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Abstract

Improving tendon repair using Functional Tissue Engineering (FTE) principles has been the focus

of our laboratory over the last decade. Although our primary goals were initially focused only on

mechanical outcomes, we are now carefully assessing the biological properties of our tissue-

engineered tendon repairs so as to link biological influences with mechanics. However, given the

complexities of tendon development and healing, it remains challenging to determine which

aspects of tendon biology are the most important to focus on in the context of tissue engineering.

To address this problem, we have formalized a strategy to identify, prioritize, and evaluate

potential biological success criteria for tendon repair. We have defined numerous biological

properties of normal tendon relative to cellular phenotype, extracellular matrix and tissue ultra-

structure that we would like to reproduce in our tissue-engineered repairs and prioritized these

biological criteria by examining their relative importance during both normal development and

natural tendon healing. Here, we propose three specific biological criteria which we believe are

essential for normal tendon function: 1) scleraxis-expressing cells; 2) well-organized and axially-

aligned collagen fibrils having bimodal diameter distribution; and 3) a specialized tendon-to-bone

insertion site. Moving forward, these biological success criteria will be used in conjunction with

our already established mechanical success criteria to evaluate the effectiveness of our tissue-

engineered tendon repairs.

© 2013 Elsevier Ltd. All rights reserved

Address for Correspondence: Andrew Breidenbach University of Cincinnati, College of Engineering and Applied Science, 601
Engineering Research Center, ML 0048, Cincinnati, OH 45221-0048 Phone: (513) 315-5024 breideaw@mail.uc.edu.
*These authors contributed equally to this manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Biomech. Author manuscript; available in PMC 2015 June 27.

Published in final edited form as:
J Biomech. 2014 June 27; 47(9): 1941–1948. doi:10.1016/j.jbiomech.2013.10.023.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



1. Introduction

Tendon and ligament injuries continue to burden the U.S. population and economy, affecting

over 110 million patients (United States Bone and Joint Initiative, 2008) and costing an

estimated $30 billion annually (Praemer et al., 1999). Repairing these injuries remains a

challenge, often resulting in long-term impairments, such as chronic tendinopathy and

osteoarthritis (Rodrigues et al., 2013). Tissue engineering represents a novel approach to

potentially improve tendon and ligament repair outcomes by combining cells, biomaterials,

and in vitro pre-conditioning to prepare tissue-engineered constructs (TECs) for in vivo

implantation. Taking this concept a step further, functional tissue engineering (FTE)

establishes the importance of biomechanical aspects of the design process by focusing on

how soft and/or hard tissues are normally loaded during activities of daily living (ADLs)

(Butler et al., 2000; Guilak et al., 2003). By incorporating these concepts, the field is poised

to more effectively design repairs that meet the demands of the in vivo setting. If we are to

design truly successful repairs, we must understand both the mechanical and biological in

vivo environments influencing the TEC following implantation. Building on the FTE

paradigm to establish mechanical success criteria, we now seek to establish biological

success criteria to further improve the evaluation of tissue-engineered repairs for clinical

translation.

2. Using FTE principles to improve tendon repair

Since FTE was first described in 2000 (Butler et al., 2000), our laboratory has been

designing tissue-engineered constructs to improve tendon healing following injury with the

ultimate goal of clinical translation. Tendons contain compositionally and structurally

distinct, but mechanically interconnected, regions regulated by the normal loading

environment and the location within the body (Benjamin et al., 2008; Kjaer, 2004). When

tendons are not repaired after injury, the natural tendon healing process often fails to restore

normal mechanical properties, leading to increased rates of re-injury (Rettig et al., 2005) as

well as tendinopathy and osteoarthritis in the long-term (Rodrigues et al., 2013). The

standard of care for many acute tendon injuries is surgical repair, but post-operative clinical

outcomes have been variable (Amin et al., 2013; Kato et al., 2002; Silfverskiold et al.,

1993). As such, the concept of developing a tissue-engineered repair to augment the healing

process remains an attractive alternative.

Guided by FTE principles, we established two primary mechanical success criteria to

evaluate the effectiveness of our tissue-engineered constructs (composed of autologous,

mesenchymal progenitor cells seeded in collagen scaffolds) to repair a rabbit central patellar

tendon (PT) defect (Butler et al., 2008).

