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Abstract 

Tendon injuries require lengthy rehabilitation, with adult healing resulting in 

mechanically inferior scar tissue. Mechanical properties of embryonic tendon are not 

dependent on the same factors as mature tendon, and during early development, 

embryonic tendon cells are maintained at a high density. They also contain actin 

filaments that increase in organization and span cells. These results suggest the 

importance of a tendon progenitor cell (TPC) network to emerging tendon functional 

properties. We examine the proliferation and apoptosis activities of resident TPCs as 

contributors to cell density maintenance. We characterize the TPC network by 

visualizing points of cell-cell contact via cell membrane staining and staining for the 

actin cytoskeleton. Finally, we characterize various cell-cell proteins as crosslinks in the 

TPC network and compare their expression and distribution. These data provide a 

deeper understanding of embryonic tendon development and the role of cellular 

contributions to the emerging functional characteristics of tendon. 
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Chapter 1. Thesis Overview 

Tendons are important tissues with unique mechanical properties necessary for 

transferring and modulating forces, allowing for skeletal movement and providing joint 

stability. Injuries to tendon tissue are common and debilitating, with approximately 32 

million musculoskeletal injuries occurring annually in the USA. Of these, around 14.4 

million correspond to injuries of the tendon, ligament and joint capsules (Butler et al 

2004). Tendon injuries disrupt the tissue structure and usually occur through either a 

chronic, degenerative pathway or as an acute rupture event, often with the former 

preceding the latter. With few exceptions, fully ruptured tendon is unable to heal, and 

requires surgical intervention to restore attachment. Adult tendon healing of partially 

ruptured or surgically repaired tendon tissue is a long process, and results in scar tissue 

that fails to approximate the microstructure, composition or mechanical properties of 

normal tissue. Current repair strategies rely on graft replacement, followed by periods 

of immobilization and rehabilitation. Autologous grafts result in a second injury site and 

extended healing time for the patient, while allogeneic cadaveric grafts carry the risks of 

immune rejection and disease transmission. Finally, in the best-case scenario the 

outcome is an inadequate scar tissue with reduced tensile strength. Because of these 

and other significant disadvantages to graft repair, tissue engineering (TE) holds great 

therapeutic potential. 

The work presented in this thesis has been divided into several chapters. Together, 

these investigations provide greater insights into tendon development and may inform 

future tendon TE efforts by highlighting potential functional markers of normal 

developing tendon. First, in Chapter 2, a book chapter is presented that was written as 
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part of a multi-volume handbook on hydrogels in tissue engineering. This textbook 

chapter was a collaborative effort. My contributions as second author include 

generating multiple sections independently which were subsequently edited by the 

other authors. Likewise, I served as an editor to those sections written by the other 

authors. Editing was done by all authors, with mutual agreement regarding authorship 

order. Next, in Chapter 3, we characterize the formation of an embryonic tendon 

progenitor cell (TPC) network and identify some contributing factors. Some of the work 

done in Chapter 3 was also used to contribute to a published journal article (Schiele, von 

Flotow et al 2015). 
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Chapter 2. Textbook Chapter: Hydrogels in Tendon/Ligament Tissue 

Engineering 

CHAPTER EXCERPT 

APPLICATION OF HYDROGELS FOR TENDON AND LIGAMENT REPAIR AND TISSUE 

ENGINEERING 

 

Matteo Stoppato, Friedrich von Flotow and Catherine K. Kuo 

Department of Biomedical Engineering, Tufts University 

4 Colby Street, Medford, MA 02155, USA. 

E-mail: CatherineK.Kuo@tufts.edu 

Tendons and ligaments are musculoskeletal tissues necessary for transferring forces 

experienced by the surrounding tissues. They are critical for locomotion and joint 

stabilization, and injury to these tissues is both common and debilitating. The current 

gold standard of repair is surgical grafting followed by physiotherapy. However, tendon 

and ligament healing generates scar tissue, which is mechanically inferior to the normal 

tissue. Tendon and ligament repair therefore has great need for tissue engineering 

solutions. An engineered tissue would restore normal tissue properties and function as a 

tissue replacement, or deliver therapeutic agents to enhance natural healing. To this 

end, a variety of scaffold materials that support or deliver various cells and/or 

biomolecules have been investigated, with hydrogel scaffolds offering a promising 

option. Hydrogels have a range of material and biological properties that can be tuned 
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to mimic native tissue characteristics, giving them a unique advantage for 

tendon/ligament tissue engineering applications. This chapter will focus on important 

tendon and ligament characteristics and the use of hydrogels in tendon/ligament tissue 

engineering. 

1. Introduction 

Tendons and ligaments (T/L) are important tissues with unique mechanical properties 

necessary for transferring and modulating forces, allowing for skeletal movement and 

providing joint stability. Injuries to T/L tissue are common and debilitating, with 

approximately 32 million musculoskeletal injuries occurring annually in the USA. Of 

these, around 14.4 million correspond to injuries of the tendon, ligament and joint 

capsules1. T/L injuries disrupt the tissue structure and usually occur through either a 

chronic, degenerative pathway or as an acute rupture event, often with the former 

preceding the latter. With few exceptions, fully ruptured T/L is unable to heal, and 

requires surgical intervention to restore attachment. Adult T/L healing of partially 

ruptured or surgically repaired T/L tissue is a long process, and results in scar tissue that 

fails to approximate the microstructure, composition or mechanical properties of 

normal tissue. Current repair strategies rely on graft replacement, followed by periods 

of immobilization and rehabilitation. Autologous grafts result in a second injury site and 

extended healing time for the patient, while allogeneic cadaveric grafts carry the risks of 

immune rejection and disease transmission. Finally, in the best-case scenario the 

outcome is an inadequate scar tissue with reduced tensile strength. Because of these 

and other significant disadvantages to graft repair, tissue engineering (TE) holds great 

therapeutic potential. 
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A TE approach to T/L therapy may follow two general strategies, both aimed at 

stimulating generation of either tendon (tenogenesis) or ligament (ligamentogenesis). 

One strategy involves the replacement of the injured T/L with an engineered tissue that 

has been cultured in vitro to provide function immediately upon implantation, while the 

other strategy aims to deliver cells or biological factors to enhance healing in vivo. Both 

approaches can utilize scaffold materials to provide a suitable local environment that 

elicits appropriate tenogenic or ligamentogenic biological responses from either the 

cells seeded in the scaffold in vitro or those that migrate in from the surrounding tissue 

in vivo. Scaffold selection must consider mechanical, structural, chemical and biological 

properties for the target tissue. To date, many TE approaches use fibrous scaffolds in an 

attempt to approximate the mechanical strength and/or the extracellular matrix (ECM) 

structure of T/L tissue. For instance, nanofibrous scaffolds are biomimetic with respect 

to the structure of the T/L ECM, but have not succeeded in regenerating T/L. Such 

scaffolds are often challenged by difficulties with cell infiltration and are limited in their 

ability to deliver therapeutics that may promote desirable biological responses. 

Hydrogel scaffolds, in contrast, are attractive for their ability to encapsulate cells and 

biologic factors. Additionally, hydrogels have high biocompatibility because of their high 

water content, tunable material properties and ability to be injected into molds or other 

scaffolds in vitro, or directly into wound sites in vivo. 

This chapter will discuss the utility of hydrogel scaffolds in various approaches to T/L 

TE. For instance, composite structures composed of one or more types of scaffolds 

(where at least one is a hydrogel) have resulted in engineered constructs with improved 

properties with respect to T/L when compared to either scaffold alone. Composite 

hydrogel materials have also been used in the field of interface tissue engineering (ITE), 
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in which scaffolds with gradient features attempt to approximate the mismatch of 

properties at the interface of soft and hard tissues. Hydrogels as therapeutic delivery 

vehicles have been explored with positive results including induction of tenogenic and 

ligamentogenic differentiation and an increase in deposition of key T/L proteins. 

Hydrogels have also been implemented as tendon sheaths for the prevention of 

postoperative adhesions, which arise during tissue healing but restrict movement and 

can result in subsequent tearing in vivo. The objective of this chapter is to highlight 

recent reports that utilize hydrogels in T/L TE. The chapter begins with an overview of 

T/L tissue characteristics that can be targeted in an engineered therapeutic solution, 

and background on T/L injury, healing and current repair strategies. The chapter will 

then focus on state-of-the-art of T/L TE strategies involving hydrogels, and close with 

remarks regarding their potential for future applications in this field. 

2. Tendon and Ligament 

TE approaches to T/L repair are promising, but fully functional engineered T/L has yet to 

be achieved. An engineered solution should be comparable in composition, structure, 

mechanical properties and function of normal T/L tissue to act as a complete 

replacement that is superior to surgically repaired tissue. With these design aspects in 

mind, the following is an overview of normal T/L tissue properties, mechanisms of injury 

and healing and current medical treatments. 

2.1.  Function 

Tendons and ligaments are both fibrous connective tissues that possess viscoelastic 

mechanical properties, allowing for adaptation to high rates of strain. Tendons transfer 

mechanical forces from muscles to bones, while ligaments connect bone-to-bone to 
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stabilize joint structures. T/L are capable of withstanding high tensile strain, a 

characteristic that is paramount to their function. T/L store energy during locomotion to 

increase movement efficiency and act as a force buffer to prevent injury to other 

tissues2-7. These important functions of T/L rely on the structural and compositional 

features, described in the next section. 

 

2.2.  Structure and Composition 

Likely due to their similar functions, T/L possess relatively comparable structure and 

composition. T/L are composed of collagen molecules arranged in nanoscale parallel 

structures known as fibrils. In a dimensionally hierarchical manner (Fig. 1), parallel fibrils 

bundle together to comprise individual fibers, which pack together into fascicles. In 

turn, fascicles are enclosed within the endotenon and bundle together to form the 

overall tendon or ligament, which itself is sheathed in the epitenon. Some tendons, 

notably the Achilles, have a paratenon, or false tendon sheath, that surround them. This 

is in contrast to digital flexor tendons, which have a true sheath to facilitate gliding of 

the enclosed tendon8. Both tissues experience predominately uniaxial loading, but may 

experience additional loading in other directions. Specific orientation and fibril diameter 

correlate with T/L function and thus vary by anatomical location, age and species9-13.  
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Fig. 1. The hierarchal structure of tendons and ligaments (Kastelic et al14). 

Water makes up the majority of human T/L total wet weight (60-80%), while the dry 

weight is composed principally of collagen type I (~60%) with smaller amounts of types 

III (~8%), IV, V and VI. T/L also contain proteoglycans, glycoproteins, glycosaminoglycans 

and a variety of small leucine-rich proteoglycans (SLRPs) such as decorin and biglycan6, 

15-17. Biochemical composition varies in both tissues as a function of anatomical location. 

For instance, in human the dry weight percentage of elastin is 2% of the Achilles 

tendon18, 5% of the anterior cruciate ligament19, 7.3% of the posterior longitudinal 

ligament20 and 47% of the ligamentum flavum21. The main constituents of the T/L 

connective sheath, including the endotenon, epitenon and paratenon, are collagen 

types I and III and elastin organized in longitudinal, oblique and transverse 

orientations22. Proteoglycans facilitate hydration and, in turn, fiber gliding23-25.  

The T/L endotenon and epitenon contain the vascularity, lymphatics and nerves26, 27. 

Overall T/L vascularity is different between the two tissues, though both have low 

vascularity when compared to muscle and other surrounding tissue. Tendons may 
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receive their blood supply from adjacent vessels, from myotendinous junctions, or 

through diffusion from surrounding capillaries8, 28-31. Conversely, ligaments seem to be 

vascularized principally at the insertion sites32. Innervation studies have shown that 

most nerve fibers do not enter the main T/L body but terminate as nerve endings on the 

surface33. Nerve fibers seem predominantly associated with blood vessels34. 

Adult tendon is relatively acellular. Cells in T/L include macrophages, plasma cells, fat 

cells, myofibroblasts, mesenchymal stem cells (MSCs) and others, but the most 

commonly present are fibroblasts (e.g., tenocytes in tendon), which produce collagen 

and other ECM components. The cellularity of T/L tissue during development changes 

drastically from a high amount in the embryo and fetus to a rapid drop-off in the adult35-

38. 

2.3.  Mechanical Properties 

T/L tissues are viscoelastic and mechanically adaptive, and respond to applied load 

through alteration of metabolic activity, collagen synthesis, cross-sectional area and 

tensile strength13, 39. The uniquely high tensile strength of T/L has been attributed to 

ECM biochemical content, crosslinking between collagens and other ECM molecules16, 38, 

40, 41, and fiber morphology and alignment42. Aligned collagen fibrils of mixed diameters 

packed tightly together along the T/L axis grant high tensile strength to the tissues with 

minimal strain. Large diameter fibrils resist rupture while smaller diameter fibrils resist 

creep, in which individual fibers slide past one another43. The loading of T/L tissue has 

been described by a stress-strain curve that contains three major regions: the toe 

region, the linear region and the yield and failure region44, 45. Generally, collagen fibers 

demonstrate a crimped morphology at rest46-48 that begins to straighten during loading, 
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reflected by the toe region of a stress-strain curve that coincides with relatively low 

tissue stiffness. Tissue stiffness increases as fibers uncrimp and straighten, correlating 

with the linear region of the curve. Microscopic failure occurs at strains over ~4% and is 

characterized by slipping of adjacent molecules, while macroscopic failure occurs at 

strains over ~8% and results in T/L rupture49, 50. This is the failure region, in which 

individual fibrils within the ligament or tendon begin to fail. Due to the accumulation of 

damage, stiffness is reduced and the T/L begins to fail. T/L overuse and applied stress 

superior to the ultimate load that the structure can withstand eventually lead to injury51-

53. 

2.4.  Injury and Healing 

Injuries to T/L can be characterized as acute ruptures or chronic degeneration. Acute T/L 

injury occurs as a result of a single overload event that results in partial or complete 

rupture. Degenerative T/L disorders, such as tendinopathy, often precede tendon 

rupture, indicating abnormal tissue was present before the rupture occurred54. The 

most frequent tendon injuries to humans involve the shoulder rotator cuff, hand flexor 

tendon and the Achilles tendon55, while the medial collateral ligament (MCL) and 

anterior cruciate ligament (ACL) are the most commonly injured ligaments56. 

While acute ruptures require surgical repair (see next section), partial ruptures in 

which a complete gap does not form may heal by forming a scar. The healing response 

of postnatal T/L is a lengthy process that rarely restores complete and normal function 

to the T/L tissue. Healing takes place intrinsically and extrinsically simultaneously. The 

intrinsic process is marked by cellular activity of the T/L fibroblasts within the T/L tissue 

while extrinsic healing relies on recruitment of cells not within the T/L tissue57-60. Healing 



11 

 

includes three main phases, which are the inflammatory phase, the proliferative phase 

and the remodeling phase. The 48-72 hour inflammatory phase is characterized by 

infiltration of leukocytes, red blood cells and platelets. A fibrin clot forms and many 

growth factors are released, including insulin-like growth factor-I (IGF-I), transforming 

growth factor beta (TGFβ), vascular endothelial growth factor (VEGF), platelet-derived 

growth factor (PDGF) and basic fibroblast growth factor (bFGF). These growth factors 

attract leukocytes and stimulate angiogenesis and cell proliferation and the second 

phase of healing6, 53, 61, 62. T/L healing in the proliferative phase occurs days to months 

post-injury and is marked by intrinsic and extrinsic fibroblast recruitment to the injury 

site, fibroblast proliferation, and ECM deposition with an altered composition and 

structure from its healthy, normal state. Unlike healthy adult T/L tissue, the healing 

tissue is highly vascularized and highly cellular, with a relatively large amount of collagen 

type III63-65. 

Also in the proliferative phase, many growth factors are highly expressed, 

stimulating cell proliferation (IGF-I, bFGF), angiogenesis (VEGF) and collagen synthesis 

(TGFβ). Likewise, high expression of ECM degradation molecules called matrix 

metalloproteinases (MMPs) and their inhibitors (TIMPs) can be seen in this stage of T/L 

healing66-68. The final remodeling phase of T/L healing takes place over months to years 

and overlaps with the proliferative phase. Remodeling is dominated by the production 

of collagen type I as the tissue matrix is replenished in an attempt to restore normal 

tissue. Collagen fibers begin to align, cell density decreases and scar tissue forms. 

Scar tissue differs from normal T/L tissue in composition and structure, including 

collagen and proteoglycan content, innervation and vascularity64. Though scar can 
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return some function to the T/L over time, the resulting tissue does not approximate the 

mechanical properties of original tissues. For instance, one study found up to a 50% 

decrease in healed canine T/L tensile strength in the absence of post-operative 

activity69. Another group demonstrated the maximum load of healed rabbit patellar 

tendons to be 25% of normal tissue, even after 6 months70. Additionally, the medial 

collateral ligament of rabbits was found to have scar tissue with inferior creep behavior 

and viscoelastic properties when compared to normal tissue64, 71. Current treatments of 

T/L injuries involve surgical intervention followed by a rehabilitation period of rest and 

controlled movement. 

2.5.  Current Medical Treatments 

Clinical intervention for the repair of T/L tissue is usually required due to their poor 

healing capacity and inability to close gaps that result from significant ruptures. Surgical 

repair with autologous or allogeneic grafts is typical, followed by immobilization and 

physical therapy with controlled movement72-76. T/L grafts attempt to restore the 

morphology, length and strength of a tendon or ligament. The initial stiffness and 

tension of the graft are important considerations and may affect implant stability77. 

Autologous tissue remains the most commonly used graft for T/L reconstruction, due to 

excellent compatibility with the host tissues and the propensity of autografts to 

revascularise and remodel when transplanted78-80. However, this method presents the 

risk of morbidity at donor sites and requires multiple invasive procedures81-83. Allografts 

are increasingly utilized, but these tissues are expensive and carry a risk of 

immunological response by the host and disease transmission from the donor84. The 

relative scarcity of human tissue available for transplantation has amplified interest in 
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xenografts as alternatives. However, the risk of an immune system response that rejects 

the xenograft and the potential for infectious diseases to be passed between species 

remain significant drawbacks to their use85-91. These clinical treatments are associated 

with a high failure rate, slow graft incorporation time, lack of graft-to-bone integration 

and, in the best case, a healed tissue with inferior mechanical properties, thereby 

resulting in compromised tissue functionality compared to healthy, normal tissue92, 93. 

These challenges have prompted efforts to develop tissue engineering solutions to T/L 

repair. 

2.6.  Current State of Tendon and Ligament Tissue Engineering 

Broadly speaking, TE aims to regenerate new tissue from engineered constructs, which 

are usually scaffolds carrying cells and/or biofactors. The ultimate goal of TE is to restore 

normal properties and function to an injured or diseased tissue. One strategy is to 

culture an engineered tissue in vitro until it can be functional immediately upon 

implantation, while a second strategy is to implant a construct to deliver therapeutics in 

vivo to promote an improved healing response at the injury site. In both cases the 

scaffold plays a pivotal role. It is therefore important to consider the scaffold’s physical, 

chemical and biological properties. A bioactive scaffold will guide cell adherence, 

morphology, migration, differentiation and ECM production. Furthermore, the scaffold 

will rapidly integrate for immediate load-bearing post-implantation and exhibit a 

degradation rate comparable to the rate of new tissue formation.  

Various synthetic and natural polymer materials and processing techniques have 

been investigated for T/L TE scaffolds. Amongst synthetic polymers, the most common 

are aliphatic polyester polymers such as poly (lactic acid) (PLA)94, 95, poly (glycolic acid) 



14 

 

(PGA)96, poly (lactic-co-glycolide) (PLGA)97 and poly(ε-caprolactone) (PCL)98-101. 

Polyhydroxyesters are inexpensive polymers that are degradable by hydrolysis and able 

to be tailored with a range of specific material properties. Unfortunately, they may 

release acidic or unnatural byproducts, eliciting unwanted biological responses. 

Moreover, they lack functional chemical groups for cell adhesion. For these reasons 

there has been increased interest in natural materials such as collagen102, 103 and silk104-

106, which have inherent biocompatibility and biodegradability107-110. However, many 

natural polymers can potentially activate immunogenic reactions. They may also have 

significant batch-to-batch variations, which can make material properties of the 

fabricated scaffolds unpredictable and difficult to control. Scaffold form and 

microstructure, controlled via both material selection and processing, contribute greatly 

to its properties and function. Scaffolds of varying forms have been explored in T/L TE, 

including nano- and microfiber matrices, braided fibers, foams, sponges and 

composites, but none have resulted in a functional engineered T/L. To date, there is not 

a gold standard scaffold for T/L TE. 

There has been interest in developing three-dimensional scaffolds that mimic 

structural aspects of the extracellular matrix. For this reason, nanofibers have been 

broadly studied for their biomimicry with respect to the fibrillar structure of the 

collagenous matrix of native T/L111-114. Electrospinning is a commonly used technique to 

produce polymer fibers with diameters in the nanometer range115. It has been 

demonstrated that in vitro aligned nanofibers elicit more desirable T/L-like cell 

responses than randomly oriented nanofibers. For instance, more collagen was 

synthesized by human ligament fibroblasts seeded on aligned nanofiber scaffolds 

compared to randomly oriented nanofiber scaffolds111. In other studies, human and rat 
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tendon fibroblast-like cell morphology, alignment and distribution were enhanced with 

increasing nanofiber alignment113, 114. The effect of fiber diameter on human tendon 

fibroblast response has also been explored116. It was found that nanofiber scaffolds 

promoted higher cell number, collagen content and proteoglycan synthesis, while 

microfiber scaffolds were associated with the upregulation of several tendon marker 

genes including collagen types I, III, V and tenomodulin. Based on these results, the 

researchers hypothesized that microfiber scaffolds mimic healthy tissue (inducing a 

maintenance response) and nanofiber scaffolds mimic injured tissue (inducing a 

reparative response). Because of their biomimicry to T/L tissue, composite scaffolds that 

combine nano- and microfibers have been produced. They are further justified for their 

use in T/L TE in that microfibers add mechanical strength and degradation resistance 

while nanofibers provide high surface area for cell attachment and tissue integration115, 

117-119. For example, the addition of PLGA nanofibers to a PLGA microfiber mesh resulted 

in faster proliferation and upregulation of collagen type I, decorin and biglycan genes of 

seeded porcine bone marrow stromal cells when compared to cells on the PLGA mesh 

alone120. To improve poor scaffold tensile strength, braided structures have been 

developed. A braided silk fibroin scaffold for T/L TE introduced by Altman et al104 was 

shown to support collagen gene expression and matrix deposition by human progenitor 

bone marrow stromal cells. Other studies have used various polymers such as PGA, 

PLGA and PLA to fabricate three-dimensional braided fiber scaffolds that approximate 

the mechanical properties of native ACL tissue121, 122. Barber et al electrospun bundles of 

aligned PLLA, braided them together and seeded the scaffold with hMSCs. The hMSCs 

adhered to these scaffolds in an aligned orientation, parallel to the length of the 

nanofibers, and upregulated scleraxis expression123. Despite these studies and additional 
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work that has optimized the braiding angles of these scaffolds to better mimic T/L 

stress-strain behavior124, desirable mechanical properties have not been achieved. 

Furthermore, nanofiber scaffolds and braided structures face limited nutrient diffusion, 

cell migration and tissue infiltration125.  

To improve T/L TE outcomes, other scaffold forms have also been combined. Foam 

and sponge scaffolds are advantageous because of controllable porosity and cell 

infiltration. Liu et al engineered a silk fibroin hybrid scaffold with geometries at two 

levels: a silk knitted scaffold and an interspersed microporous silk sponge125. This 

scaffold promoted proliferation and gene expression of ligament-related ECM markers 

by seeded hMSCs. Similarly, collagen microsponges were fabricated in the empty space 

of a PLGA-knitted scaffold resulting in mechanically strong constructs with high canine 

anterior cruciate ligament cell seeding efficiency and homogenous matrix deposition126. 

Another composite scaffold combined a knitted silk fibroin base matrix with a 

lyophilized collagen type I microsponge127. Rabbit MSCs seeded in this scaffold 

upregulated ligament matrix genes compared to in the silk scaffold alone. In addition, 

the composite scaffold implanted in a rabbit MCL defect model resulted in more native 

microstructure with larger diameter collagen fibrils and greater integration between 

neoligament and native ligament.  

An appropriate T/L scaffold for TE applications should reproduce the inherent 

mechanical and biological properties of the T/L ECM and simultaneously induce tissue 

regeneration while degrading. Thus far, efforts have not addressed all of these concerns 

together. Integration of hydrogels into T/L TE scaffold systems may be beneficial. 

Hydrogels may act as three-dimensional scaffolds that are capable of supporting cells 
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and maintaining the activity of bioactive agents (Fig. 2). Furthermore, their 

hydrophilicity mimics the aqueous physiologic aspect of natural tissue. The next section 

details different aspects of hydrogels used in T/L TE. In particular, we will review studies 

focused on hydrogels used as scaffolds and as delivery vehicles. We will then detail 

some specific applications of hydrogels in T/L repair. 

3. Hydrogels in Tendon and Ligament Tissue Engineering 

Most of the T/L TE scaffolds described up to now fail to simultaneously approximate T/L 

tissue mechanical properties and allow cell migration and tissue ingrowth. To circumvent 

these potential drawbacks there are efforts to develop new strategies that integrate 

hydrogels. Hydrogels are crosslinked polymeric networks that contain hydrophilic groups 

with the ability to retain high water content within their structure128, 129. Due to this 

property and to their range of material and biological properties that can mimic native 

tissue characteristics, hydrogels possess a unique biocompatibility that can be exploited 

in TE applications. The porous structure of hydrogels can be tuned by changing the 

molecular weight and concentration of the polymer and the density of cross-links130, 131. 

The tunable porosity of hydrogels allows for the physical entrapment of biomolecules 

within the hydrogel network and their release at a controllable rate depending on the 

diffusion coefficient of the biomolecules through the hydrogels132. Active agents may 

also be covalently conjugated to the hydrogel matrix through a linker that is slowly 

cleaved to release the biomolecules133. Furthermore, hydrogels generally exhibit high 

permeability for oxygen and other water-soluble metabolites, making them attractive 

scaffolds for use in cell encapsulation134-137. This is achieved by directly mixing the cells 

with the polymer solution prior to gelation, which facilitates their homogeneous 

distribution throughout the hydrogel and precludes a secondary cell-seeding step. Finally, 
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most hydrogels are injectable in situ into custom shaped molds and even into other 

scaffolds to form composite structures. 

While hydrogels are heavily used in the field of regenerative medicine, exploration of 

their utility in T/L TE has been more limited, likely due to their insufficient mechanical 

properties as standalone scaffolds. Instead, they could be an excellent tool to control 

tissue regeneration by either acting as a cell support for the development of an 

engineered tissue in vitro or as a delivery vehicle of therapeutic agents in vivo, which 

may include cells or biomolecules (Fig 2). In the former case the hydrogel provides a 

temporary support, acting as a synthetic ECM and directing cells to synthesize new 

tissue (Fig 2.1) as described in section 3.1. In section 3.2 we will present the latter case, 

in which hydrogels deliver cells (Fig. 2.2) or biomolecules (Fig. 2.4 and 2.5), or maintain 

cell viability for subsequent in situ production of biomolecules (Fig. 2.3). Additionally, we 

will discuss the use of hydrogels in the engineering of interfacial tissue between soft and 

bone tissues due to their tunable structure (section 3.3). Finally, we will review some 

studies in which hydrogels were specifically engineered to prevent adhesions formation 

during T/L healing which limits the motion (section 3.4). 



19 

 

 

Fig. 2. Versatile use of hydrogels in T/L TE. 1) Temporary ECM to induce cells to synthesize new tissue. 2) 

Delivery of cells in situ. 3) Maintenance of cell viability for in situ production and release of therapeutic 

factors. 4) Encapsulation of active agents to be released in situ via diffusion or scaffold degradation. 5) 

Covalent tethering of active agent to be released in situ by linker cleavage. 

3.1.  Hydrogels as Tissue Engineering Scaffolds 

Hydrogels offer a promising approach to restoring injured T/L tissue by acting as a 

temporary synthetic ECM for tissue engineering applications. For instance, T/L 

constructs engineered from cell-laden hydrogels have been cultured in bioreactors 

under mechanical conditioning in an effort to stimulate tenogenesis or ligamentogenesis 

and produce tissues in vitro prior to implantation. In a recent study, we cultured human 

MSCs in three-dimensional collagen type I gels under static and dynamic tension and 

assessed the expression of genes implicated in embryonic tendon development138. We 

found that cyclic stretching was required to maintain expression of scleraxis over time 
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and that it enhanced collagen deposition in comparison to static conditions. 

Surprisingly, the dramatically higher staining intensity for collagens under dynamic 

loading conditions did not correlate with changes in collagen gene expression, but did 

coincide with significant changes in mRNA levels of MMPs. These data suggested that 

increased collagen deposition by human MSCs in collagen gel scaffolds may be regulated 

by MMPs under dynamic loading conditions. 

In another in vitro study, the Temenoff laboratory developed a hydrogel as a carrier 

of MSCs and biochemical factors for T/L TE139, 140. In particular, a synthetic poly(ethylene 

glycol)-based hydrogel incorporated with cell-adhesive peptide and matrix 

metalloproteinase–sensitive peptide sequences was used to encapsulate MSCs. 

Cyclically straining the construct in a bioreactor significantly upregulated T/L genes 

examined, but not genes for other lineages such as osteogenic, chondrogenic and 

adipogenic. Noth et al also applied cyclic stretching to engineer an ACL tissue using a 

collagen type I gel scaffold containing human MSCs141. This resulted in upregulation of 

ligament-specific matrix gene expression and protein synthesis and elongated fibroblast-

like cells embedded in a wavy orientated collagenous tissue. In another study, 

autologous MSCs were seeded in a collagen gel, which was combined with a collagen 

sponge, mechanically stimulated and subsequently implanted in vivo into bilateral full-

thickness, full-length defects created in the central third of rabbit patellar tendons 

(PTs)142. The findings showed that mechanical stimulation of cell-hydrogel-sponge 

constructs enhanced several properties of central PT repairs when compared to non-

stimulated constructs, including linear stiffness and maximum force, stress and 

modulus. 
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In other efforts, combining hydrogels with other materials have produced composite 

scaffolds that incorporate characteristics of their components, making them particularly 

suitable in T/L TE. The combinatorial effects enable these composite scaffolds to deliver 

viable cells and bioactive growth factors while also improving mechanical properties. 

One group combined collagen gels with poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) (PHBHHx) tube because of the polymer’s tissue compatibility and 

delayed biodegradability143. This tenocyte-seeded scaffold was implanted in a rat 

Achilles tendon repair model and found to accelerate return to function and desirable 

cell migration and organization when compared to no cell or no polymer controls. A 

similar idea using a collagen gel as a delivery vehicle for rabbit MSCs was exploited144. 

Autologous MSC–hydrogel–sponge constructs were placed in rabbit full-length defects 

in the central third of patellar tendons, significantly improving repair biomechanics 

compared to unseeded controls. Thomopoulos et al incorporated platelet-derived 

growth factor BB (PDGF-BB) along with adipose-derived mesenchymal stem cells (ASCs) 

into a heparin/fibrin-based delivery system (HBDS)145. This hydrogel construct was then 

layered with PLGA electrospun nanofibers. In vitro studies verified that the cells 

remained viable and that sustained growth factor release was achieved. In vivo studies 

in a large animal clinically relevant canine tendon model demonstrated that the cells 

remained viable in the tendon repair environment. Young et al tested the hypothesis 

that implanting autologous mesenchymal stem cell-seeded constructs in a rabbit tendon 

gap resulted in significantly improved mechanical properties146. The results showed that 

applying a MSC-loaded collagen type I scaffold to a sutured defect site significantly 

improves tendon repair biomechanics compared with the sutures alone. 
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3.2.  Hydrogels as Delivery Vehicles 

Delivering therapeutic agents such as cells and biomolecules to injured T/L via hydrogels 

may enhance tissue healing or regeneration. This strategy can influence functions of the 

cells present at the site of interest. For instance, Murray et al placed a collagen-platelet 

composite around suture repairs of ACL canine and porcine injuries models147-150. The 

scaffold was designed to deliver platelets and plasma proteins, key components 

required for healing of many tissues. The collagen-platelet composite improved ACL 

function and biomechanical properties after suture repair. Another group explored the 

effects of delivering growth factors bFGF and GDF-5 (growth and differentiation factor 

5) together and individually via a commercially available peptide hydrogel (PuraMatrix, 

BD) to injured rabbit MCL151. Their findings suggested that combined use of bFGF and 

GDF-5 in a hydrogel may enhance the healing of MCL injury by increasing the 

proliferation and migration of ligament fibroblasts and by regulating collagen synthesis 

and fiber alignment. 

Other groups have focused on the use of collagen gels for gene delivery in situ by 

loading them with vector-encoding cDNA prior to the insertion into defects53, 152, 153. In 

particular, Steinert et al loaded a collagen gel with IGF-I cDNA and placed it between the 

cut ends of two human ACL fascicle pieces cultured ex vivo152. The gene was successfully 

delivered to the ACL fibroblasts that migrated into the hydrogel from the severed tissue. 

This led to an increase in the cellularity of the hydrogels and synthesis and deposition of 

collagen types I and III, elastin, tenascin and vimentin. This study demonstrated an 

efficient method to deliver genes to ACL cells and offers a possible approach to ACL 

repair. Similarly, another study fabricated collagen type I gels to deliver adenoviral 
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vectors encoding the human cDNA for bone morphogenetic protein (BMP)-12 and -13 to 

human MSCs and ACL fibroblasts in vitro153. Transgene expression for at least 14 days 

was confirmed and transductions, even at high viral doses, were not detrimental to cell 

viability and proliferation. The authors, analyzing immunohistochemical data and some 

key T/L genes (decorin, scleraxis, tenascin-C and tenomodulin) asserted that BMP-12 

and -13 gene-transfer into MSC and ACL fibroblasts induced ligamentogenic 

differentiation. 

Many studies suggest that implantation of autologous cells are beneficial to tissue 

healing. Unfortunately, in TE applications, implanted cells commonly suffer from low 

survival over the long term, which has led to the use of hydrogels to maintain cellular 

viability. Temenoff and her group studied multiple cell delivery methods in comparison 

to optimize and control them154. They synthesized hydrogel scaffolds based on 

oligo(poly(ethylene glycol) fumarate) and acrylated poly(ethylene glycol)–dithiothreitol 

with varying degradation rates and control over mesenchymal stem cell (MSC) delivery 

to tendon overuse injuries. Cell delivery was found to be dependent on changes in the 

ratio of the two polymers, with more cells found in the tissue with the faster degrading 

hydrogels. They suggested that this type of hydrogel provides a versatile biomaterial 

platform to deliver MSCs to treat tendinopathy. 

The ability of hydrogels to deliver therapeutics relies on degradation of the hydrogel 

or diffusion of the therapeutic and the possibility to be employed in combination with 

other TE scaffolds. Hydrogels as delivery vehicles will likely continue to be incorporated 

into T/L TE strategies because of their promising applications.  
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3.3.  Hydrogel in T/L-Bone Interface Tissue Engineering 

Soft tissue-to-bone interfaces are characterized by gradual changes in composition, 

structural organization and material properties from one tissue to the other155. An 

engineered interface between T/L and bone that mimics the natural interfacial tissue 

would transfer loads across joints, minimizing stress concentrations and preventing 

implant failure. Driven by these motivations, interface tissue engineering (ITE) is rapidly 

developing with the ultimate goal of obtaining a gradient in composition and stiffness 

from bone to soft tissue. 

Hydrogels are considered in T/L ITE because of their versatility of structure and ability 

to be modified in a spatially controlled way. In one study, a continuous material was 

developed to avoid abrupt interfaces in connective tissues between bone and soft 

tissue, such as tendon or ligament156. The work reported a new strategy to create a 

hydrogel material that can be functionalized using different combinations of 

carboxybetaine methacrylate and carboxybetaine dimethacrylate crosslinker. Fabricated 

hydrogels exhibited high strength and high compressive moduli, with a spatially 

controlled gradient of physical and chemical properties. A separate study by Paxton et al 

investigated the use of a poly(ethylene glycol) diacrylate hydrogel containing the 

calcium phosphate hydroxyapatite and the peptide RGD to create an in vitro tissue 

interface for ligaments157. The result was an increase in mechanical strength and 

capacity to bind primary rat tendon fibroblasts. This work suggested that further 

investigation of calcium phosphate ratios is needed to obtain a functional interface 

between engineered ligament and bone. To improve recovery after ACL reconstruction 

in rabbit models, Oka et al, conjugated simvastatin, a drug that has been shown to 
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promote osteoblast differentiation, to a gelatin hydrogel158. The native ACL was 

completely transected and the bone tunnels were created. An ipsilateral 

semitendinosus tendon was harvested as a graft and gelatin hydrogel was wrapped 

around and advanced though the tunnel. This study demonstrated low-dose 

simvastatin-conjugated gelatin hydrogels enhanced angiogenesis and osteogenesis 

without affecting biomechanical properties of reconstructed ACL in the long term.  

Scaffolds that combine different materials, including hydrogels, and that exhibit 

complex gradient features to mimic the native T/L microenvironment have also been 

investigated in ITE. For example, Lee et al produced a single porous cylindrical poly(L-

lactide-co-ε-caprolactone) scaffold, which was divided in three regions to contain 

fibrocartilage regions at the two ends and a ligament region in the middle159. The 

ligament region was seeded with fibroblasts (from rabbit patella ligament) while a 

heparin-based hydrogel was injected in combination with fibrochondrocytes (isolated 

from rabbit meniscus) and a small amount of bone morphogenetic protein-2 (BMP-2) in 

the fibrocartilage regions. Their results showed that the local delivery of cells and 

growth factors using a heparin-based hydrogel was beneficial in mouse subcutaneous 

implantation models, accelerating the differentiation and maturation of 

fibrochondrocytes into osteoblasts. It was also possible to recreate the unique 

properties of the interface between bone and ligament tissue in a single scaffold.  

Taken together, interface tissue engineering may be achievable via scaffolds, 

including hydrogels, combined with other approaches such as gene and cell therapy. 
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3.4.  Hydrogels in Tendon Adhesion Prevention During Healing  

Development of postoperative adhesions between tendon and its surrounding sheath is 

common, especially in the digital flexor tendons of the hand. Despite being part of the 

normal T/L healing process, adhesion leads to functional disability by restricting motion 

and inhibiting gliding. Surgical and rehabilitative options that seek to reduce adhesion 

formation include different suturing techniques, post-operative physiotherapy, 

ultrasound therapy and drug treatments that target the adhesion formation process. 

However, these strategies have had mixed success and they have not been 

demonstrated in humans160. 

A variety of hydrogels have found use in the prevention of adhesions by sheathing 

the tendon, acting as barriers to the adhesions. The ideal hydrogel used for 

peritendinous adhesion prevention is biocompatible, appropriately biodegradable and 

allows for tendon movement and healing while restricting adhesion formation. One 

study demonstrated the use of the commercially available two-component synthetic 

hydrogel surgical sealant FocalSeal-L as an inhibitor of adhesion formation in divided 

and repaired deep flexor tendons of chickens161. Peritendinous adhesion formation was 

decreased while breaking strength stayed the same when compared to no sealant 

controls. In another study, Zhao et al treated the surface of canine flexor tendon 

autografts with a carbodiimide-derivatized hyaluronic acid-gelatin hydrogel and found 

lower gliding resistance after six weeks compared to non-treated graft repairs162. 

Similarly, hyaluronan-based hydrogels to treat flexor tendon injuries in rabbits were 

evaluated by Liu et al163. In this study, a cross-linked hydrogel was found to promote 
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adhesion-free healing, due to its longer residence time and inhibition of fibroblast 

attachment, spreading and proliferation. 

Another group worked to establish an anti-adhesion material with a mixture of the 

hydrogels polyvinyl alcohol (PVA) and poly(2-methacryloyloxyethyl phosphorylcholine-

co-n-butyl methacrylate-co-p-vinylphenylboronic acid) (PMBV)164. A 2-

methacryloyloxyethyl phosphorylcholine (MPC) polymer hydrogel was injected around 

repaired tendon in a rabbit achilles tendon injury model and in a chicken flexor 

digitorum profundus injury tendon model. The resulting hydrogel had nanometer-sized 

pores, allowing penetration of signaling molecules but inhibiting cellular infiltration. The 

MPC hydrogel prevented tissue adhesion to tendon without adverse effects on the 

healing process of injured tendon.  

These studies demonstrate that hydrogels have found yet another practical 

application to T/L TE, emphasizing their potential in the field. Hydrogels may reduce T/L 

adhesions by sheathing the tissues, preventing cellular attachment and proliferation 

while maintaining the gliding movement and overall function of the tissue.  

4. Conclusions and Outlook 

Toward addressing the inadequate return of injured T/L tissue to normal function, the 

field of T/L TE has made rapid advances. As we have discussed, strategies may include 

the in vitro production of a clinically functional tissue for later implantation at the site of 

injury, or the initiation of improved in vivo healing by implanting an inductive construct 

which delivers therapeutics. In either case, a scaffold plays a role in support of the tissue 

structure and/or as a delivery vehicle of therapeutic cells and biomolecules. Many 

scaffold materials have been studied, with hydrogels offering a versatile solution. They 
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have controllable structure and material properties and are well-suited for supporting 

and guiding cells and tissue while delivering therapeutics. Their tunable structure also 

imparts hydrogels with the ability to approximate gradient features, which may be 

particularly useful in engineering interfaces between soft T/L tissue and hard bone 

tissue. Finally, we have described several applications of hydrogels for the prevention of 

adhesions, which arise due to normal healing but inhibit T/L movement and function. 

Hydrogels and their combination with other scaffolds will be a likely theme in future 

investigations. In fact, several extremely stretchable and tough hydrogels have recently 

been developed, exploiting the idea of mixing two different types of hydrogels to 

combine desirable properties165-167. To date there are no results of the use of 

combination hydrogels in T/L in vivo injury models, though they show exciting promise. 

In addition to future in vivo applications, hydrogels in T/L TE will likely continue to be 

utilized in the study of in vitro culture conditions that are tenogenic or ligamentogenic 

for stem cells. These and additional future efforts that advance the field of T/L TE will 

utilize hydrogels because of the demonstrated versatility of their material and biological 

properties and their promising potential for clinical application. 

Acknowledgments 

The authors gratefully acknowledge funding support from the Tissue Engineering 

Resource Center (TERC)–NIH P41 EB002520 from the National Institute of Biomedical 

Imaging and Biomedical Engineering (C.K.K. is collaborator). They further acknowledge 

Nathan R. Schiele, PhD for his help in editing this chapter. 

 



29 

 

References 

 

1. D. L. Butler, N. Juncosa and M. R. Dressler, Annual review of biomedical engineering, 6, 303 (2004). 

2. D. L. Butler, E. S. Grood, F. R. Noyes and R. F. Zernicke, Exercise and sport sciences reviews, 6, 125 

(1978). 

3. S. L. Woo, M. A. Gomez, Y. K. Woo and W. H. Akeson, Biorheology, 19, 397 (1982). 

4. T. A. Wren, G. S. Beaupre and D. R. Carter, Journal of rehabilitation research and development, 37, 217 

(2000). 

5. A. Hoffmann and G. Gross, Int Orthop, 31, 791 (2007). 

6. T. W. Lin, L. Cardenas and L. J. Soslowsky, J Biomech, 37, 865 (2004). 

7. M. L. Killian, L. Cavinatto, L. M. Galatz and S. Thomopoulos, Journal of shoulder and elbow surgery / 

American Shoulder and Elbow Surgeons [et al ], 21, 228  

8. M. Benjamin, E. Kaiser and S. Milz, J Anat, 212, 211 (2008). 

9. D. A. Parry, M. H. Flint, G. C. Gillard and A. S. Craig, FEBS letters, 149, 1 (1982). 

10. D. Amiel, J. B. Kleiner, R. D. Roux, F. L. Harwood and W. H. Akeson, J Orthop Res, 4, 162 (1986). 

11. M. J. Moore and A. De Beaux, Journal of anatomy, 153, 163 (1987). 

12. F. H. Silver, J. W. Freeman and G. P. Seehra, J Biomech, 36, 1529 (2003). 

13. J. Bojsen-Moller, K. K. Kalliokoski, M. Seppanen, M. Kjaer and S. P. Magnusson, Journal of applied 

physiology (Bethesda, Md : 1985), 101, 196 (2006). 

14. J. Kastelic, A. Galeski and E. Baer, Connective tissue research, 6, 11 (1978). 

15. M. Kjaer, Physiol Rev, 84, 649 (2004). 

16. P. S. Robinson, T. F. Huang, E. Kazam, R. V. Iozzo, D. E. Birk and L. J. Soslowsky, J Biomech Eng, 

127, 181 (2005). 

17. L. M. Dourte, L. Pathmanathan, A. F. Jawad, R. V. Iozzo, M. J. Mienaltowski, D. E. Birk and L. J. 

Soslowsky, J Biomech Eng, 134, 031005 (2012). 

18. O. H. Lowry, D. R. Gilligan and E. M. Katersky, Journal of Biological Chemistry, 139, 795 (1941). 

19. J. A. Dodds and S. P. Arnoczky, Arthroscopy : the journal of arthroscopic & related surgery : official 

publication of the Arthroscopy Association of North America and the International Arthroscopy 

Association, 10, 132 (1994). 

20. H. Nakagawa, Y. Mikawa and R. Watanabe, Spine (Phila Pa 1976), 19, 2164 (1994). 

21. Y. Mikawa, H. Hamagami, J. Shikata and T. Yamamuro, Arch Orthop Trauma Surg, 105, 343 (1986). 



30 

 

22. M. Kvist, L. Jozsa, M. Jarvinen and H. Kvist, Pathology, research and practice, 180, 416 (1985). 

23. R. W. Rowe, Connect Tissue Res, 14, 9 (1985). 

24. K. A. Derwin, L. J. Soslowsky, J. H. Kimura and A. H. Plaas, J Orthop Res, 19, 269 (2001). 

25. P. E. Matuszewski, Y. L. Chen, S. E. Szczesny, S. P. Lake, D. M. Elliott, L. J. Soslowsky and G. R. 

Dodge, Connect Tissue Res, 53, 343 (2012). 

26. J. Kastelic, A. Galeski and E. Baer, Connect Tissue Res, 6, 11 (1978). 

27. N. Ochiai, T. Matsui, N. Miyaji, R. J. Merklin and J. M. Hunter, The Journal of hand surgery, 4, 321 

(1979). 

28. D. A. W. Edwards, Journal of anatomy, 80, 147 (1946). 

29. R. Scapinelli, Acta anatomica, 70, 305 (1968). 

30. J. Y. Nordin, M. Benoist, G. Pouget and J. Cauchoix, Revue du rhumatisme et des maladies osteo-

articulaires, 43, 291 (1976). 

31. J. H. Ginsburg, L. A. Whiteside and T. L. Piper, The American journal of sports medicine, 8, 15 (1980). 

32. R. C. Bray, A. W. Fisher and C. B. Frank, Journal of anatomy, 172, 69 (1990). 

33. P. Sharma and N. Maffulli, The Journal of bone and joint surgery American volume, 87, 187 (2005). 

34. P. W. Ackermann, M. Spetea, I. Nylander, K. Ploj, M. Ahmed and A. Kreicbergs, The journal of 

histochemistry and cytochemistry : official journal of the Histochemistry Society, 49, 1387 (2001). 

35. C. K. Kuo, B. C. Petersen and R. S. Tuan, Dev Dyn, 237, 1477 (2008). 

36. A. Oryan and A. H. Shoushtari, Anatomia, histologia, embryologia, 37, 134 (2008). 

37. J. P. Brown, R. M. Lind, A. F. Burzesi and C. K. Kuo, PLoS One, 7, e38475 (2012). 

38. J. E. Marturano, J. D. Arena, Z. A. Schiller, I. Georgakoudi and C. K. Kuo, Proc Natl Acad Sci U S A, 

110, 6370 (2013). 

39. S. L. Woo, M. A. Ritter, D. Amiel, T. M. Sanders, M. A. Gomez, S. C. Kuei, S. R. Garfin and W. H. 

Akeson, Connect Tissue Res, 7, 177 (1980). 

40. C. Couppe, P. Hansen, M. Kongsgaard, V. Kovanen, C. Suetta, P. Aagaard, M. Kjaer and S. P. 

Magnusson, J Appl Physiol, 107, 880 (2009). 

41. J. E. Marturano, J. F. Xylas, G. V. Sridharan, I. Georgakoudi and C. K. Kuo, Acta Biomater,  (2013). 

42. S. P. Lake, K. S. Miller, D. M. Elliott and L. J. Soslowsky, J Biomech, 43, 727 (2010). 

43. V. Ottani, M. Raspanti and A. Ruggeri, Micron, 32, 251 (2001). 

44. S. L. Woo, J. M. Hollis, D. J. Adams, R. M. Lyon and S. Takai, Am J Sports Med, 19, 217 (1991). 

45. S. L. Woo, R. E. Debski, J. D. Withrow and M. A. Janaushek, Am J Sports Med, 27, 533 (1999). 



31 

 

46. J. Diamant, A. Keller, E. Baer, M. Litt and R. G. Arridge, Proc R Soc Lond B Biol Sci, 180, 293 (1972). 

47. J. Kastelic, I. Palley and E. Baer, J Biomech, 13, 887 (1980). 

48. M. Franchi, A. Trire, M. Quaranta, E. Orsini and V. Ottani, TheScientificWorldJournal, 7, 404 (2007). 

49. K. A. Hansen, J. A. Weiss and J. K. Barton, J Biomech Eng, 124, 72 (2002). 

50. J. H. Wang, J Biomech, 39, 1563 (2006). 

51. T. A. Wren, G. S. Beaupre and D. R. Carter, Journal of rehabilitation research and development, 37, 217 

(2000). 

52. M. L. Killian, L. Cavinatto, L. M. Galatz and S. Thomopoulos, J Shoulder Elbow Surg, 21, 228 (2012). 

53. R. Hauser, E. Dolan, H. Phillips, A. Newlin, R. Moore and B. Woldin, Open Rehabilitation Journal, 6, 1 

(2013). 

54. P. Kannus and L. Jozsa, J Bone Joint Surg Am, 73, 1507 (1991). 

55. G. Yang, B. B. Rothrauff and R. S. Tuan, Birth Defects Res C Embryo Today, 99, 203 (2013). 

56. H. J. Jung, M. B. Fisher and S. L. Woo, Sports Med Arthrosc Rehabil Ther Technol, 1, 9 (2009). 

57. G. Lundborg and F. Rank, The Journal of hand surgery, 3, 21 (1978). 

58. C. Frank, S. L. Woo, D. Amiel, F. Harwood, M. Gomez and W. Akeson, Am J Sports Med, 11, 379 

(1983). 

59. G. Lundborg, F. Rank and B. Heinau, Scandinavian journal of plastic and reconstructive surgery, 19, 113 

(1985). 

60. A. Khanna, N. Gougoulias and N. Maffulli, Acta orthopaedica Belgica, 75, 433 (2009). 

61. T. Molloy, Y. Wang and G. Murrell, Sports medicine, 33, 381 (2003). 

62. G. Schulze-Tanzil, O. Al-Sadi, E. Wiegand, W. Ertel, C. Busch, B. Kohl and T. Pufe, Scand J Med Sci 

Sports, 21, 337 (2011). 

63. N. Shrive, D. Chimich, L. Marchuk, J. Wilson, R. Brant and C. Frank, J Orthop Res, 13, 923 (1995). 

64. C. B. Frank, J Musculoskelet Neuronal Interact, 4, 199 (2004). 

65. H. L. Ansorge, J. E. Hsu, L. Edelstein, S. Adams, D. E. Birk and L. J. Soslowsky, J Orthop Res, 30, 448 

(2012). 

66. R. James, G. Kesturu, G. Balian and A. B. Chhabra, The Journal of hand surgery, 33, 102 (2008). 

67. W. Petersen, F. Unterhauser, T. Pufe, T. Zantop, N. P. Sudkamp and A. Weiler, Arch Orthop Traum Su, 

123, 168 (2003). 

68. R. Garofalo, E. Cesari, E. Vinci and A. Castagna, Sports medicine and arthroscopy review, 19, 207 

(2011). 



32 

 

69. R. D. Montgomery, Seminars in veterinary medicine and surgery, 4, 304 (1989). 

70. H. Miyashita, M. Ochi and Y. Ikuta, Arch Orthop Trauma Surg, 116, 454 (1997). 

71. G. M. Thornton, G. P. Leask, N. G. Shrive and C. B. Frank, J Orthop Res, 18, 238 (2000). 

72. R. D. Montgomery, Seminars in veterinary medicine and surgery (small animal), 4, 304 (1989). 

73. D. L. Hamner, C. H. Brown, Jr., M. E. Steiner, A. T. Hecker and W. C. Hayes, J Bone Joint Surg Am, 81, 

549 (1999). 

74. L. S. Crossett, R. K. Sinha, V. F. Sechriest and H. E. Rubash, The Journal of bone and joint surgery 

American volume, 84-A, 1354 (2002). 

75. M. Kettler, J. Lunger, V. Kuhn, W. Mutschler and M. J. Tingart, The American journal of sports 

medicine, 35, 1544 (2007). 

76. C. Zhao, S. L. Moran, S. S. Cha, A. Kai Nan and P. C. Amadio, The Journal of hand surgery, 32, 518 

(2007). 

77. S. L. Woo, R. E. Debski, J. Zeminski, S. D. Abramowitch, S. S. Saw and J. A. Fenwick, Annual review of 

biomedical engineering, 2, 83 (2000). 

78. R. P. A. Janssen, J. van der Wijk, A. Fiedler, T. Schmidt, H. A. G. M. Sala and S. U. Scheffler, Knee 

surgery, sports traumatology, arthroscopy : official journal of the ESSKA, 19, 1299  

79. S. J. Kew, J. H. Gwynne, D. Enea, M. Abu-Rub, A. Pandit, D. Zeugolis, R. A. Brooks, N. Rushton, S. M. 

Best and R. E. Cameron, Acta biomaterialia, 7, 3237  

80. SpringerM. M. Murray, Journal/The ACL Handbook,(2013). 

81. R. W. Nutton, I. McLean and E. Melville, Journal of the Royal College of Surgeons of Edinburgh, 44, 

236 (1999). 

82. S. M. Strickland, J. D. MacGillivray and R. F. Warren, The Orthopedic clinics of North America, 34, 41 

(2003). 

83. A. Robertson, R. W. Nutton and J. F. Keating, The Journal of bone and joint surgery British volume, 88, 

988 (2006). 

84. J. L. Carey, W. R. Dunn, D. L. Dahm, S. L. Zeger and K. P. Spindler, The Journal of bone and joint 

surgery American volume, 91, 2242 (2009). 

85. L. M. Dejardin, S. P. Arnoczky, B. J. Ewers, R. C. Haut and R. B. Clarke, The American journal of sports 

medicine, 29, 175 (2001). 

86. S. F. Badylak, Seminars in cell & developmental biology, 13, 377 (2002). 



33 

 

87. M. H. Zheng, J. Chen, Y. Kirilak, C. Willers, J. Xu and D. Wood, Journal of biomedical materials 

research Part B, Applied biomaterials, 73, 61 (2005). 

88. D. A. Coons and F. Alan Barber, Sports medicine and arthroscopy review, 14, 185 (2006). 

89. K. A. Derwin, A. R. Baker, R. K. Spragg, D. R. Leigh and J. P. Iannotti, The Journal of bone and joint 

surgery American volume, 88, 2665 (2006). 

90. T. F. Schlegel, R. J. Hawkins, C. W. Lewis, T. Motta and A. S. Turner, The American journal of sports 

medicine, 34, 275 (2006). 

91. C. K. Kuo, J. E. Marturano and R. S. Tuan, Sports Med Arthrosc Rehabil Ther Technol, 2, 20 (2010). 

92. A. J. Krych, J. D. Jackson, T. L. Hoskin and D. L. Dahm, Arthroscopy : the journal of arthroscopic & 

related surgery : official publication of the Arthroscopy Association of North America and the 

International Arthroscopy Association, 24, 292 (2008). 

93. N. Mehran, J. G. Skendzel, B. P. Lesniak and A. Bedi, Operative Techniques in Sports Medicine, 21, 10 

(2013). 

94. O. Laitinen, P. Tormala, R. Taurio, K. Skutnabb, K. Saarelainen, T. Iivonen and S. Vainionpaa, 

Biomaterials, 13, 1012 (1992). 

95. J. A. Cooper, Jr., J. S. Sahota, W. J. Gorum, 2nd, J. Carter, S. B. Doty and C. T. Laurencin, Proc Natl 

Acad Sci U S A, 104, 3049 (2007). 

96. B. Wang, W. Liu, Y. Zhang, Y. Jiang, W. J. Zhang, G. Zhou, L. Cui and Y. Cao, Biomaterials, 29, 2954 

(2008). 

97. H. W. Ouyang, J. C. Goh, A. Thambyah, S. H. Teoh and E. H. Lee, Tissue Eng, 9, 431 (2003). 

98. B. L. Seal, T. C. Otero and A. Panitch, Mat Sci Eng R, 34, 147 (2001). 

99. V. Guarino, F. Causa and L. Ambrosio, Expert review of medical devices, 4, 405 (2007). 

100. F. A. Petrigliano, C. S. English, D. Barba, S. Esmende, B. M. Wu and D. R. McAllister, Tissue Eng, 13, 

2721 (2007). 

101. J. Lee, V. Guarino, A. Gloria, L. Ambrosio, G. Tae, Y. H. Kim, Y. Jung, S. H. Kim and S. H. Kim, 

Journal of biomaterials science. Polymer edition, 21, 1173 (2010). 

102. M. Chvapil, D. P. Speer, H. Holubec, T. A. Chvapil and D. H. King, J Biomed Mater Res, 27, 313 

(1993). 

103. M. G. Dunn, J. B. Liesch, M. L. Tiku and J. P. Zawadsky, J Biomed Mater Res, 29, 1363 (1995). 

104. G. H. Altman, R. L. Horan, H. H. Lu, J. Moreau, I. Martin, J. C. Richmond and D. L. Kaplan, 

Biomaterials, 23, 4131 (2002). 



34 

 

105. H. Liu, H. Fan, Y. Wang, S. L. Toh and J. C. Goh, Biomaterials, 29, 662 (2008). 

106. R. L. Horan, I. Toponarski, H. E. Boepple, P. P. Weitzel, J. C. Richmond and G. H. Altman, The journal 

of knee surgery, 22, 82 (2009). 

107. K. A. Derwin, A. R. Baker, R. K. Spragg, D. R. Leigh and J. P. Iannotti, J Bone Joint Surg Am, 88, 2665 

(2006). 

108. T. W. Gilbert, A. M. Stewart-Akers, A. Simmons-Byrd and S. F. Badylak, J Bone Joint Surg Am, 89, 

621 (2007). 

109. B. C. Fleming, K. P. Spindler, M. P. Palmer, E. M. Magarian and M. M. Murray, Am J Sports Med, 37, 

1554 (2009). 

110. K. R. Kinneberg, V. S. Nirmalanandhan, N. Juncosa-Melvin, H. M. Powell, S. T. Boyce, J. T. Shearn 

and D. L. Butler, J Orthop Res, 28, 1092 (2010). 

111. C. H. Lee, H. J. Shin, I. H. Cho, Y. M. Kang, I. A. Kim, K. D. Park and J. W. Shin, Biomaterials, 26, 

1261 (2005). 

112. J. P. Spalazzi, M. C. Vyner, M. T. Jacobs, K. L. Moffat and H. H. Lu, Clin Orthop Relat Res, 466, 1938 

(2008). 

113. K. L. Moffat, A. S. Kwei, J. P. Spalazzi, S. B. Doty, W. N. Levine and H. H. Lu, Tissue Eng Part A, 15, 

115 (2009). 

114. J. Xie, X. Li, J. Lipner, C. N. Manning, A. G. Schwartz, S. Thomopoulos and Y. Xia, Nanoscale, 2, 923 

(2010). 

115. Q. P. Pham, U. Sharma and A. G. Mikos, Tissue Eng, 12, 1197 (2006). 

116. C. Erisken, X. Zhang, K. L. Moffat, W. N. Levine and H. H. Lu, Tissue Eng Part A, 19, 519 (2013). 

117. Z. W. Ma, M. Kotaki, R. Inai and S. Ramakrishna, Tissue Engineering, 11, 101 (2005). 

118. R. Murugan and S. Ramakrishna, Tissue Eng, 13, 1845 (2007). 

119. W. J. Li, R. L. Mauck, J. A. Cooper, X. Yuan and R. S. Tuan, J Biomech, 40, 1686 (2007). 

120. S. Sahoo, H. Ouyang, J. C. Goh, T. E. Tay and S. L. Toh, Tissue Eng, 12, 91 (2006). 

121. H. H. Lu, J. A. Cooper, Jr., S. Manuel, J. W. Freeman, M. A. Attawia, F. K. Ko and C. T. Laurencin, 

Biomaterials, 26, 4805 (2005). 

122. J. A. Cooper, H. H. Lu, F. K. Ko, J. W. Freeman and C. T. Laurencin, Biomaterials, 26, 1523 (2005). 

123. J. G. Barber, A. M. Handorf, T. J. Allee and W. J. Li, Tissue Eng Part A,  (2011). 

124. J. W. Freeman, M. D. Woods and C. T. Laurencin, Journal of Biomechanics, 40, 2029 (2007). 

125. H. F. Liu, H. B. Fan, Y. Wang, S. L. Toh and J. C. H. Goh, Biomaterials, 29, 662 (2008). 



35 

 

126. G. P. Chen, T. Sato, M. Sakane, H. Ohgushi, T. Ushida, J. Tanaka and T. Tateishi, Materials Science & 

Engineering C-Biomimetic and Supramolecular Systems, 24, 861 (2004). 

127. X. Chen, Y. Y. Qi, L. L. Wang, Z. Yin, G. L. Yin, X. H. Zou and H. W. Ouyang, Biomaterials, 29, 3683 

(2008). 

128. N. A. Peppas and A. G. Mikos, Hydrogels in medicine and pharmacy, 1, 1 (1986). 

129. N. A. Peppas and B. D. Barr-Howell, Hydrogels in medicine and pharmacy, 1, 27 (1986). 

130. C. K. Kuo and P. X. Ma, Biomaterials, 22, 511 (2001). 

131. C. K. Kuo and P. X. Ma, J Biomed Mater Res A, 84, 899 (2008). 

132. T. R. Hoare and D. S. Kohane, Polymer, 49, 1993 (2008). 

133. D. Filpula and H. Zhao, Adv Drug Deliv Rev, 60, 29 (2008). 

134. F. Brandl, F. Sommer and A. Goepferich, Biomaterials, 28, 134 (2007). 

135. C. R. Nuttelman, M. A. Rice, A. E. Rydholm, C. N. Salinas, D. N. Shah and K. S. Anseth, Prog Polym 

Sci, 33, 167 (2008). 

136. G. D. Nicodemus and S. J. Bryant, Tissue Eng Part B Rev, 14, 149 (2008). 

137. B. V. Slaughter, S. S. Khurshid, O. Z. Fisher, A. Khademhosseini and N. A. Peppas, Adv Mater, 21, 

3307 (2009). 

138. C. K. Kuo and R. S. Tuan, Tissue Eng Part A, 14, 1615 (2008). 

139. D. M. Doroski, M. E. Levenston and J. S. Temenoff, Tissue engineering Part A, 16, 3457  

140. P. J. Yang, M. E. Levenston and J. S. Temenoff, Tissue engineering Part A, 18, 2365  

141. U. Noth, K. Schupp, A. Heymer, S. Kall, F. Jakob, N. Schutze, B. Baumann, T. Barthel, J. Eulert and C. 

Hendrich, Cytotherapy, 7, 447 (2005). 

142. J. T. Shearn, N. Juncosa-Melvin, G. P. Boivin, M. T. Galloway, W. Goodwin, C. Gooch, M. G. Dunn 

and D. L. Butler, Journal of biomechanical engineering, 129, 848 (2007). 

143. W. R. Webb, T. P. Dale, A. J. Lomas, G. D. Zeng, I. Wimpenny, A. J. El Haj, N. R. Forsyth and G. Q. 

Chen, Biomaterials, 34, 6683 (2013). 

144. N. Juncosa-Melvin, G. P. Boivin, C. Gooch, M. T. Galloway, J. R. West, M. G. Dunn and D. L. Butler, 

Tissue Eng, 12, 369 (2006). 

145. C. N. Manning, A. G. Schwartz, W. Liu, J. Xie, N. Havlioglu, S. E. Sakiyama-Elbert, M. J. Silva, Y. 

Xia, R. H. Gelberman and S. Thomopoulos, Acta Biomaterialia, 9, 6905 (2013). 

146. R. G. Young, D. L. Butler, W. Weber, A. I. Caplan, S. L. Gordon and D. J. Fink, J Orthopaed Res, 16, 

406 (1998). 



36 

 

147. M. M. Murray, K. P. Spindler, C. Devin, B. S. Snyder, J. Muller, M. Takahashi, P. Ballard, L. B. 

Nanney and D. Zurakowski, J Orthopaed Res, 24, 820 (2006). 

148. M. M. Murray, K. P. Spindler, E. Abreu, J. A. Muller, A. Nedder, M. Kelly, J. Frino, D. Zurakowski, M. 

Valenza, B. D. Snyder and S. A. Connolly, J Orthopaed Res, 25, 81 (2007). 

149. S. M. Joshi, A. N. Mastrangelo, E. M. Magarian, B. C. Fleming and M. M. Murray, Am J Sports Med, 

37, 2401 (2009). 

150. M. M. Murray, E. Magarian, D. Zurakowski and B. C. Fleming, Arthroscopy-the Journal of 

Arthroscopic and Related Surgery, 26, S49 (2010). 

151. K. Saiga, T. Furumatsu, A. Yoshida, S. Masuda, S. Takihira, N. Abe and T. Ozaki, Biochem Bioph Res 

Co, 402, 329 (2010). 

152. A. F. Steinert, M. Weber, M. Kunz, G. D. Palmer, U. Noth, C. H. Evans and M. M. Murray, 

Biomaterials, 29, 904 (2008). 

153. M. Haddad-Weber, P. Prager, M. Kunz, L. Seefried, F. Jakob, M. M. Murray, C. H. Evans, U. Nöth and 

A. F. Steinert, Cytotherapy, 12, 505 (2010). 

154. Y. