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Abstract

Tendon is a strong connective tissue that transduces muscle-generated forces into skeletal motion.
In fulfilling this role, tendons are subjected to repeated mechanical loading and high stress, which
may result in injury. Tissue engineering with stem cells offers the potential to replace injured/
damaged tissue with healthy, new living tissue. Critical to tendon tissue engineering is the
induction and guidance of stem cells towards the tendon phenotype. Typical strategies have relied
on adult tissue homeostatic and healing factors to influence stem cell differentiation, but have yet
to achieve tissue regeneration. A novel paradigm is to use embryonic developmental factors as
cues to promote tendon regeneration. Embryonic tendon progenitor cell differentiation in vivo is
regulated by a combination of mechanical and chemical factors. We propose that these cues will
guide stem cells to recapitulate critical aspects of tenogenesis and effectively direct the cells to
differentiate and regenerate new tendon. Here, we review recent efforts to identify mechanical and
chemical factors of embryonic tendon development to guide stem/progenitor cell differentiation
toward new tendon formation, and discuss the role this work may have in the future of tendon
tissue engineering.
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1. Introduction

Tendon is a specialized connective tissue that serves a unique and critical role in the
musculoskeletal system. As the mechanical link between muscle and bone, tendon
transduces muscle-generated forces into skeletal motion. In fulfilling this role, tendon
experiences high mechanical stress and repeated loading, which may lead to injury.
Unfortunately, when tendon injuries occur, the native healing process results in scar tissue
with altered extracellular matrix (ECM) composition and organization, and impaired
mechanical properties compared to healthy tendon (Astrom and Rausing, 1995; Lin et al.,
2004). Significant tendon ruptures require surgical repair (Del Buono et al., 2013; Wills et
al., 1986), but surgery has its limitations. For example, a recent review of rotator cuff repairs
found that initial tears of 5 cm or larger suffered re-tearing within a year in at least 43% of
surgeries (Duquin et al., 2010). Grafting with autologous or allogeneic tissue is the current
standard of care, but surgical replacement with one of these grafts is associated with
numerous drawbacks. Consequently, these types of challenges have motivated efforts to
engineer new tendons for replacement.

Tissue engineering holds great potential as a treatment for human injuries and disease. A
classic tissue engineering approach is to culture stem cells in a biodegradable scaffold and
treat the engineered construct with mechanical and chemical factors to direct stem cell
differentiation and guide new tissue formation. Ultimately, new tissue would form in place
of the scaffold, and be used to replace the injured or diseased tendon. In other tissue
systems, differentiation of stem cells toward the desired lineage (e.g., osteogenic or
adipogenic) is typically induced via a cocktail of culture medium and other soluble chemical
supplements. Studies have explored various growth factors to promote tenogenesis
(differentiation of cells towards the tendon lineage) (Barsby and Guest, 2013; Lee et al.,
2011; Maeda et al., 2011; Pryce et al., 2009), but a well-defined set of soluble factors has yet
to be established. In line with the mechano-active nature of tendon, it seems that mechanical
factors also play a role in promoting tenogenesis. A number of recent studies have
emphasized the importance of mechanical regulation of tenogenesis using mesenchymal
stem cells (MSCs) (Doroski et al., 2010; Kuo and Tuan, 2008; Scott et al., 2011; Sharma and
Snedeker, 2010; Thomopoulos et al., 2011). However, while these studies have made
significant advancements, an engineered tendon has yet to be achieved.

Interestingly, mechanical and chemical factors used in many tissue engineering strategies
are those identified in adult tendon homeostasis and healing, even though those factors
direct adult tendon healing toward scar formation rather than tissue regeneration. In contrast,
we propose environmental factors that are present during embryonic tendon formation will
induce a developmental response from stem cells and direct these cells to regenerate new,
normal tissue. Specifically, physical and biochemical cues in the embryonic tissue
microenvironment may be delivered via scaffolds and bioreactors to effectively direct stem
cell tenogenesis and new tissue formation (Figure 1). In this review, we discuss recent
efforts to characterize the embryonic tendon microenvironment, and to use embryonic cues
to guide progenitor cell tenogenesis, with a specific focus on dynamic mechanical
stimulation (section 2) and matrix stiffness (section 3). We also discuss the identification of
functional markers that may be used to assess tendon formation (section 4). Finally, we
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close with considerations for embryonically inspired tissue engineering approaches to
regenerate new tendon from adult stem cells (section 5).

2. Dynamic Mechanical Stimulation

Once the myotendinous junction is formed to connect muscle to bone, tendons become
essential components of force transfer in the musculoskeletal system and experience static
and dynamic mechanical tension. Muscle paralysis and removal studies implicate muscle-
derived forces (e.g., contraction) as significant contributors to tendon formation during
embryonic development (Edom-Vovard et al., 2002; Germiller and Goldstein, 1997;
Kardon, 1998; Kieny and Chevallier, 1979; Mikic et al., 2000a; Mikic et al., 2000b).
Embryonic tendon cells may also experience changes in tensile loading as embryonic limbs
increase in length and the developing tendons are slowly stretched (Hamburger and
Hamilton, 1951). Taken together, it is likely that these applied mechanical stimuli
experienced by embryonic tendon act as physical cues to guide development.

To better understand how slow tensile stretch may influence tendon formation, chick
embryonic tendon cells were seeded in a fibrin gel, which was then gradually stretched at 2
mm per day over 4 days to double the gel length (Kalson et al., 2011). This slow stretch
resulted in increased collagen fibril diameter and volume fraction, collagen type | gene
expression, and cell nuclei length. Mechanical evaluation showed an increase in the ultimate
tensile stress and elastic modulus of the gel with stretch. This study suggests that tensile
stretch provides a mechanical cue for embryonic tendon cells to regulate collagen and
enhance tissue mechanical properties. However, the influence of slow tensile stretch on
expression of tenogenic markers by stem/progenitor cells was not reported.

Embryonic muscle activation and the influence of muscle paralysis on embryonic tendon
development was recently reviewed (Schiele et al., 2013), and thus will not be discussed at
length here. Briefly, muscle paralysis results in tendon degeneration and significant
musculoskeletal deformities (Germiller and Goldstein, 1997; Mikic et al., 2000a; Mikic et
al., 2000b; Roddy et al., 2011). These studies suggest that dynamic mechanical loading
resulting from muscle contractions is a significant influencer of tendon development, as
embryonic tendon cells likely experience dynamic loading during muscle contractions.
However, a significant challenge of studying the role of mechanical loading on developing
tendon in vivo is to isolate muscle-derived mechanical influences from chemical influences.
In addition to imposing mechanical strains on the tendon, muscle secretes soluble factors
that may influence tendon development. Scleraxis, a transcription factor considered an early
marker for tendon fate (Schweitzer et al., 2001), is regulated in part by fibroblastic growth
factors (FGFs), such as FGF-4, that are secreted by developing muscles (Brent et al., 2005;
Brent and Tabin, 2004; Edom-Vovard et al., 2002). Removal or disruption of muscle results
in diminished scleraxis expression, while ectopic FGF-4 application rescues scleraxis
expression (Brent et al., 2003; Edom-Vovard et al., 2002). These results implicate muscle-
derived chemical signaling in the control of tendon differentiation, but these effects cannot
be isolated from the effects of altered mechanical loading due to muscle removal or
disruption. Taken together, these studies suggest muscle-derived physical and chemical cues
are acting in concert to influence embryonic tendon development. While numerous in vitro
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studies have focused on the ability for mechanical loading to induce and sustain tenogenic
differentiation of stem cells (Kuo and Tuan, 2008; Scott et al., 2011), it is likely that a
combination of loading and soluble factor treatments are necessary to effectively guide
tenogenic lineage commitment and differentiation.

Despite these studies, specific dynamic loading parameters (e.g., strain rate, strain
magnitude, duration, and frequency) experienced by tenogenically differentiating cells
during embryonic development in vivo are unknown. Similarly, soluble factor regulation of
embryonic tendon during development is mostly unknown. The in vivo environment consists
of numerous unknown factors, making it difficult to isolate specific factor effects based on
animal studies. To circumvent this challenge, we are utilizing in vitro culture systems to
study the effects of mechanical and chemical cues on tenogenesis of embryonic tendon
progenitor cells (TPCs) in isolation of unknown confounding factors. We proposed that
mechanical and chemical factors that are tenogenic during embryonic tendon development
will promote or sustain tendon marker expression in embryonic TPCs in vitro. Embryonic
mouse TPCs were isolated from axial (e.g., tail, spine, etc.) and limb (e.g., Achilles, patellar,
flexor, etc.) tendons at different embryonic days (E) 13-17 of development and mechanically
loaded or treated with FGF-4 or transforming growth factor (TGF)-p2 in vitro (Brown et al.,
2014). FGF-4 and TGF-B2 have been shown to be critical for embryonic tendon
development (Brent and Tabin, 2004; Kuo et al., 2008; Pryce et al., 2009), though their
functions are not yet entirely known. For all stages, dynamic mechanical tensile loading (1%
strain, 0.5 Hz) and FGF-4 each minimally influenced tenogenic gene expression when
applied individually, while TGF-B2 significantly upregulated scleraxis gene expression in
TPCs as a function of developmental stage and anatomical origin. Interestingly, when E16.5
limb TPCs were treated with the combination of TGF-B2, FGF-4 and loading (1% strain, 0.5
Hz), scleraxis gene expression was further enhanced. These results demonstrate that while
certain individual embryonic chemical factors and mechanical loading are not sufficiently
tenogenic, multiple cues may collaborate synergistically to regulate tenogenesis. This study
also demonstrated that differentiation protocols should be tailored for tendons as a function
of anatomical origin.

In a subsequent study, we also compared the response of adult MSCs to that of embryonic
TPCs when treated with embryonic factors TGF-p2, FGF-4 and mechanical loading
(manuscript in preparation). Interestingly, MSCs either lagged in magnitude of response or
failed to respond to specific factors in comparison to TPCs. For instance, TGF-f32 treatment
significantly upregulated scleraxis gene expression in both cell types, but approximately
three times greater in embryonic limb TPCs than in MSCs. Additionally, the tenogenic
response of TPCs to TGF-f2 was enhanced by all combinations with FGF-4 and mechanical
loading, whereas MSCs responded tenogenically to fewer specific combinations.

Taken together, these studies identified TGF-p2 as a potent tenogenic factor for both
primary embryonic TPCs and adult MSCs. Our results also demonstrated synergistic effects
between loading and chemical factor treatment, suggesting that specific combinations of
physical and chemical cues will effectively induce and guide tenogenesis of stem cells. This
makes sense since both growth factors and muscle-derived mechanical loading are present
during tenogenic differentiation in vivo. Further study will be required to continue to
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optimize loading parameters, as scleraxis expression in murine C310T1/2 mesenchymal
progenitor cells was shown to increase in a strain magnitude and strain repetition-dependent
fashion (Scott et al., 2011). Finally, a deeper understanding of the mechanisms of MSC
response to physical and chemical cues, and why it deviates from that of TPCs, will
certainly advance tendon tissue engineering and regeneration efforts.

3. Role of Matrix Stiffness

Another potential tenogenic mechanical cue is tissue elastic modulus. Substrate mechanical
properties have been shown to be capable of directing gene expression of specific lineage
(e.g., osteogenic, myogenic, neurogenic) markers in MSCs in the absence of chemical cues
(Engler et al., 2006). Others have demonstrated that substrate modulus coupled with ECM
composition can differentially regulate tenogenic gene expression by stem cells (Sharma and
Snedeker, 2010). Based on this, we proposed embryonic tendon mechanical properties may
be effective cues for tenogenic differentiation.

To pursue this hypothesis, we quantitatively characterized mechanical properties of
embryonic chick tendon, and then used this information to fabricate scaffolds with
embryonic tendon elastic moduli and evaluate their ability to influence tenogenic
differentiation of chick TPCs. Using force volume-atomic force microscopy (FV-AFM) with
both nanoscale and microscale size probes, we measured the elastic modulus of embryonic
chick tendon as a function of developmental stage between Hamburger-Hamilton (HH)
stages 28 to 43 (equivalent to embryonic developmental days 6 to 17) (Marturano et al.,
2013a). Measurements at these length scales evaluate local tissue mechanical properties at a
scale that cells may sense (Stolz et al., 2004). The elastic modulus of embryonic tendon was
found to increase nonlinearly as a function of embryonic stage at both the nanoscale and
microscale (Marturano et al., 2013a) (Figure 2A, saline control).

Based on these measurements, we fabricated scaffolds with embryonic tendon elastic
modulus and investigated the ability for scaffold modulus to influence tenogenic gene
expression (Marturano et al., 2013b). Embryonic TPCs were encapsulated in RGD peptide-
functionalized alginate hydrogels with nanoscale mechanical properties of embryonic tendon
of various developmental stages. Scaffold moduli were chosen to mimic the elastic modulus
of embryonic tendons at earlier, matching or later developmental stages of encapsulated
TPCs, and found to regulate expression of scleraxis and other tenogenic genes as a function
of modulus. This study suggests that tenogenic differentiation of stem cells such as
embryonic TPCs, and perhaps MSCs, can be directed by native and engineered tissue elastic
modulus. Ongoing studies are further characterizing the effects of these cues individually
and in combination on stem cell differentiation.

4. Potential Functional Markers of Tendon Formation

It is common to presume that the mechanical properties of developing tissues increase with
ECM biochemical content and organization. A recent study measured changes in murine
Achilles tendon mechanical properties as well as collagen content, fibril diameter and
organization (Ansorge et al., 2011). Tendon elastic modulus increased with post-natal age
along with increased collagen content and fibril diameter, which suggests a correlation
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between mechanical properties and ECM content and composition. Based on this and other
studies (Ansorge et al., 2011; Silver et al., 2003), we investigated relationships between
embryonic chick tendon elastic modulus and ECM composition (Marturano et al., 2013a).
Quantitatively, tendon elastic modulus increased nonlinearly while collagen biochemical
content increased exponentially as a function of developmental stage, suggesting some
correlation between the two parameters. However, analysis of spatial correlations between
FV-AFM modulus maps and histological and second-harmonic generation (SHG) images
demonstrated that collagen fibrils were only weakly correlated with elastic modulus
(Pearson's correlation coefficient r = 0.13, P < 0.05), while glycosaminoglycans (GAGs) and
cell nuclei, stained with Alcian blue (AB) and DAPI, respectively, had no significant
correlation with elastic modulus (Figure 2B,C).

Based on these results, we decided to investigate collagen crosslinking as a possible
contributor in the elaboration of embryonic tendon mechanical properties. Using mass
spectrometry, we characterized changes in lysyl oxidase (LOX)-mediated crosslinks,
hydroxylysyl pyridinoline (HP) and lysyl pyridinoline (LP), as a function of developmental
stage, and demonstrated good correlation with elastic moduli (r2 = 0.8, p < 0.0001;
(Marturano et al., 2014)). To inhibit LOX activity and thereby reduce collagen crosslinking
during development, we treated chick embryos with 3-aminopropionitrile (BAPN) in ovo.
BAPN treatment resulted in a dose dependent reduction in both crosslink density and tendon
elastic modulus at embryonic stages HH 40 and 43 (Figure 2A) but had no detectable effect
on collagen content or organization (Marturano et al., 2013a). At the highest dosage, BAPN
treatment completely ablated the developmental stage-dependent increases in tendon elastic
modulus. This novel finding demonstrated that LOX-mediated collagen crosslinking is a
critical contributor to embryonic tendon mechanical property elaboration, and that
alterations in collagen crosslinking that affect mechanical properties may not be reflected in
the biochemical concentration or organization of the ECM. Thus, it is critical to evaluate
proper tissue formation with functional properties, rather than relying on ECM biochemical
content to infer mechanical properties.

Having established good correlation between LOX crosslink density and mechanical
properties of developing embryonic tendon, we pursued a potential method to non-
destructively characterize LOX crosslinks as functional markers of tendon formation.
Crosslink density is often measured via high performance liquid chromatography or mass
spectrometry (Couppe et al., 2009). These evaluation methods require samples to be
hydrolyzed prior to measurement, resulting in complete tissue destruction. Tissue
destruction prohibits tracking changes in crosslink density over time within a single sample,
and precludes acquisition of spatial information about the distribution of crosslinks. To
investigate the potential to non-destructively quantify LOX-mediated crosslinks as a
functional marker, we pursued the use of two-photon excitation fluorescence imaging to
analyze tissue samples (Marturano et al., 2014). This microscopy-based approach takes
advantage of the autofluorescence of HP and LP enzymatic crosslinks of collagen fibers.
Collagen crosslinks were visualized in embryonic tendons by excitation with a two-photon
laser using a 720 nm wavelength. When coupled with SHG imaging to observe collagen
fibrils, the overlaid images (crosslinks and collagen) provided a visual representation of the
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location and density of crosslinks within the embryonic tendon. LOX-mediated crosslinks
and collagen fibers were successfully visualized in embryonic chick tendons of various
developmental stages, and shown via image analysis to have good correlation with mass
spectrometry results. These results demonstrated the potential to use imaging to non-
destructively quantify crosslink density without the need for an exogenous contrast agent or
sample hydrolysis. Imaging of crosslinks may be a promising method to nondestructively,
and perhaps non-invasively, characterize functional properties of tendon and other
collagenous tissues during tissue formation. Studies are underway to further characterize this
novel approach, which could potentially be used to evaluate engineered or embryonic tissue
development, disease progression and even tissue healing over time.

5. Conclusions and Future Directions

As adult tendon healing results in aberrant tissue mechanics and scar formation rather than
in regeneration, physical and chemical factors of adult tendon may not be effective for
directing de novo tenogenesis of stem cells. In contrast, we propose that microenvironmental
factors that regulate normal embryonic tendon development are potent tenogenic cues for
stem cell differentiation. Our characterizations of the embryonic tendon microenvironment
(e.g., tissue elastic modulus and biochemical composition) and its contributors (e.g.,
dynamic mechanical loads and growth factors) have provided a unique set of tissue
engineering design parameters that may guide tenogenic differentiation of stem cells and
assess new tissue formation. Our studies suggest that no single embryonic factor has been
identified that will be sufficient to induce and maintain tenogenesis in vitro. Therefore, a
combinatorial approach may be most effective to regulate stem cell tenogenesis, involving
scaffold-dependent (e.g., elastic modulus) and exogenously applied (e.g., dynamic loading
and chemical supplements) factors, including those we have identified (Figure 1).
Identification of additional embryonic chemical and mechanical cues, as well as their
optimal combinations, concentrations and parameters, and timing of delivery will advance
embryonically inspired tissue engineering approaches.

An appropriate stem cell source will also be critical to the success of an embryonically
informed strategy. Our studies suggest that MSCs may have limited differentiation potential
compared to embryonic TPCs, even though both progenitor cell types originate from the
mesenchyme. Characterization of molecular mechanisms responsible for differences in
embryonic TPC and adult MSC response to factors may identify pathways that can be
controlled to enhance the tenogenic capacity of MSCs. In addition to MSCs, a variety of
other stem cells have been explored for tendon tissue engineering, including adipose-derived
stem cells, embryonic stem cells, induced pluripotent stem cells, and even adult tendon-
derived stem/progenitor cells (Bi et al., 2007; Cohen et al., 2010; James et al., 2011; Xu et
al., 2013; Yin et al., 2013; Zhang and Wang, 2010). It is possible that specific stem cell
types possess greater tenogenic potential.

All in all, embryonic chemical and physical factors appear to have the potential to regulate
and enhance tenogenesis of post-natal stem cells. Continued identification and optimization
of synergistic factor combinations and a deeper understanding of their effects on stem cell

J Biomech. Author manuscript; available in PMC 2015 June 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Glass et al. Page 8

function may inform scaffold- and bioreactor-based strategies and accelerate efforts to
regenerate tendon.
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A) Identify physical and chemical factors in embryonic tendon development
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Figure 1.
Embryonically inspired tissue engineering strategy. A) Characterize physical and chemical

properties of developing embryonic tendon and its microenvironment. B) Deliver these
factors to stem cells via the scaffold (e.g., elastic modulus, bound ECM molecules) and
bioreactor culture (e.g., mechanical loading, soluble factors). Synergistic combinations of
these cues may enhance and accelerate stem cell tenogenesis and neotissue formation.
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Figure 2.
A) Embryonic tendon nanoscale elastic modulus, measured by FV-AFM, increased

nonlinearly as a function of developmental stage (black line). To investigate collagen
crosslinking as a mechanical contributor to embryonic tendon elastic modulus, we used
BAPN treatment to inhibit LOX-mediated collagen crosslinks at each stage of embryonic
development (HH 28-43). BAPN treatment of embryonic tendon resulted in a dose-
dependent decrease in embryonic tendon elastic modulus at late stages (HH 40 and 43) of
development, compared to saline control. B) Spatial mapping of nanoscale elastic modulus
and corresponding images of collagen fibrils (SHG), cell nuclei (DAPI) and GAGs (alcian
blue) in embryonic chick tendon. C) Pearson's correlation coefficient (r) between FV-AFM
modulus maps and multiphoton microscopy images demonstrated elastic modulus was
weakly correlated with collagen fibers (r = 0.13, P < 0.05), and there was no correlation with
cell nuclei or GAGs. (Figure adapted from Marturano et al., 2013a).
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