Exceeding Peak In Vivo Forces

One aspect of FTE is the importance of characterizing the normal mechanical properties of

native tissue for benchmarking engineered constructs and in vivo repairs. We measured peak

in vivo forces in the rabbit and goat, finding that tendons experience quite different levels of

peak in vivo force (IVF). In the rabbit Achilles’, flexor digitorum profundus, and patellar

tendons, in vivo loads range from 11-28% of a tissue’s failure force during moderate ADLs
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(Juncosa et al., 2003; Malaviya et al., 1998; West et al., 2004). However, in the goat model,

the percentage approaches 40% of tensile failure load (Korvick et al., 1996). These results

suggested that TECs must be designed to accommodate the differences between species and

tissue sites.

Matching Normal Tangent Stiffness up to Peak IVFs with a Safety Factor

Using the rabbit central PT defect model, we concluded that any TEC repair must match the

tangent stiffness of normal PT up to the peak IVFs but also incorporate a safety factor to

account for potential overloading during more strenuous activities. Working towards this

goal, we strategically improved our repairs by optimizing the cell density, scaffold material,

and mechanical preconditioning of the TEC in culture before implantation (Butler et al.,

2008). Not only did we generate 12-week repairs of the central PT that exceeded peak IVFs

recorded in this model, but we also matched the tangent stiffness of the normal tendon up to

50% beyond peak IVFs (Fig. 1).

3. Need for developing biological success criteria

While previous studies have shown our TECs produce an improved mechanical repair

outcome compared to natural healing, we still have not fully restored normal tendon

structure and function in the following two ways:

Repair tissue does not match tangent stiffness up to at least 40% of failure force, which

corresponds to the highest measured in vivo loads we have recorded (Korvick et al., 1996).

While matching tangent stiffness up to 32% of failure force is 50% above the peak IVFs

recorded in the rabbit PT, there is still room for improvement and focusing on mechanics

alone may be insufficient to reach this goal.

We do not adequately understand the biological mechanisms which lead to the successful

repairs seen previously. There are several questions that still remain which may help explain

these results. Specifically, what was the cell phenotype at the time of harvest, after

preconditioning in culture, and following repair? How was the matrix assembled during the

repair process and how does its composition change over time? How do interactions

between cells, matrix and the local mechanical environment lead to regional differences in

tissue properties? These are all questions that would not only help explain these results but

also provide potential predictive success criteria for future experiments.

Ultimately, tendon repairs must be able to withstand in vivo mechanical forces to be truly

considered a clinical success. Successful mechanical outcomes are, in turn, a function of an

ordered sequence of appropriate biological processes. Therefore, we believe it is critical for

the field to begin establishing biological parameters which lead to mechanical and clinical

benchmarks of successful repair. To address these shortcomings, we propose adapting the

FTE paradigm to establish biological success criteria.

4. Strategy to develop biological success criteria

We have previously discussed how our lab has used FTE principles to create mechanical

success criteria by 1) measuring normal in vivo tendon forces, 2) selecting mechanical
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parameters based on sub-failure tendon mechanics, and 3) prioritizing a subset of these

parameters to establish mechanical success criteria for functional assessment of our tissue-

engineered repairs. We can now use this same approach to generate biological success

criteria for tendon repair. First, we must define what constitutes the normal biological

properties of tendon. Second, we need to identify biological parameters from the numerous

available candidates that are critical to tendon function. Finally, we should assess how

deviations in these biological parameters affect mechanical outcomes in order to prioritize

which biological properties are crucial for successful tendon repair (Fig. 2).

Mature tendon cells (tenocytes) express necessary transcription factors and signaling ligands

to maintain their phenotype and synthesize extracellular matrix proteins which form the

scaffolding for the living tendon tissue. The cellular phenotype and extracellular matrix

composition varies along the tendon length, generally dividing the tissue into a

myotendinous junction, tendon midsubstance and enthesis (Benjamin and Ralphs, 1998;

Thomopoulos et al., 2003), thereby producing regional variations in mechanical properties

(Arruda et al., 2006; Butler et al., 1990; Rigozzi et al., 2009). Such compositional variation

necessitates that we define normal tendon biological parameters based upon the 1) cellular

phenotype, 2) extracellular matrix, and 3) regionalization of these two parameters within the

tissue ultra-structure.

Understanding tendon development is critical to defining what makes a “tendon a tendon”

and allows for the identification of markers which are required for proper tendon formation

and potentially necessary for successful repair following injury. While many potential

biological properties could be used to establish success criteria for tendon repair, prioritizing

these criteria is essential to improving the efficiency and effectiveness of the process. Our

lab has been using a strategy of comparing normal tendon development to natural healing to

identify potential targets to modulate in future repair studies. Here we introduce three

biological success criteria relative to the repair’s cellular phenotype, extracellular matrix and

tendon ultra-structure, which we believe are essential for normal tendon function (Fig. 3).

5. Comparing normal development and natural healing to select biological

design criteria

5.1. Cellular phenotype: Scleraxis-expressing cells

The developmental biology field has begun to identify mechanisms leading to normal

tendon development, namely transcription factors which aid in characterizing cell phenotype

and function to regulate the expression of other important tendon genes, such as

extracellular matrix proteins. Scleraxis (Brent et al., 2003; Murchison et al., 2007; Pryce et

al., 2009; Schweitzer et al., 2001), mohawk homeobox (Ito et al., 2010; Liu et al., 2010) and

early growth response 1 (Guerquin et al., 2013; Léjard et al., 2011) are three of the more

extensively studied tenogenic transcription factors. All have been shown to be important

regulators of normal tendon development and maturation, as loss of expression of these

markers results in phenotypes ranging from severely impaired tendon function in load-

bearing tendons (Murchison et al., 2007) to abnormalities in collagen fibrillogenesis and

impaired biomechanical properties (Guerquin et al., 2013; Ito et al., 2010; Léjard et al.,
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2011; Liu et al., 2010). Moreover, spatial variations in the expression of these transcription

factors can alter the development of the tendon enthesis. For example, a chondrogenic-

tenogenic progenitor pool of cells resides at the enthesis during embryonic development.

These cells dually express scleraxis (Scx) and the chondrogenic transcription factor SRY-

box containing gene 9 (Sox9), which give rise to the fibrocartilage in the enthesis (Blitz et

al., 2013; Sugimoto et al., 2013). Scx-expressing progenitors are required for enthesis

formation, as Scx knockout mice exhibit impaired bone tuberosity formation (Blitz et al.,

2009). Furthermore, conditionally knocking out Sox9 or disrupting chondrogenic signaling

pathways in Scx-expressing cells also results in defective enthesis formation in limb tendons

(Liu et al., 2013; Sugimoto et al., 2013).

Of the aforementioned markers, Scx appears to be the most critical regulator of tendon

formation known to date. Scx expression defines tendon progenitors during limb

condesation (Brent et al., 2003; Schweitzer et al., 2001), and it continues to be expressed in

mature tenocytes (Fig. 3). It regulates expression of other tenogenic markers including type I

collagen (Léjard et al., 2007), tenascin-C (Edom-Vovard et al., 2002; Schweitzer et al.,

2001), and tenomodulin (Shukunami et al., 2006). Its expression during development is so

critical that knocking it out results in disorganized and reduced collagen content and a loss

of function in many axial and limb tendons (Murchison et al., 2007). However, its role in

tendon healing and repair are only beginning to be clarified.

Scleraxis expression during tendon healing exhibits distinct spatiotemporal patterns.

Although Scx remains slightly down-regulated during early stages of tendon natural healing

(compared to normal tendon) (Dyment et al., 2013; Eliasson et al., 2009; Scott et al., 2011),

its expression increases in the tendon callus during later stages of healing (Scott et al.,

2011). Furthermore, mechanical loading of the healing tendon during late-stage remodeling

can further increase Scx expression (Eliasson et al., 2009). Interestingly, Scx expression

during healing appears to originate from a paratenon source of progenitors (Dyment et al.,

2013). These cells migrate to the wound site then express Scx as the tenascin-rich

provisional matrix transitions to a collagenous matrix. While direct correlations with

biomechanical properties have yet to be made, increased Scx expression during remodeling

appears to be commensurate with increased biomechanical properties (Dyment et al., 2011;

Scott et al., 2011).

Scx expression is necessary, but certainly not sufficient, for the formation of mechanically

functional tendon. Although Scx has a role in tendon development and healing, it is also up-

regulated in the fibrotic response of many other tissues (Bagchi and Czubryt, 2012; Espira et

al., 2009; Mendias et al., 2012). As fibrotic scar is generally characterized by disorganized

collagen assembly, biological success criteria should include an organized and competent

extracellular matrix to give rise to improved tendon mechanical properties.

5.2. Extracellular matrix: Collagen organization and alignment

Tendons are collagenous tissues composed predominantly of collagen type I (von der Mark,

1981), along with lesser amounts of collagen types III (Lapiere et al., 1977), V (Dressler et

al., 2002; Wenstrup et al., 2011), VI (Izu et al., 2011; Ritty et al., 2003) and X (Fujioka et

al., 1997), and additional matrix proteins including proteoglycans, such as decorin (Zhang et
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al., 2006) and lumican (Ezura et al., 2000). Hierarchical in nature, the tendon matrix is

composed of collagen microfibrils and fibrils, which aggregate to form fibers. Given their

highly organized structure, tendons exhibit high tensile strength, resisting loading in the

axial direction, vital to normal tendon function in the body (Galloway et al., 2013; Wren et

al., 2001).

The complex process through which collagen fibrils are processed, assembled, and

organized is known as collagen fibrillogenesis (Blissett et al., 2009; Zhang et al., 2005).

Collagen fibrillogenesis is highly regulated during tendon development, involving the

interaction of integrins, collagens, and collagen binding proteins (Kadler et al., 2008). Early

in development, small diameter fibrils predominate. As the tendon grows and begins to

experience loading, collagen fibrils become longer and larger in diameter, resulting in a

matrix that assumes a bimodal distribution of both large (~100-150 nm) and small (~40-75

nm) collagen fibrils to form the mature tendon (Goh et al., 2012). The larger diameter fibrils

are thought to resist tensile loading and the smaller diameter fibrils to negate creep and

improve fibril binding strength (Parry et al., 1978). Proteoglycans, such as decorin (Zhang et

al., 2006), biglycan (Lechner et al., 2006), fibromodulin (Hedlund et al., 1994), and lumican

(Ezura et al., 2000), also play a key role in collagen fibrillogenesis by regulating collagen

fibril interactions and ultimately tendon mechanics.

Researchers disagree about why bimodal fibril distributions are not restored after injury.

Some attribute the inferior mechanical properties to an altered collagen fibrillogenesis

process, with a predominance of small diameter fibrils that never form large diameter fibrils

(Oryan et al., 2012; Rigozzi et al., 2010). Others contend it may not be the size of the fibrils,

but their total number and/or packing density that ultimately affects the mechanical outcome

(Battaglia et al., 2003; Frank et al., 1992). Regardless, natural tendon healing typically

results in scar tissue formation, consisting of small collagen fibrils that are not oriented

along the direction of loading. Further complicating the healing process and rehabilitation is

the formation of adhesions between tendons and other structures. Tendon adhesions

generally affect intrasynovial flexor tendons, such as in the finger, and can reduce joint

range of motion, often leading to pain and discomfort (Khanna et al., 2009; Wong et al.,

2009).

Given that tendons are highly loaded structures vital to skeletal and joint movement,

understanding their matrix composition is vital to developing effective tissue-engineered

repairs. While an aligned collagen matrix is necessary for normal mechanical function, the

composition of the matrix varies along the length of the tendon, producing regional

variations in mechanical properties. Therefore, as we develop biological success criteria for

tendon repair, we must also consider regional differences in the tissue ultra-structure.

5.3. Tissue ultra-structure: Zonal fibrocartilaginous enthesis

Tendons provide the physical linkages between muscle and bone and serve to transmit

muscular forces to the skeleton. Thus, a functional tendon actually consists of three

specialized tissue regions: the myotendinous junction, the tendon midsubstance, and the

tendon-to-bone insertion site (enthesis).
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The enthesis is particularly critical for proper mechanical function because it facilitates force

transmission between the compliant tendon and the much stiffer bone while also

ameliorating potentially damaging stress concentrations that would otherwise accumulate at

this interface (Liu et al., 2011; Thomopoulos et al., 2006). Uninjured entheses exhibit

gradations in cell phenotype, biochemical composition, matrix organization, and mineral

distribution along their length (Genin et al., 2009; Thomopoulos et al., 2003). The enthesis

contains rounded fibrochondrocytes (Ralphs et al., 1998) and large amounts of type II and X

collagen as well as proteoglycans and glycoproteins such as aggrecan, biglycan, and

tenascin C (de Palma et al., 2004; Waggett et al., 1998; Wang et al., 2006). Due to

differences in collagen fiber organization and crimp pattern (Lake et al., 2010; Miller et al.,

2012; Stouffer et al., 1985), local strains near the insertion are often 2-3 times greater than in

the tendon midsubstance under sub-failure tensile loads (Butler et al., 1990; Gilday et al., in

review).

As discussed previously, the transcription factors Scx and Sox9 appear to be critical for

enthesis formation (Blitz et al., 2013; Sugimoto et al., 2013). Recent evidence also indicates

that Indian hedgehog (IHH) signaling is involved in enthesis differentiation, and knocking

out this pathway in Scx-expressing cells during development results in morphologic and

biomechanical deficits that persist into adulthood (Liu et al., 2012; Liu et al., 2013).

However, even if the correct biological cues are in place, experiments using botox to inhibit

muscular contraction have shown that muscle loading is also required for normal enthesis

formation (Schwartz et al., 2013). In fact, the presence of mature fibrocartilage at the

enthesis is correlated with increased compressive loads in this region (Benjamin and Ralphs,

1998), indicating that both biologic and mechanical factors are important players in enthesis

development and maturation.

Unfortunately, once damaged, the complex structure of the enthesis is not regenerated

during natural healing. Deposition of disorganized scar tissue at the healing tendon-bone

interface and the absence of a morphologically normal fibrocartilage transition region results

in altered biomechanical properties and premature failures at the enthesis (Galatz et al.,

2006; Kinneberg et al., 2011; Newsham-West et al., 2007; Rodeo et al., 1993). Thus,

restoring the fibrocartilaginous interface between tendon and bone represents our third

biological success criterion for tissue-engineered tendon repair.

6. Discussion

Establishing a set of biological success criteria to accompany the mechanical design goals of

tendon repair would greatly benefit both the clinical and tissue engineering communities.

The idea of creating biological design standards for engineered tissues is not new

(Functional Tissue Engineering Conference Group, 2008; Nawroth and Parker, 2013), but

linking structure to function in biological systems remains a significant challenge. This is

certainly true in the case of tendon healing and repair as the complexity of these processes

makes it difficult to parse out which biological criteria make the largest contributions to

tendon mechanics and long-term repair outcomes. To address this problem, we have defined

aspects of normal tendon biology relative to cellular phenotype, extracellular matrix and

tissue ultra-structure that we would like to reproduce in our tissue-engineered repairs. We
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are prioritizing these biological criteria by examining their role and relative importance

during natural tendon formation and tendon healing. In future tissue engineering studies, we

will assess whether achieving these chosen biological criteria improves repair biomechanics.

Although straightforward in principle, this strategy does have challenges. 1) Many aspects

of normal tendon biology are not well understood with other biological markers of normal

tendon function still waiting to be discovered. Even very fundamental questions such as

“what defines a tenocyte?” are still being debated. 2) Tendons are dynamic tissues whose

biologic properties depend on anatomical and mechanical cues, which adds a layer of

complexity to our strategy (Birch, 2007; Mackey et al., 2008). 3) From a clinical

perspective, patient factors such as age (Klatte-Schulz et al., 2012; Yu et al., 2013), gender

(Magnusson et al., 2007; Miller et al., 2007), disease (Abate et al., 2013; de Oliveira et al.,

2011), and activity level (Obst et al., 2013; Reeves, 2006) affect normal tendon properties,

making it even more difficult to establish a set of biological success criteria that would be

broadly applicable. 4) Prioritizing biological criteria is currently a rather subjective process

since few published studies have linked a particular biological criterion with a functional

mechanical outcome. We chose to compare and contrast normal tendon development (a

model of successful tendon formation) with inadequate natural healing. We reasoned that

biological criteria present during normal development but absent in natural healing might be

effective initial targets to modulate during repair. However, this approach to prioritizing

biological success criteria is predicated on the assumption that successful tendon healing

should spatially and temporally resemble normal tendon development, which may not be the

case.

While our approach represents one possible strategy for establishing a set of biological

success criteria for tendon repair, other approaches should be investigated. 1) Recent

evidence indicates that some animal models, such as the Murphy Roth’s Large (MRL)

mouse, display “super healing” capabilities (Clark et al., 1998). Uncovering biological

differences between super healers and normal healers may reveal new biological criteria that

significantly affect tendon repair. 2) Studies investigating the underlying genetic and/or

structural differences between patients with good and poor surgical outcomes could identify

biological criteria most highly correlated with clinical success.

Establishing clear linkages between biology and mechanics in tissue-engineered tendon

repairs will require well-designed and appropriately controlled studies that isolate specific

biological criteria and quantify their effects on mechanical repair outcomes. However, such

studies are inherently difficult because biological criteria are often qualitative in nature and

may be difficult to measure. Biological criteria also vary widely across both spatial and

temporal scales. Small, early changes in one biological criterion (for example, expression of

a certain transcription factor) may result in drastic changes in mechanics later on, but these

correlations are hard to detect. Furthermore, biological processes are often interrelated and

many compensatory mechanisms are activated if normal biology is altered in any way,

making it difficult to isolate the effects of a single factor. Finally, establishing biological and

mechanical homology across species is challenging but will be required if novel tendon

repair strategies are to be translated towards the clinic. This is a particularly difficult task for
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functional tissue engineers, since investigators use different injury models and assess

different mechanical repair outcomes at different time points.

7. Conclusion

The tissue engineering field needs to develop better strategies and adopt more unified

approaches for the identification, prioritization, and evaluation of biological success criteria

for tissue repair. Our laboratory has developed a general strategy in which we: 1) identify

and categorize biological parameters of normal tendon based on cellular phenotype,

extracellular matrix and tissue ultra-structure; 2) select a subset of biological parameters by

examining their relative importance during both normal development and natural healing;

and 3) prioritize these parameters by experimentally assessing whether they affect

mechanical outcomes in a tissue engineering scenario. This paradigm, although presented

here only in the context of tendon repair, could be applied to any load-bearing tissue in the

body. We have begun using this strategy to select specific biological success criteria critical

to normal tendon function. In our view, a successful tendon repair must not only meet the

stated mechanical design limits but also exhibit 1) scleraxis-expressing cells embedded

within 2) a well-organized and axially-aligned collagen matrix that is 3) securely attached to

bone via a fibrocartilaginous enthesis as a protection against long term failure. Future tissue

engineering studies linking these biological success criteria with improved in vivo

mechanical outcomes will be critical for validating the utility of this approach. Ultimately,

understanding which biological criteria are most predictive of successful mechanical

outcomes will expedite and streamline the tissue engineering process and result in improved

treatments for tendon injuries.
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Fig. 1. Our laboratory’s iterative efforts to improve tendon repair in a rabbit central patellar
tendon defect model using a functional tissue engineering approach
Natural healing (NH) resulted in significantly inferior biomechanical outcomes when

compared to the normal uninjured tendon (N). Over the next decade, we developed tissue-

engineered constructs (TECs) for augmenting tendon healing by incorporating cells,

collagen scaffolds and in vitro tensile stimulation. Our best TEC repair (denoted as SCS)

consisted of a collagen sponge, a mesenchymal stem cell population, and in vitro tensile

stimulation, achieving 32% of normal patellar tendon failure force and exceeding tangent

stiffness for activities of daily living. Adapted with permission from (Butler et al., 2008).
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Fig. 2. Our strategy to establish mechanical and biological success criteria for functional
assessment of tissue-engineered tendon repairs
Building on the FTE paradigm we used to develop mechanical design criteria, we now seek

to establish biological design criteria to more fully characterize these repairs. Our strategy is

to investigate the normal biological processes responsible for tendon development and

maturation, identify and categorize the biological parameters that may be important, and

finally, assess how these chosen biological parameters affect the mechanical outcomes of

tissue repair. This approach can be applied to other tissue systems and injury models to

begin developing connections between the biological processes and the mechanical

outcomes.
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Fig. 3. Biological success criteria include 1) Scleraxis-expressing cells situated between 2)
densely-packed collagen fibers aligned along the axis of tension and 3) a zonal enthesis with
unmineralized and mineralized fibrocartilage
Toluidine blue staining (A,C,G) and ScxGFP fluorescence (B,D,H) in a 4-week old murine

patellar tendon depict highly aligned tendon fibroblasts within the tendon midsubstance and

stacked, rounded cells within the zonal insertion site that are predominately ScxGFP+. Two

photon images of tendon midsubstance (E,F) and enthesis (I,J) depict highly-aligned,

densely-packed collagen fibers (second harmonic generation signal in blue and grey) within

the tendon midsubstance that extend through the enthesis into the underlying bone. The

tidemark (red dotted line) indicates the junction between the unmineralized and mineralized

fibrocartilage. Scale bars = 100μm.
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