including transcription factor SOX-9 and RUNX2, while tenocytes did not.(Zhang and Wang, 2013). Upregulation of inflammatory cytokine genes including COX-2 and PGE2 have also been noted at 8% strain by Yang et al., (Yang et al., 2005), suggesting that moderate levels of strain can spur some degree of inflammation and tendon matrix breakdown; conversely, the same study found that 4% strain lowered levels of COX-2, matrix metalloproteinase 1 (MMP-1), and prostaglandin E2 (PGE2).
Studies of effects of higher levels of strain from 9 to 12% begin to demonstrate inflammation and cell death thought to be involved in tendinopathy. Cyclic 10% stretching of mesenchymal stem cells resulted in higher gene expression of collagen I and III and tenascin C after 24 h, (Zhang et al., 2008), but tendon cells also transiently upregulated gene expression of angiogenic factors under 10% biaxial strain, suggesting that the development of tendinopathy may involve angiogenesis driven by tenocyte mechanoresponses. (Mousavizadeh et al., 2013). Higher mechanical loads also increased tenocyte apoptosis, inflammatory markers, and pain modulators commonly seen in tendinopathy.(Arnoczky et al., 2002b; Wang et al., 2003). To highlight the complex interactions between tendon biology, ultrastructure and biomechanical properties, interestingly, it has been noted that fatigue loading of tendon explants which is known to cause immediate changes in collagen organization and molecular denaturation is not associated with immediate changes in local tissue modulus suggesting that despite ultrastructural changes there is no immediate effect on tissue mechanical properties.(Szczesny et al., 2018).
In summary, moderate levels of static mechanical stimulation and dynamic load on 2D models may promote tenogenic differentiation of progenitor cells and maintain a tenocyte-like phenotype. Both low and high levels of strain induce inflammatory changes or osteogenic marker upregulation, demonstrating one way tendon may respond to pathological loads with compensatory cellular changes. However, these findings are not consistently reported across all studies, emphasizing the importance of considering other experiment factors. Both the strain level and the duration for which the strain is applied can influence cell behavior. Furthermore, the type of substrate in the extracellular environment can greatly influence study results as the materials composing the substrate may transmit applied forces differently, possibly even attenuating the magnitude of applied forces. As Han et al. have discussed, significant strain attenuation occurs due to the tendon matrix structure, and the direct application of strain to cells on 2D substrates above 4% may be supraphysiologic (Han et al., 2013). The overapplication of strain as a result may explain variable findings in the studies that have explored higher levels of mechanical loading.
Three-Dimensional (3D) in vitro Loading Models
Although 2D models laid the foundation for the study of tendon mechanobiology, the simplicity of the designs limits our understanding of how tendon cells are affected by the surrounding ECM. Compared to 2D models of the same material and growth factors, stem cells seeded in 3D scaffolds more consistently expressed higher levels of tenogenic gene expression, suggesting that the additional cell-matrix interactions play a significant role in guiding cells down a more tenogenic fate (Kuo and Tuan, 2008; James et al., 2011). Wang et al. have also found that the osteogenic and adipogenic differentiation noted in MSCs on a 2D model was inhibited in cells on a 3D scaffold (Wang et al., 2018b). Generally, 3D models contain cells homogenously seeded in a 3D material; scaffolds can be designed such that their architecture promotes cell alignment. Researchers may also apply additional strain by placing the cell-seeded scaffolds in a bioreactor.
Effects of Differential Loading Parameters on 3D Models
Similar to 2D model studies, cells seeded in 3D scaffolds have responded differently to varying levels of strain. Available loading conditions are summarized in Supplementary Table S3. Effects of loading parameters are complicated by the inherent stiffnesses of different scaffolds, but tenogenic markers have generally been upregulated in stem cells at strains of 2.5–10% (Tables 4, 5).(Kuo and Tuan, 2008; Scott et al., 2011) Patel et al. reported increased gene expression of matrix metalloproteinases when tenocytes seeded in a polyethylene glycol dimethacylate (PEGDM) fiber-gel scaffold were placed under 5% strain (Patel et al., 2017). Interestingly, the same authors later found that scaffold modulus and stiffness played a more significant role in influencing gene expression than strain; cells seeded in softer fiber scaffolds with lower moduli had increased interleukin six and matrix metalloproteinase 3 compared to those in stiffer fibers (Patel et al., 2018). Increased osteogenic gene expression was also seen with extended underloading (3% strain) of tenocytes (Wang et al., 2021). Conversely, underloading 3D models also offered insight into tendon injury healing processes; a “tenostruct” created from a combination of tendon explant, tendon progenitor cells, and bone-derived macrophages in hydrogels revealed increased macrophage recruitment and progenitor cell recruitment to the underloaded explant (Stauber et al., 2021). Future research may further examine the interactions of different cell populations in 3D loading models.
TABLE 4 | Overview of outcomes of applied mechanical strain to 3D loading studies using human cells (stem cells and tendon fibroblasts).
[image: Table 4]TABLE 5 | Overview of outcomes of applied mechanical strain to 3D loading studies using animal cells (stem cells and tendon fibroblasts).
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While the finding that moderate physiologic levels of mechanical loading generally spurs tenogenesis or maintenance is not unique to 3D models, these models have allowed for further study of matrix-cell interactions. Scaffold materials and architecture can significantly affect the amount and type of force applied to cells and are thus a main focus in the design of 3D models. Innovation in this respect of bioreactor design, as a result, is considerably higher than seen in the design of 2D loading experiments. Anisotropic materials such as fibrous scaffolds may transfer force heterogeneously to cells, while isotropic materials like hydrogels transfers force more homogenously. However, there are useful applications for both types of materials, and current mechanobiology research is focused on combining the properties of both anisotropic and isotropic materials to capture the complexity of native tendon environment. The following section summarizes findings from studies using 3D loading models.
Hydrogel 3D Models
Hydrogels are a popular 3D in vitro loading model used in tendon engineering studies. Their ability to transfer mechanical strain uniformly to all cells offers a more controlled environment of study. Hydrogel biomaterials range from collagen I to fibrin and even decellularized plant tissue (Garvin et al., 2003; Feng et al., 2006; Contessi Negrini et al., 2020; Herchenhan et al., 2020). Decellularized tendon samples have also yielded an ECM scaffold suitable for cell culture, possibly allowing for future researchers to conduct studies with a model that closely resembles native tendon in both architecture and composition.(Youngstrom et al., 2013; Youngstrom and Barrett, 2016). Synthetic hydrogels (e.g., polyethylene glycol, methacrylated gelatin) provide higher control of the gels’ physical properties, but fibrous architecture is lacking in these substrates without additional processing.(Hiraki et al., 2021). Seeding in hydrogels induced longitudinal arrangement of cells, increased tenogenic gene expression, and increased ECM production, with and without additional growth factors.(Awad et al., 2000; Farhat et al., 2012; Govoni et al., 2017; Herchenhan et al., 2020). Of note, compared to static loading, cyclic application of mechanical strain was found to upregulate tenogenic gene markers in multipotent stem cells, particularly SCX.(Scott et al., 2011). Aspect ratio and cell seeding density were also found to play important roles in guiding cell phenotype, with longer MSC-collagen gels resulting in more organized collagen fiber arrangement and higher seeding densities yielding more aligned cells (Awad et al., 2000; Nirmalanandhan et al., 2007). In addition to cell-mediated matrix remodeling, various methods have been developed to align matrix fibers within hydrogels. One such method includes embedding magnetic particles to provide cells with aligned contact points (Guo and Kaufman, 2007; Hiraki et al., 2021; Xu et al., 2021, 2021).
Further development of 3D printing techniques later allowed for printing of multilayered scaffolds that improve upon the mechanical strength of hydrogels and support greater matrix organization (Rinoldi et al., 2019; Ciardulli et al., 2020). In addition, studies using gels made from extracellular matrix directly derived from tendon and muscle have also offered new insights into the role of tendon-muscle junction proteins in tendon healing. Gaffney et al. found that compared to collagen gels, ECM gels promoted higher expression of paxillin, an intracellular protein linked to focal adhesion turnover; this suggests that collagen gels may lack a component or architecture that affords key cell-matrix interactions involved in tendon healing (Gaffney et al., 2021).
3D Fibrous Scaffolds
Advancements in chemical and biological engineering have brought forth the development of fibrous scaffolds, which have led to new 3D loading scaffolds for tendon regeneration. Fibrous scaffolds provide higher levels of matrix alignment and model the shearing forces created by the sliding and stretching of collagen fibers found in the native tendon (Wu et al., 2018). Today, multiple researchers have used electrospinning methods to create sophisticated, tunable knitted structures of nanofibers whose knitted architecture and flexibility closely mimic the environment created by the native extracellular matrix (Sahoo et al., 2010; Baker et al., 2011). Highly aligned biocompatible fibers could be generated from high-speed spinning of polymer solutions, and the resulting scaffolds also possess greater tensile strength than 2D scaffolds of the same polymers (Bosworth et al., 2013). A nanofiber scaffold facilitated proliferation of bone marrow MSCs, upregulated tendon specific gene expression, and increased collagen 1 and tenascin-C production; moreover, a fibrous scaffold generated tendon tissue of higher strength, improved collagen structure, and greater cell density and alignment (Sahoo et al., 2010; Wang et al., 2016; Tu et al., 2020). Schoenenberger et al. found that a fibrous topography alone was sufficient to promote upregulation of genes for inflammatory markers (e.g., interleukin 1 beta (IL1B), tumor necrosis factor (TNF)) in macrophages and tendon cells, suggesting that nanofiber scaffolds may also be useful in modulating biological responses in tendon healing (Schoenenberger et al., 2020).
To address the nanofiber model’s weak tensile strength, heterogenous fiber architecture, and insufficient mechanical support for clinical translation, later models combined multiple fiber substrates, embedded fibers in a hydrogel, or created microfiber/nanofiber yarns using novel spinning techniques (Liu et al., 2017; Wu et al., 2017; Patel et al., 2018; Lin et al., 2019; Cai et al., 2020). Patel et al. embedded PEGDM fibers in a hydrogel matrix, allowing researchers to replicate the low-shear, high-tension strain experienced by collagen fibers in the native tissue and producing similar findings to collagen based 3D models (Patel et al., 2018). A self-assembling nanofiber hydrogel made of RADA peptides has also been developed and has been shown to promote alignment and growth of tendon progenitor cells (Yin et al., 2020). A polycaprolactone/Poly (l-lactide-co-ε-caprolactone) nanofiber “yarn” developed by Cai et al. promoted tenogenic differentiation of bone marrow MSCs and retained cytocompatibility and biomechanical strength in in vivo rabbit studies (Cai et al., 2020). The nanofiber scaffold thus shows promise as a clinically applicable model for tendon tissue engineering. Further study of the effects of dynamic loading conditions applied to electrospun scaffolds may reveal additional findings about the biomechanical properties of tendon.
3D loading models have afforded researchers greater control over the “matrix” architecture in which they are seeding their cells for study. Consistent with 2D models, moderate levels of loading yielded results indicating tenogenic differentiation or tenocyte maintenance, but the sophistication of the scaffold designs offers a deeper understanding of the effects of the elastic moduli of the substrate itself and the additional forces experienced by native tendon, such as shearing or sliding forces.
CONSIDERATIONS AND FUTURE DIRECTIONS
The study of tendon mechanobiology using mechanical stimulation models has evolved substantially as researchers develop new techniques to more closely model the native tendon environment. The range of loading parameters, cell types, and substrates used in these studies demonstrates the complexity with which researchers must contend. As mechanical loading models grow more sophisticated, researchers must consider several issues when designing studies and translating these approaches from in vitro to in vivo investigations.
As seen above, studies have employed a wide variety of cell types, substrates, and loading parameters. Variability in loading protocols for both 2D and 3D loading models may make it more difficult for future researchers to reproduce results from loading studies. Certain loading parameters that may drive tenogenic differentiation in one study may not elicit significant changes in another. Moderate levels of strain from 4 to 10% more often yielded tenogenic gene expression, but it was not consistently reported in studies whether other effects, such as upregulation of inflammatory markers or osteogenic genes, increased as well. Differences in results may be attributed to cell types or substrates used in the experiments, though there was no consistent trend in what genes each study tested, making comparison between cell types at the same levels of strain difficult. Responses may even vary by tendon type, which has been shown to have variations on mechanical properties and responses to loading (Zuskov et al., 2020). In addition, many bioreactors used in these studies are custom-designed, and the parameters of the reactor design may also influence cellular response. Future bioreactor studies may explore the unique properties of different tendon types, though it is unclear whether the properties seen in explant studies can be replicated in vitro models. Finally, although certain gene expression levels and protein markers are commonly used to confirm tenogenesis, studies often differ in which markers they analyze. For example, examination of ECM gene expression and protein levels may be a useful but incomplete measure of tendon differentiation, as these genes may also be upregulated in chondrogenesis or osteogenesis.
Experimental designs are also increasing in complexity in order to more closely recapitulate the biomechanical environment of native tendon, but the ability to fully capture the complexity of native biomechanical properties remains limited. Tensile strain has proven sufficient to spur some degree of tenogenic differentiation. However, as recent explant studies have revealed, there are still forces at the fascicular level of tendon structure, such as shear stress or sliding, that have not been deeply examined in vitro for their role in governing cellular behavior (Thorpe et al., 2015; Lee and Elliott, 2019). Non-explant in vitro models have yet to reach the point where they can be used to study macroscale responses to mechanical strain. While tensile strain has been shown to sufficiently drive tenogenic differentiation or preserve tendon-specific genes in a cell population, further research is required before constructs generated from bioreactors are comparable to the gold standard of autograft and/or allograft tissues used clinically for tendon repair procedures today.
Current research continues to fill in gaps in our understanding of the cellular properties of tendon as well. For example, we are now learning that cellular populations found in tendon may be more diverse and heterogeneous than previously thought, (De Micheli et al., 2020), and lineage tracing has revealed variation in cell populations seen at different severities, stages of tendon injury, and even age may play a significant role in tendon healing as well. (Dyment et al., 2014; Howell et al., 2017; Moser et al., 2018; Nichols et al., 2019). Also noteworthy are interactions within the musculotendinous unit and bone, which may moderate tendon morphology and thus function at the organ level. (O’Neill et al., 2015). In vitro studies have yet to incorporate this level of cellular and structural complexity into experimental design, but these may be worthwhile to explore in future research as there remains much to be understood about how the cell-level responses seen in vitro studies may be modulated by higher level interactions. Tendons are ultimately composed of hierarchical structures, and certain mechanical properties may only manifest at higher levels of organization which are not yet achieved through current bioreactor models.
In summary, in vitro mechanical loading models of tenogenic cell phenotypes have advanced our understanding of tendon mechanobiology and have equipped investigators with valuable tools to further explore tendon intracellular machinery, its interactions with extracellular matrix and signaling molecules. As discussed in this review, described models are widely varied, offering researchers a diverse range of bioreactors and loading parameters to reference for future research. Each model and loading scheme are associated with unique advantages and disadvantages that can be tailored to address the desired research questions of interest. Moving forward, more sophisticated mechanical loading models that better recapitulate physiologic loading will allow further exploration of the complex interactions between surrounding tissues (bone, muscle, neurovasculature, etc.) and tendon itself. Ultimately, this may deepen our understanding of the relevant molecular mechanisms associated with tendon development and pathogenesis and may provide the foundation for future tendon tissue healing and regeneration approaches.
AUTHOR CONTRIBUTIONS
SW contributed to writing of the manuscript and composing the tables. WK contributed to writing of the manuscript. TK conceived the topic and contributed to writing of the manuscript.
FUNDING
Research support for TK, Jr is provided by US Department of Veterans Affairs project # 2020-000059.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.826748/full#supplementary-material
REFERENCES
 Almekinders, L. C., Weinhold, P. S., and Maffulli, N. (2003). Compression Etiology in Tendinopathy. Clin. Sports Med. 22, 703–710. doi:10.1016/s0278-5919(03)00067-x
 Arnoczky, S. P., Lavagnino, M., Whallon, J. H., and Hoonjan, A. (2002a). In Situ cell Nucleus Deformation in Tendons under Tensile Load; a Morphological Analysis Using Confocal Laser Microscopy. J. Orthop. Res. 20, 29–35. doi:10.1016/s0736-0266(01)00080-8
 Arnoczky, S. P., Tian, T., Lavagnino, M., Gardner, K., Schuler, P., and Morse, P. (2002b). Activation of Stress-Activated Protein Kinases (SAPK) in Tendon Cells Following Cyclic Strain: the Effects of Strain Frequency, Strain Magnitude, and Cytosolic Calcium. J. Orthop. Res. 20, 947–952. doi:10.1016/s0736-0266(02)00038-4
 Awad, H. A., Butler, D. L., Harris, M. T., Ibrahim, R. E., Wu, Y., Young, R. G., et al. (2000). In Vitro characterization of Mesenchymal Stem Cell-Seeded Collagen Scaffolds for Tendon Repair: Effects of Initial Seeding Density on Contraction Kinetics. J. Biomed. Mater. Res. 51, 233–240. doi:10.1002/(sici)1097-4636(200008)51:2<233:aid-jbm12>3.0.co;2-b
 Baker, B. M., Shah, R. P., Huang, A. H., and Mauck, R. L. (2011). Dynamic Tensile Loading Improves the Functional Properties of Mesenchymal Stem Cell-Laden Nanofiber-Based Fibrocartilage. Tissue Eng. A 17, 1445–1455. doi:10.1089/ten.tea.2010.0535
 Banes, A. J., Horesovsky, G., Larson, C., Tsuzaki, M., Judex, S., Archambault, J., et al. (1999). Mechanical Load Stimulates Expression of Novel Genesin Vivoandin Vitroin Avian Flexor Tendon Cells. Osteoarthritis and Cartilage 7, 141–153. doi:10.1053/joca.1998.0169
 Bosworth, L. A., Alam, N., Wong, J. K., and Downes, S. (2013). Investigation of 2D and 3D Electrospun Scaffolds Intended for Tendon Repair. J. Mater. Sci. Mater. Med. 24, 1605–1614. doi:10.1007/s10856-013-4911-8
 Brennan, D. A., Conte, A. A., Kanski, G., Turkula, S., Hu, X., Kleiner, M. T., et al. (2018). Mechanical Considerations for Electrospun Nanofibers in Tendon and Ligament Repair. Adv. Healthc. Mater. 7, 1701277. doi:10.1002/adhm.201701277
 Butler, D. L., Goldstein, S. A., and Guilak, F. (2000). Functional Tissue Engineering: the Role of Biomechanics. J. Biomech. Eng. 122, 570–575. doi:10.1115/1.1318906
 Cai, J., Xie, X., Li, D., Wang, L., Jiang, J., Mo, X., et al. (2020). A Novel Knitted Scaffold Made of Microfiber/nanofiber Core-Sheath Yarns for Tendon Tissue Engineering. Biomater. Sci. 8, 4413–4425. doi:10.1039/d0bm00816h
 Chen, C.-H., Marymont, J. V., Huang, M.-H., Geyer, M., Luo, Z.-P., and Liu, X. (2007). Mechanical Strain Promotes Fibroblast Gene Expression in Presence of Corticosteroid. Connect. Tissue Res. 48, 65–69. doi:10.1080/03008200601090824
 Chen, Y.-J., Huang, C.-H., Lee, I.-C., Lee, Y.-T., Chen, M.-H., and Young, T.-H. (2008). Effects of Cyclic Mechanical Stretching on the mRNA Expression of Tendon/Ligament-Related and Osteoblast-specific Genes in Human Mesenchymal Stem Cells. Connect. Tissue Res. 49, 7–14. doi:10.1080/03008200701818561
 Cheng, V. W. T., and Screen, H. R. C. (2007). The Micro-structural Strain Response of Tendon. J. Mater. Sci. 42, 8957–8965. doi:10.1007/s10853-007-1653-3
 Chrzanowska-Wodnicka, M., and Burridge, K. (1996). Rho-stimulated Contractility Drives the Formation of Stress Fibers and Focal Adhesions. J. Cel Biol. 133, 1403–1415. doi:10.1083/jcb.133.6.1403
 Ciardulli, M. C., Marino, L., Lovecchio, J., Giordano, E., Forsyth, N. R., Selleri, C., et al. (2020). Tendon and Cytokine Marker Expression by Human Bone Marrow Mesenchymal Stem Cells in a Hyaluronate/poly-Lactic-Co-Glycolic Acid (PLGA)/fibrin Three-Dimensional (3D) Scaffold. Cells 9, 1268. doi:10.3390/cells9051268
 Contessi Negrini, N., Toffoletto, N., Farè, S., and Altomare, L. (2020). Plant Tissues as 3D Natural Scaffolds for Adipose, Bone and Tendon Tissue Regeneration. Front. Bioeng. Biotechnol. 8, 723. doi:10.3389/fbioe.2020.00723
 De Micheli, A. J., Swanson, J. B., Disser, N. P., Martinez, L. M., Walker, N. R., Oliver, D. J., et al. (2020). Single-cell Transcriptomic Analysis Identifies Extensive Heterogeneity in the Cellular Composition of Mouse Achilles Tendons. Am. J. Physiology-Cell Physiol. 319, C885–C894. doi:10.1152/ajpcell.00372.2020
 Deniz, P., Guler, S., Çelik, E., Hosseinian, P., and Aydin, H. M. (2020). Use of Cyclic Strain Bioreactor for the Upregulation of Key Tenocyte Gene Expression on Poly(glycerol-Sebacate) (PGS) Sheets. Mater. Sci. Eng. C 106, 110293. doi:10.1016/j.msec.2019.110293
 Devkota, A. C., Tsuzaki, M., Almekinders, L. C., Banes, A. J., and Weinhold, P. S. (2007). Distributing a Fixed Amount of Cyclic Loading to Tendon Explants over Longer Periods Induces Greater Cellular and Mechanical Responses. J. Orthop. Res. 25, 1078–1086. doi:10.1002/jor.20389
 Docheva, D., Müller, S. A., Majewski, M., and Evans, C. H. (2015). Biologics for Tendon Repair. Adv. Drug Deliv. Rev. 84, 222–239. doi:10.1016/j.addr.2014.11.015
 Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M., et al. (2011). Role of YAP/TAZ in Mechanotransduction. Nature 474, 179–183. doi:10.1038/nature10137
 Dyment, N. A., Hagiwara, Y., Matthews, B. G., Li, Y., Kalajzic, I., and Rowe, D. W. (2014). Lineage Tracing of Resident Tendon Progenitor Cells during Growth and Natural Healing. PLoS One 9, e96113. doi:10.1371/journal.pone.0096113
 Engler, A. J., Sen, S., Sweeney, H. L., and Discher, D. E. (2006). Matrix Elasticity Directs Stem Cell Lineage Specification. Cell 126, 677–689. doi:10.1016/j.cell.2006.06.044
 Ezura, Y., Chakravarti, S., Oldberg, A., Chervoneva, I., and Birk, D. E. (2000). Differential Expression of Lumican and Fibromodulin Regulate Collagen Fibrillogenesis in Developing Mouse Tendons. J. Cel Biol. 151, 779–788. doi:10.1083/jcb.151.4.779
 Fahlstrom, M., Jonsson, P., Lorentzon, R., and Alfredson, H. k. (2003). Chronic Achilles Tendon Pain Treated with Eccentric Calf-Muscle Training. Knee Surg. Sports Traumatol. Arthrosc. 11, 327–333. doi:10.1007/s00167-003-0418-z
 Fang, F., Schwartz, A. G., Moore, E. R., Sup, M. E., and Thomopoulos, S. (2020). Primary Cilia as the Nexus of Biophysical and Hedgehog Signaling at the Tendon Enthesis. Sci. Adv. 6, eabc1799. doi:10.1126/sciadv.abc1799
 Farhat, Y. M., Al-Maliki, A. A., Chen, T., Juneja, S. C., Schwarz, E. M., O’Keefe, R. J., et al. (2012). Gene Expression Analysis of the Pleiotropic Effects of TGF-Β1 in an In Vitro Model of Flexor Tendon Healing. PLoS One 7, e51411. doi:10.1371/journal.pone.0051411
 Feng, Z., Tateishi, Y., Nomura, Y., Kitajima, T., and Nakamura, T. (2006). Construction of Fibroblast-Collagen Gels with Orientated Fibrils Induced by Static or Dynamic Stress: toward the Fabrication of Small Tendon Grafts. J. Artif. Organs 9, 220–225. doi:10.1007/s10047-006-0354-z
 Fratzl, P., Misof, K., Zizak, I., Rapp, G., Amenitsch, H., and Bernstorff, S. (1998). Fibrillar Structure and Mechanical Properties of Collagen. J. Struct. Biol. 122, 119–122. doi:10.1006/jsbi.1998.3966
 Freedman, B. R., Rodriguez, A. B., Leiphart, R. J., Newton, J. B., Ban, E., Sarver, J. J., et al. (2018). Dynamic Loading and Tendon Healing Affect Multiscale Tendon Properties and ECM Stress Transmission. Sci. Rep. 8, 10854. doi:10.1038/s41598-018-29060-y
 Gaffney, L. S., Davis, Z. G., Mora-Navarro, C., Fisher, M. B., and Freytes, D. O. (2021). Extracellular Matrix Hydrogels Promote Expression of Muscle-Tendon Junction Proteins. Tissue Eng. Part A . Online ahead of print. doi:10.1089/ten.TEA.2021.0070
 Garvin, J., Qi, J., Maloney, M., and Banes, A. J. (2003). Novel System for Engineering Bioartificial Tendons and Application of Mechanical Load. Tissue Eng. 9, 967–979. doi:10.1089/107632703322495619
 Gatt, R., Vella Wood, M., Gatt, A., Zarb, F., Formosa, C., Azzopardi, K. M., et al. (2015). Negative Poisson's Ratios in Tendons: An Unexpected Mechanical Response. Acta Biomater. 24, 201–208. doi:10.1016/j.actbio.2015.06.018
 Goodman, S. A., May, S. A., Heinegård, D., and Smith, R. K. (2004). Tenocyte Response to Cyclical Strain and Transforming Growth Factor Beta Is Dependent upon Age and Site of Origin. Biorheology 41, 613–628.
 Govoni, M., Berardi, A. C., Muscari, C., Campardelli, R., Bonafè, F., Guarnieri, C., et al. (2017). 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 23, 811–822. doi:10.1089/ten.tea.2016.0407
 Guo, C., and Kaufman, L. J. (2007). Flow and Magnetic Field Induced Collagen Alignment. Biomaterials 28, 1105–1114. doi:10.1016/j.biomaterials.2006.10.010
 Hamilton, B., and Purdam, C. (2004). Patellar Tendinosis as an Adaptive Process: a New Hypothesis. Br. J. Sports Med. 38, 758–761. doi:10.1136/bjsm.2003.005157
 Han, W. M., Heo, S.-J., Driscoll, T. P., Smith, L. J., Mauck, R. L., and Elliott, D. M. (2013). Macro- to Microscale Strain Transfer in Fibrous Tissues Is Heterogeneous and Tissue-specific. Biophysical J. 105, 807–817. doi:10.1016/j.bpj.2013.06.023
 Heng, B. C., Zhang, X., Aubel, D., Bai, Y., Li, X., Wei, Y., et al. (2020). Role of YAP/TAZ in Cell Lineage Fate Determination and Related Signaling Pathways. Front. Cel Dev. Biol. 8, 735. doi:10.3389/fcell.2020.00735
 Herchenhan, A., Dietrich‐Zagonel, F., Schjerling, P., Kjær, M., and Eliasson, P. (2020). Early Growth Response Genes Increases Rapidly after Mechanical Overloading and Unloading in Tendon Constructs. J. Orthop. Res. 38, 173–181. doi:10.1002/jor.24513
 Hiraki, H. L., Matera, D. L., Rose, M. J., Kent, R. N., Todd, C. W., Stout, M. E., et al. (2021). Magnetic Alignment of Electrospun Fiber Segments within a Hydrogel Composite Guides Cell Spreading and Migration Phenotype Switching. Front. Bioeng. Biotechnol. 9, 679165. doi:10.3389/fbioe.2021.679165
 Holmes, D. F., Graham, H. K., and Kadler, K. E. (1998). Collagen Fibrils Forming in Developing Tendon Show an Early and Abrupt Limitation in Diameter at the Growing Tips. J. Mol. Biol. 283, 1049–1058. doi:10.1006/jmbi.1998.2153
 Hooley, C. J., McCrum, N. G., and Cohen, R. E. (1980). The Viscoelastic Deformation of Tendon. J. Biomech. 13, 521–528. doi:10.1016/0021-9290(80)90345-0
 Howell, K., Chien, C., Bell, R., Laudier, D., Tufa, S. F., Keene, D. R., et al. (2017). Novel Model of Tendon Regeneration Reveals Distinct Cell Mechanisms Underlying Regenerative and Fibrotic Tendon Healing. Sci. Rep. 7, 45238. doi:10.1038/srep45238
 Hu, X., Liu, Z. Z., Chen, X., Schulz, V. P., Kumar, A., Hartman, A. A., et al. (2019). MKL1-actin Pathway Restricts Chromatin Accessibility and Prevents Mature Pluripotency Activation. Nat. Commun. 10, 1695. doi:10.1038/s41467-019-09636-6
 Humphrey, J. D., Dufresne, E. R., and Schwartz, M. A. (2014). Mechanotransduction and Extracellular Matrix Homeostasis. Nat. Rev. Mol. Cel Biol. 15, 802–812. doi:10.1038/nrm3896
 Islam, A., Mbimba, T., Younesi, M., and Akkus, O. (2017). Effects of Substrate Stiffness on the Tenoinduction of Human Mesenchymal Stem Cells. Acta Biomater. 58, 244–253. doi:10.1016/j.actbio.2017.05.058
 Jaiswal, D., Yousman, L., Neary, M., Fernschild, E., Zolnoski, B., Katebifar, S., et al. (2020). Tendon Tissue Engineering: Biomechanical Considerations. Biomed. Mater. 15, 052001. doi:10.1088/1748-605x/ab852f
 James, R., Kumbar, S. G., Laurencin, C. T., Balian, G., and Chhabra, A. B. (2011). Tendon Tissue Engineering: Adipose-Derived Stem Cell and GDF-5 Mediated Regeneration Using Electrospun Matrix Systems. Biomed. Mater. 6, 025011. doi:10.1088/1748-6041/6/2/025011
 Jozsa, L., Lehto, M., Kannus, P., Kvist, M., Reffy, A., Vieno, T., et al. (1989). Fibronectin and Laminin in Achilles Tendon. Acta Orthopaedica Scand. 60, 469–471. doi:10.3109/17453678909149322
 Kalson, N. S., Lu, Y., Taylor, S. H., Starborg, T., Holmes, D. F., and Kadler, K. E. (2015). A Structure-Based Extracellular Matrix Expansion Mechanism of Fibrous Tissue Growth. Elife 4, e05958. doi:10.7554/eLife.05958
 Kannus, P. (2000). Structure of the Tendon Connective Tissue. Scand. J. Med. Sci. Sports 10, 312–320. doi:10.1034/j.1600-0838.2000.010006312.x
 Kayama, T., Mori, M., Ito, Y., Matsushima, T., Nakamichi, R., Suzuki, H., et al. (2016). Gtf2ird1 -Dependent Mohawk Expression Regulates Mechanosensing Properties of the Tendon. Mol. Cel. Biol. 36, 1297–1309. doi:10.1128/mcb.00950-15
 Kirkendall, D. T., and Garrett, W. E. (1997). Function and Biomechanics of Tendons. Scand. J. Med. Sci. Sports 7, 62–66. doi:10.1111/j.1600-0838.1997.tb00120.x
 Kohrs, R. T., Zhao, C., Sun, Y.-L., Jay, G. D., Zhang, L., Warman, M. L., et al. (2011). Tendon Fascicle Gliding in Wild Type, Heterozygous, and Lubricin Knockout Mice. J. Orthop. Res. 29, 384–389. doi:10.1002/jor.21247
 Kuo, C. K., and Tuan, R. S. (2008). Mechanoactive Tenogenic Differentiation of Human Mesenchymal Stem Cells. Tissue Eng. Part A 14, 1615–1627. doi:10.1089/ten.tea.2006.0415
 Lavagnino, M., Arnoczky, S. P., and Gardner, K. (2011). In Situ deflection of Tendon Cell-Cilia in Response to Tensile Loading: an In Vitro Study. J. Orthop. Res. 29, 925–930. doi:10.1002/jor.21337
 Lavagnino, M., Arnoczky, S. P., Kepich, E., Caballero, O., and Haut, R. C. (2008). A Finite Element Model Predicts the Mechanotransduction Response of Tendon Cells to Cyclic Tensile Loading. Biomech. Model. Mechanobiol. 7, 405–416. doi:10.1007/s10237-007-0104-z
 Leckband, D. E., le Duc, Q., Wang, N., and de Rooij, J. (2011). Mechanotransduction at Cadherin-Mediated Adhesions. Curr. Opin. Cel Biol. 23, 523–530. doi:10.1016/j.ceb.2011.08.003
 Lee, A. H., and Elliott, D. M. (2019). Multi‐Scale Loading and Damage Mechanisms of Plantaris and Rat Tail Tendons. J. Orthop. Res. 37, 1827–1837. doi:10.1002/jor.24309
 Legerlotz, K., Jones, G. C., Screen, H. R. C., and Riley, G. P. (2013). Cyclic Loading of Tendon Fascicles Using a Novel Fatigue Loading System Increases Interleukin‐6 Expression by Tenocytes. Scand. J. Med. Sci. Sports 23, 31–37. doi:10.1111/j.1600-0838.2011.01410.x
 Lieber, R. L., Leonard, M. E., Brown, C. G., and Trestik, C. L. (1991). Frog Semitendinosis Tendon Load-Strain and Stress-Strain Properties during Passive Loading. Am. J. Physiology-Cell Physiol. 261, C86–C92. doi:10.1152/ajpcell.1991.261.1.c86
 Lim, W. L., Liau, L. L., Ng, M. H., Chowdhury, S. R., and Law, J. X. (2019). Current Progress in Tendon and Ligament Tissue Engineering. Tissue Eng. Regen. Med. 16, 549–571. doi:10.1007/s13770-019-00196-w
 Lin, Y., Zhang, L., Liu, N. Q., Yao, Q., Van Handel, B., Xu, Y., et al. (2019). In Vitro behavior of Tendon Stem/progenitor Cells on Bioactive Electrospun Nanofiber Membranes for Tendon-Bone Tissue Engineering Applications. Ijn Vol. 14, 5831–5848. doi:10.2147/ijn.s210509
 Liu, R., Patel, D., Screen, H. R. C., and Becer, C. R. (2017). A2B-miktoarm Glycopolymer Fibers and Their Interactions with Tenocytes. Bioconjug. Chem. 28, 1955–1964. doi:10.1021/acs.bioconjchem.7b00279
 Liu, S. H., Yang, R. S., Al-Shaikh, R., and Lane, J. M. (1995). Collagen in Tendon, Ligament, and Bone Healing. A Current Review. Clin. Orthop. Relat. Res. 265–278.
 Lui, P. P. Y., and Chan, K. M. (2011). Tendon-derived Stem Cells (TDSCs): from Basic Science to Potential Roles in Tendon Pathology and Tissue Engineering Applications. Stem Cel Rev Rep 7, 883–897. doi:10.1007/s12015-011-9276-0
 Maeda, E., Shelton, J. C., Bader, D. L., and Lee, D. A. (2009). Differential Regulation of Gene Expression in Isolated Tendon Fascicles Exposed to Cyclic Tensile Strain In Vitro. J. Appl. Physiol. 106, 506–512. doi:10.1152/japplphysiol.90981.2008
 Maeda, E., Shelton, J. C., Bader, D. L., and Lee, D. A. (2007). Time Dependence of Cyclic Tensile Strain on Collagen Production in Tendon Fascicles. Biochem. Biophysical Res. Commun. 362, 399–404. doi:10.1016/j.bbrc.2007.08.029
 Maganaris, C. N., and Paul, J. P. (1999). Vivo Human Tendon Mechanical Properties. J. Physiol. 521 (1), 307–313. doi:10.1111/j.1469-7793.1999.00307.x
 Majima, T., Yasuda, K., Tsuchida, T., Tanaka, K., Miyakawa, K., Minami, A., et al. (2003). Stress Shielding of Patellar Tendon: Effect on Small-Diameter Collagenfibrils in a Rabbit Model. J. Orthopaedic Sci. 8, 836–841. doi:10.1007/s00776-003-0707-x
 Malliaras, P., Kamal, B., Nowell, A., Farley, T., Dhamu, H., Simpson, V., et al. (2013). Patellar Tendon Adaptation in Relation to Load-Intensity and Contraction Type. J. Biomech. 46, 1893–1899. doi:10.1016/j.jbiomech.2013.04.022
 Martin, J. A., Mehr, D., Pardubsky, P. D., and Buckwalter, J. A. (2003). The Role of Tenascin-C in Adaptation of Tendons to Compressive Loading. Biorheology 40, 321–329. Available at: https://pubmed.ncbi.nlm.nih.gov/12454422/
 Morla, A., and Ruoslahti, E. (1992). A Fibronectin Self-Assembly Site Involved in Fibronectin Matrix Assembly: Reconstruction in a Synthetic Peptide. J. Cel Biol. 118, 421–429. doi:10.1083/jcb.118.2.421
 Moser, H. L., Doe, A. P., Meier, K., Garnier, S., Laudier, D., Akiyama, H., et al. (2018). Genetic Lineage Tracing of Targeted Cell Populations during Enthesis Healing. J. Orthop. Res. 36, 3275–3284. doi:10.1002/jor.24122
 Mousavizadeh, R., Duronio, V., McCormack, B., Khosravi, S., and Scott, A. (2013). MECHANICAL LOADING MODULATES ANGIOGENIC FACTORS IN TENDON CELLS. Br. J. Sports Med. 47, 4–e2. doi:10.1136/bjsports-2013-092459.12
 Muellner, T., Kwasny, O., Loehnert, V., Mallinger, R., Unfried, G., Schabus, R., et al. (2001). Light and Electron Microscopic Study of Stress-Shielding Effects on Rat Patellar Tendon. Arch. Orthopaedic Trauma Surg. 121, 561–565. doi:10.1007/s004020100281
 Nam, H. Y., Pingguan-Murphy, B., Abbas, A. A., Merican, A. M., and Kamarul, T. (2019). Uniaxial Cyclic Tensile Stretching at 8% Strain Exclusively Promotes Tenogenic Differentiation of Human Bone Marrow-Derived Mesenchymal Stromal Cells. Stem Cell Int 2019, 1–16. doi:10.1155/2019/9723025
 Nichols, A. E. C., Best, K. T., and Loiselle, A. E. (2019). The Cellular Basis of Fibrotic Tendon Healing: Challenges and Opportunities. Translational Res. 209, 156–168. doi:10.1016/j.trsl.2019.02.002
 Nie, D., Zhou, Y., Wang, W., Zhang, J., and Wang, J. H.-C. (2021). Mechanical Overloading Induced-Activation of mTOR Signaling in Tendon Stem/Progenitor Cells Contributes to Tendinopathy Development. Front. Cel Dev. Biol. 9, 687856. doi:10.3389/fcell.2021.687856
 Nirmalanandhan, V. S., Rao, M., Sacks, M. S., Haridas, B., and Butler, D. L. (2007). Effect of Length of the Engineered Tendon Construct on its Structure-Function Relationships in Culture. J. Biomech. 40, 2523–2529. doi:10.1016/j.jbiomech.2006.11.016
 O’Neill, S., Watson, P. J., and Barry, S. (2015). WHY ARE ECCENTRIC EXERCISES EFFECTIVE FOR ACHILLES TENDINOPATHY?Int. J. Sports Phys. Ther. 10, 552–562. 
 Ottani, V., Martini, D., Franchi, M., Ruggeri, A., and Raspanti, M. (2002). Hierarchical Structures in Fibrillar Collagens. Micron 33, 587–596. doi:10.1016/S0968-4328(02)00033-1
 Parent, G., Huppé, N., and Langelier, E. (2011). Low Stress Tendon Fatigue Is a Relatively Rapid Process in the Context of Overuse Injuries. Ann. Biomed. Eng. 39, 1535–1545. doi:10.1007/s10439-011-0254-0
 Passini, F. S., Jaeger, P. K., Saab, A. S., Hanlon, S., Chittim, N. A., Arlt, M. J., et al. (2021). Shear-stress Sensing by PIEZO1 Regulates Tendon Stiffness in Rodents and Influences Jumping Performance in Humans. Nat. Biomed. Eng. 5, 1457–1471. doi:10.1038/s41551-021-00716-x
 Patel, D., Sharma, S., Bryant, S. J., and Screen, H. R. C. (2017). Recapitulating the Micromechanical Behavior of Tension and Shear in a Biomimetic Hydrogel for Controlling Tenocyte Response. Adv. Healthc. Mater. 6, 1601095. doi:10.1002/adhm.201601095
 Patel, D., Sharma, S., Screen, H. R. C., and Bryant, S. J. (2018). Effects of Cell Adhesion Motif, Fiber Stiffness, and Cyclic Strain on Tenocyte Gene Expression in a Tendon Mimetic Fiber Composite Hydrogel. Biochem. Biophysical Res. Commun. 499, 642–647. doi:10.1016/j.bbrc.2018.03.203
 Rees, J. D., Lichtwark, G. A., Wolman, R. L., and Wilson, A. M. (2008). The Mechanism for Efficacy of Eccentric Loading in Achilles Tendon Injury; an In Vivo Study in Humans. Rheumatology 47, 1493–1497. doi:10.1093/rheumatology/ken262
 Riboh, J., Chong, A. K. S., Pham, H., Longaker, M., Jacobs, C., and Chang, J. (2008). Optimization of Flexor Tendon Tissue Engineering with a Cyclic Strain Bioreactor. J. Hand Surg. 33, 1388–1396. doi:10.1016/j.jhsa.2008.04.019
 Rinoldi, C., Fallahi, A., Yazdi, I. K., Campos Paras, J., Kijeńska-Gawrońska, E., Trujillo-de Santiago, G., et al. (2019). Mechanical and Biochemical Stimulation of 3D Multilayered Scaffolds for Tendon Tissue Engineering. ACS Biomater. Sci. Eng. 5, 2953–2964. doi:10.1021/acsbiomaterials.8b01647
 Rio, E., Kidgell, D., Moseley, G. L., Gaida, J., Docking, S., Purdam, C., et al. (2016). Tendon Neuroplastic Training: Changing the Way We Think about Tendon Rehabilitation: a Narrative Review. Br. J. Sports Med. 50, 209–215. doi:10.1136/bjsports-2015-095215
 Robbins, J. R., Evanko, S. P., and Vogel, K. G. (1997). Mechanical Loading and TGF-β Regulate Proteoglycan Synthesis in Tendon. Arch. Biochem. Biophys. 342, 203–211. doi:10.1006/abbi.1997.0102
 Roberts, T. J., and Konow, N. (2013). How Tendons Buffer Energy Dissipation by Muscle. Exerc. Sport Sci. Rev. 41, 186–193. doi:10.1097/JES.0b013e3182a4e6d5
 Robi, K., Jakob, N., Matevz, K., and Matjaz, V. (2013). The Physiology of Sports Injuries and Repair Processes. Curr. Issues Sports Exerc. Med. , 43–86. doi:10.5772/54234
 Robi, K., Jakob, N., Matevz, K., and Matjaz, V. (2013). The Physiology of Sports Injuries and Repair Processes. Curr. Issues Sports Exerc. Med. , 43–86. doi:10.5772/54234
 Rui, Y.-F., Lui, P. P. Y., Li, G., Fu, S. C., Lee, Y. W., and Chan, K. M. (2010). Isolation and Characterization of Multipotent Rat Tendon-Derived Stem Cells. Tissue Eng. Part A 16, 1549–1558. doi:10.1089/ten.tea.2009.0529
 Rui, Y. F., Lui, P. P. Y., Ni, M., Chan, L. S., Lee, Y. W., and Chan, K. M. (2011). Mechanical Loading Increased BMP-2 Expression Which Promoted Osteogenic Differentiation of Tendon-Derived Stem Cells. J. Orthop. Res. 29, 390–396. doi:10.1002/jor.21218
 Sahoo, S., Ang, L. T., Goh, J. C., and Toh, S. L. (2010). Growth Factor Delivery through Electrospun Nanofibers in Scaffolds for Tissue Engineering Applications. J. Biomed. Mater. Res. A. 93, 1539–1550. doi:10.1002/jbm.a.32645
 Scharenberg, M. A., Pippenger, B. E., Sack, R., Zingg, D., Ferralli, J., Schenk, S., et al. (2014). TGF-β-induced Differentiation into Myofibroblasts Involves Specific Regulation of Two MKL1 Isoforms. J. Cel Sci. 127, 1079–1091. doi:10.1242/jcs.142075
 Schiele, N. R., Marturano, J. E., and Kuo, C. K. (2013). Mechanical Factors in Embryonic Tendon Development: Potential Cues for Stem Cell Tenogenesis. Curr. Opin. Biotechnol. 24, 834–840. doi:10.1016/j.copbio.2013.07.003
 Schoenenberger, A. D., Tempfer, H., Lehner, C., Egloff, J., Mauracher, M., Bird, A., et al. (2020). Macromechanics and Polycaprolactone Fiber Organization Drive Macrophage Polarization and Regulate Inflammatory Activation of Tendon In Vitro and In Vivo. Biomaterials 249, 120034. doi:10.1016/j.biomaterials.2020.120034
 Scott, A., Danielson, P., Abraham, T., Fong, G., Sampaio, A. V., and Underhill, T. M. (2011). Mechanical Force Modulates Scleraxis Expression in Bioartificial Tendons. J. Musculoskelet. Neuronal Interact. 11, 124–132. 
 Scott, A., Khan, K., Heer, J., Cook, J., Lian, O., and Duronio, V. (2005). High Strain Mechanical Loading Rapidly Induces Tendon Apoptosis: an Ex Vivo Rat Tibialis Anterior Model. Br. J. Sports Med. 39, e25. doi:10.1136/bjsm.2004.015164
 Screen, H. R. C., Lee, D. A., Bader, D. L., and Shelton, J. C. (2004). An Investigation into the Effects of the Hierarchical Structure of Tendon Fascicles on Micromechanical Properties. Proc. Inst. Mech. Eng. H 218, 109–119. doi:10.1243/095441104322984004
 Screen, H. R. C., Shelton, J. C., Bader, D. L., and Lee, D. A. (2005). Cyclic Tensile Strain Upregulates Collagen Synthesis in Isolated Tendon Fascicles. Biochem. Biophysical Res. Commun. 336, 424–429. doi:10.1016/j.bbrc.2005.08.102
 Shani, R. H., Umpierez, E., Nasert, M., Hiza, E. A., and Xerogeanes, J. (2016). Biomechanical Comparison of Quadriceps and Patellar Tendon Grafts in Anterior Cruciate Ligament Reconstruction. Arthrosc. J. Arthroscopic Relat. Surg. 32, 71–75. doi:10.1016/j.arthro.2015.06.051
 Sharma, R. I., and Snedeker, J. G. (2010). Biochemical and Biomechanical Gradients for Directed Bone Marrow Stromal Cell Differentiation toward Tendon and Bone. Biomaterials 31, 7695–7704. doi:10.1016/j.biomaterials.2010.06.046
 Sharma, R. I., and Snedeker, J. G. (2012). Paracrine Interactions between Mesenchymal Stem Cells Affect Substrate Driven Differentiation toward Tendon and Bone Phenotypes. PLoS One 7, e31504. doi:10.1371/journal.pone.0031504
 Skutek, M., van Griensven, M., Zeichen, J., Brauer, N., and Bosch, U. (2003). Cyclic Mechanical Stretching of Human Patellar Tendon Fibroblasts: Activation of JNK and Modulation of Apoptosis. Knee Surg. Sports Traumatol. Arthrosc. 11, 122–129. doi:10.1007/s00167-002-0322-y
 Smith, R. K. W., Zunino, L., Webbon, P. M., and Heinegård, D. (1997). The Distribution of Cartilage Oligomeric Matrix Protein (COMP) in Tendon and its Variation with Tendon Site, Age and Load. Matrix Biol. 16, 255–271. doi:10.1016/s0945-053x(97)90014-7
 Stauber, T., Wolleb, M., Duss, A., Jaeger, P. K., Heggli, I., Hussien, A. A., et al. (2021). Extrinsic Macrophages Protect while Tendon Progenitors Degrade: Insights from a Tissue Engineered Model of Tendon Compartmental Crosstalk. Adv. Healthc. Mater. 10, 2100741. doi:10.1002/adhm.202100741
 Sugisaki, N., Kawakami, Y., Kanehisa, H., and Fukunaga, T. (2011). Effect of Muscle Contraction Levels on the Force-Length Relationship of the Human Achilles Tendon during Lengthening of the Triceps Surae Muscle-Tendon Unit. J. Biomech. 44, 2168–2171. doi:10.1016/j.jbiomech.2011.05.015
 Szczesny, S. E., Caplan, J. L., Pedersen, P., and Elliott, D. M. (2015). Quantification of Interfibrillar Shear Stress in Aligned Soft Collagenous Tissues via Notch Tension Testing. Sci. Rep. 5, 14649–9. doi:10.1038/srep14649
 Szczesny, S. E., Aeppli, C., David, A., and Mauck, R. L. (2018). Fatigue Loading of Tendon Results in Collagen Kinking and Denaturation but Does Not Change Local Tissue Mechanics. J. Biomech. 71, 251–256. doi:10.1016/j.jbiomech.2018.02.014
 Szczesny, S. E., and Elliott, D. M. (2014). Interfibrillar Shear Stress Is the Loading Mechanism of Collagen Fibrils in Tendon. Acta Biomater. 10, 2582–2590. doi:10.1016/j.actbio.2014.01.032
 Tajik, A., Zhang, Y., Wei, F., Sun, J., Jia, Q., Zhou, W., et al. (2016). Transcription Upregulation via Force-Induced Direct Stretching of Chromatin. Nat. Mater 15, 1287–1296. doi:10.1038/nmat4729
 Thompson, M. S., Bajuri, M. N., Khayyeri, H., and Isaksson, H. (2017). Mechanobiological Modelling of Tendons: Review and Future Opportunities. Proc. Inst. Mech. Eng. H 231, 369–377. doi:10.1177/0954411917692010
 Thorpe, C. T., Godinho, M. S. C., Riley, G. P., Birch, H. L., Clegg, P. D., and Screen, H. R. C. (2015). The Interfascicular Matrix Enables Fascicle Sliding and Recovery in Tendon, and Behaves More Elastically in Energy Storing Tendons. J. Mech. Behav. Biomed. Mater. 52, 85–94. doi:10.1016/j.jmbbm.2015.04.009
 Thorpe, C. T., and Screen, H. R. C. (2016). “Tendon Structure and Composition,” in “Tendon Structure and Composition,” in Metabolic Influences On Risk For Tendon Disorders ed . Editors P. W. Ackermann, and D. A. Hart (Cham: Springer International Publishing), 3–10.
 Tohidnezhad, M., Zander, J., Slowik, A., Kubo, Y., Dursun, G., Willenberg, W., et al. (2020). Impact of Uniaxial Stretching on Both Gliding and Traction Areas of Tendon Explants in a Novel Bioreactor. Ijms 21, 2925. doi:10.3390/ijms21082925
 Trelstad, R. L., and Hayashi, K. (1979). Tendon Collagen Fibrillogenesis: Intracellular Subassemblies and Cell Surface Changes Associated with Fibril Growth. Develop. Biol. 71, 228–242. doi:10.1016/0012-1606(79)90166-0
 Tsuzaki, M., Bynum, D., Almekinders, L., Yang, X., Faber, J., and Banes, A. J. (2003). ATP Modulates Load-Inducible IL-1?, COX 2, and MMP-3 Gene Expression in Human Tendon Cells. J. Cel. Biochem. 89, 556–562. doi:10.1002/jcb.10534
 Tu, T., Shen, Y., Wang, X., Zhang, W., Zhou, G., Zhang, Y., et al. (2020). Tendon ECM Modified Bioactive Electrospun Fibers Promote MSC Tenogenic Differentiation and Tendon Regeneration. Appl. Mater. Today 18, 100495. doi:10.1016/j.apmt.2019.100495
 Viganò, M., Perucca Orfei, C., Colombini, A., Stanco, D., Randelli, P., Sansone, V., et al. (2017). Different Culture Conditions Affect the Growth of Human Tendon Stem/progenitor Cells (TSPCs) within a Mixed Tendon Cells (TCs) Population. J. Exp. Orthop. 4, 8–9. doi:10.1186/s40634-017-0082-8
 Vogel, K. G. (2004). What Happens when Tendons bend and Twist? Proteoglycans. J. Musculoskelet. Neuronal Interact. 4, 202–203. Available at: https://europepmc.org/article/med/15615127
 Wall, M. E., Weinhold, P. S., Siu, T., Brown, T. D., and Banes, A. J. (2007). Comparison of Cellular Strain with Applied Substrate Strain In Vitro. J. Biomech. 40, 173–181. doi:10.1016/j.jbiomech.2005.10.032
 Wang, J. H.-C. (2006). Mechanobiology of Tendon. J. Biomech. 39, 1563–1582. doi:10.1016/j.jbiomech.2005.05.011
 Wang, J., Jia, F., Yang, G., Yang, S., Campbell, B., Stone, D., et al. (2003). Cyclic Mechanical Stretching of Human Tendon Fibroblasts Increases the Production of Prostaglandin E 2 and Levels of Cyclooxygenase Expression: A Novel In Vitro Model Study. Connect. Tissue Res. 44, 128–133. doi:10.1080/713713684
 Wang, N., Tytell, J. D., and Ingber, D. E. (2009). Mechanotransduction at a Distance: Mechanically Coupling the Extracellular Matrix with the Nucleus. Nat. Rev. Mol. Cel Biol. 10, 75–82. doi:10.1038/nrm2594
 Wang, T., Chen, P., Zheng, M., Wang, A., Lloyd, D., Leys, T., et al. (2018a). In Vitro loading Models for Tendon Mechanobiology. J. Orthop. Res. 36, 566–575. doi:10.1002/jor.23752
 Wang, T., Chen, P., Chen, L., Zhou, Y., Wang, A., Zheng, Q., et al. (2021). Reduction of Mechanical Loading in Tendons Induces Heterotopic Ossification and Activation of the β-catenin Signaling Pathway. J. Orthopaedic Translation 29, 42–50. doi:10.1016/j.jot.2021.03.004
 Wang, T., Lin, Z., Day, R. E., Gardiner, B., Landao-Bassonga, E., Rubenson, J., et al. (2013). Programmable Mechanical Stimulation Influences Tendon Homeostasis in a Bioreactor System. Biotechnol. Bioeng. 110, 1495–1507. doi:10.1002/bit.24809
 Wang, T., Lin, Z., Ni, M., Thien, C., Day, R. E., Gardiner, B., et al. (2015). Cyclic Mechanical Stimulation Rescues Achilles Tendon from Degeneration in a Bioreactor System. J. Orthop. Res. 33, 1888–1896. doi:10.1002/jor.22960
 Wang, T., Thien, C., Wang, C., Ni, M., Gao, J., Wang, A., et al. (2018b). 3D Uniaxial Mechanical Stimulation Induces Tenogenic Differentiation of Tendon‐derived Stem Cells through a PI3K/AKT Signaling Pathway. FASEB j. 32, 4804–4814. doi:10.1096/fj.201701384r
 Wang, W., He, J., Feng, B., Zhang, Z., Zhang, W., Zhou, G., et al. (2016). Aligned Nanofibers Direct Human Dermal Fibroblasts to Tenogenic Phenotype In Vitro and Enhance Tendon Regeneration In Vivo. Nanomedicine 11, 1055–1072. doi:10.2217/nnm.16.24
 Wang, X. T., Ker, R. F., and Alexander, R. M. (1995). Fatigue Rupture of Wallaby Tail Tendons. J. Exp. Biol. 198, 847–852. doi:10.1242/jeb.198.3.847
 Warner, J. J., Gillies, A. R., Hwang, H. H., Zhang, H., Lieber, R. L., and Chen, S. (2017). 3D-printed Biomaterials with Regional Auxetic Properties. J. Mech. Behav. Biomed. Mater. 76, 145–152. doi:10.1016/j.jmbbm.2017.05.016
 Woo, S. L.-Y., Debski, R. E., Zeminski, J., Abramowitch, S. D., Chan Saw, Ms, S. S., Fenwick, J. A., et al. (2000). Injury and Repair of Ligaments and Tendons. Annu. Rev. Biomed. Eng. 2, 83–118. doi:10.1146/annurev.bioeng.2.1.83
 Wren, T. A. L., Lindsey, D. P., Beaupré, G. S., and Carter, D. R. (2003). Effects of Creep and Cyclic Loading on the Mechanical Properties and Failure of Human Achilles Tendons. Ann. Biomed. Eng. 31, 710–717. doi:10.1114/1.1569267
 Wu, S., Wang, Y., Streubel, P. N., and Duan, B. (2017). Living Nanofiber Yarn-Based Woven Biotextiles for Tendon Tissue Engineering Using Cell Tri-culture and Mechanical Stimulation. Acta Biomater. 62, 102–115. doi:10.1016/j.actbio.2017.08.043
 Wu, Y., Han, Y., Wong, Y. S., and Fuh, J. Y. H. (2018). Fibre-based Scaffolding Techniques for Tendon Tissue Engineering. J. Tissue Eng. Regen. Med. 12, 1798–1821. doi:10.1002/term.2701
 Wunderli, S. L., Blache, U., and Snedeker, J. G. (2020). Tendon Explant Models for Physiologically Relevant In Vitro Study of Tissue Biology - a Perspective. Connect. Tissue Res. 61, 262–277. doi:10.1080/03008207.2019.1700962
 Wunderli, S. L., Widmer, J., Amrein, N., Foolen, J., Silvan, U., Leupin, O., et al. (2018). Minimal Mechanical Load and Tissue Culture Conditions Preserve Native Cell Phenotype and Morphology in Tendon-A Novel Ex Vivo Mouse Explant Model. J. Orthop. Res. 36, 1383–1390. doi:10.1002/jor.23769
 Xu, Y., Yin, H., Chu, J., Eglin, D., Serra, T., and Docheva, D. (2021). An Anisotropic Nanocomposite Hydrogel Guides Aligned Orientation and Enhances Tenogenesis of Human Tendon Stem/progenitor Cells. Biomater. Sci. 9, 1237–1245. doi:10.1039/d0bm01127d
 Yamamoto, E., Hayashi, K., and Yamamoto, N. (1999). Mechanical Properties of Collagen Fascicles from Stress-Shielded Patellar Tendons in the Rabbit. Clin. Biomech. 14, 418–425. doi:10.1016/S0268-0033(99)00006-6
 Yang, G., Crawford, R. C., and Wang, J. H.-C. (2004). Proliferation and Collagen Production of Human Patellar Tendon Fibroblasts in Response to Cyclic Uniaxial Stretching in Serum-free Conditions. J. Biomech. 37, 1543–1550. doi:10.1016/j.jbiomech.2004.01.005
 Yang, G., Im, H.-J., and Wang, J. H.-C. (2005). Repetitive Mechanical Stretching Modulates IL-1β Induced COX-2, MMP-1 Expression, and PGE2 Production in Human Patellar Tendon Fibroblasts. Gene 363, 166–172. doi:10.1016/j.gene.2005.08.006
 Yeung, C.-Y. C., Zeef, L. A. H., Lallyett, C., Lu, Y., Canty-Laird, E. G., and Kadler, K. E. (2015). Chick Tendon Fibroblast Transcriptome and Shape Depend on whether the Cell Has Made its Own Collagen Matrix. Sci. Rep. 5, 13555. doi:10.1038/srep13555
 Yin, H., Strunz, F., Yan, Z., Lu, J., Brochhausen, C., Kiderlen, S., et al. (2020). Three-dimensional Self-Assembling Nanofiber Matrix Rejuvenates Aged/degenerative Human Tendon Stem/progenitor Cells. Biomaterials 236, 119802. doi:10.1016/j.biomaterials.2020.119802
 Yin, Z., Guo, J., Wu, T.-y., Chen, X., Xu, L.-l., Lin, S.-e., et al. (2016). Stepwise Differentiation of Mesenchymal Stem Cells Augments Tendon-like Tissue Formation and Defect Repair In Vivo. Stem Cell Transl. Med. 5, 1106–1116. doi:10.5966/sctm.2015-0215
 Youngstrom, D. W., Barrett, J. G., Jose, R. R., and Kaplan, D. L. (2013). Functional Characterization of Detergent-Decellularized Equine Tendon Extracellular Matrix for Tissue Engineering Applications. PLoS One 8, e64151. doi:10.1371/journal.pone.0064151
 Youngstrom, D. W., and Barrett, J. G. (2016). Tendon Differentiation on Decellularized Extracellular Matrix under Cyclic Loading. Methods Mol. Biol. 1502, 195–202. doi:10.1007/7651_2016_332
 Youngstrom, D. W., LaDow, J. E., and Barrett, J. G. (2016). Tenogenesis of Bone Marrow-, Adipose-, and Tendon-Derived Stem Cells in a Dynamic Bioreactor. Connect. Tissue Res. 57, 454–465. doi:10.3109/03008207.2015.1117458
 Zeichen, J., van Griensven, M., and Bosch, U. (2000). The Proliferative Response of Isolated Human Tendon Fibroblasts to Cyclic Biaxial Mechanical Strain. Am. J. Sports Med. 28, 888–892. doi:10.1177/03635465000280061901
 Zhang, G., Chen, S., Goldoni, S., Calder, B. W., Simpson, H. C., Owens, R. T., et al. (2009). Genetic Evidence for the Coordinated Regulation of Collagen Fibrillogenesis in the Cornea by Decorin and Biglycan. J. Biol. Chem. 284, 8888–8897. doi:10.1074/jbc.m806590200
 Zhang, J., and Wang, J. H.-C. (2010). Mechanobiological Response of Tendon Stem Cells: Implications of Tendon Homeostasis and Pathogenesis of Tendinopathy. J. Orthop. Res. 28, 639–643. doi:10.1002/jor.21046
 Zhang, J., and Wang, J. H.-C. (2013). The Effects of Mechanical Loading on Tendons - an In Vivo and In Vitro Model Study. PLoS One 8, e71740. doi:10.1371/journal.pone.0071740
 Zhang, L., Kahn, C. J. F., Chen, H.-Q., Tran, N., and Wang, X. (2008). Effect of Uniaxial Stretching on Rat Bone Mesenchymal Stem Cell: Orientation and Expressions of Collagen Types I and III and Tenascin-C. Cel Biol. Int. 32, 344–352. doi:10.1016/j.cellbi.2007.12.018
 Zhong, C., Chrzanowska-Wodnicka, M., Brown, J., Shaub, A., Belkin, A. M., and Burridge, K. (1998). Rho-mediated Contractility Exposes a Cryptic Site in Fibronectin and Induces Fibronectin Matrix Assembly. J. Cel Biol. 141, 539–551. doi:10.1083/jcb.141.2.539
 Zuskov, A., Freedman, B. R., Gordon, J. A., Sarver, J. J., Buckley, M. R., and Soslowsky, L. J. (2020). Tendon Biomechanics and Crimp Properties Following Fatigue Loading Are Influenced by Tendon Type and Age in Mice. J. Orthop. Res. 38, 36–42. doi:10.1002/jor.24407
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wu, Kim and Kremen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-826748-t005.jpg
Level of strain General outcomes

1-4% Increased TNG, SCX, COL1A1, matrix genes (aggrecan, fibronectin, prolyl hydroxylase)Garvin et al. (2003); Scott et al.
(2011)
Increased RUNX2, ALP, OCN gene production\Wang et al. (2021)
Increased type | collagen, type il collagen, type Xl collagenBaker et al. (2011)
Increased heterotropic ossiication and decreased biomechanical strengthWang et al. (2021)





OPS/images/fbioe-10-826748-t003.jpg
Level of strain General outcomes
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Increased total collagen production Riboh et al. (2008), Zhang and Wang, (2010)
Increased BMP-2 production Rui et al. (2011)
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Downregulation of decorin Maeda et al. (2009)
Enhanced collagen production Maeda et al. (2007)
Matrix deterioration at 3% strain Wang et al. (2013)
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Increased MMP3, MMP13, MMP9 (Maeda et al. (2009); Tohidnezhad et al. (2020)
5-8% Retention of structural integrity, cellular function Wang et al. (2013)
Increased collagen production Wang et al. (2015)
Rescue of unloaded tendon samples from pathologic changes Wang et al. (2015)
Increased collagen synthesis Screen et al. (2005)
9%+ Increased COLTA1, IL-6Legerlotz et al. (2013)
Massive collagen bundle rupture, fiber kinking and denaturation\Wang et al.2013):Szczesny et al. (2018)
Induced stretch overload injury with increased apoptosis and abnormal nuclear morphologyScott et al. (2005)
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Decreased COX-2, MMP-1, PGE2 gene expression Yang et al. (2005)
Increased COX-2, IL-1 B, MMP-3 gene expression Tsuzaki et al. (2003), Wang et al. (2003)
Transient increases in ALP, RUNX2, OCN gene expression Chen et al. (2008), Nam et al. (2019)
5-8% Increased SCX, TNMD, TNC gene expression Nam et al. (2019)
Increased TGF- B Yang et al. (2004)
Increased collagen I, collagen I, fioronectin, N-cadherin Yang et al.(2004); Nam et al. (2019)
Increased COX-2, MMP-1, PGE2 expression Yang et al. (2005)
Increased JNK activation and apoptosis of tendon fibroblasts Skutek et al. (2003)
9%+ Increased TNC, SCX, TNMD gene expression in BMSCs Chen et al. (2008); Nam et al. (2019)
Increased collagen type I, colagen type I, fibronectin, N-cadherin Chen et al. (2008); Nam et al. (2019)
Increased PGE2, COX-1, COX-2 Wang et al. (2003)
Transiently increased ANGPTL4, FGF-2, COX-2, SPHK1, TGF-alpha, VEGF-A and VEGF-C Mousavizadeh et al. (2013)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





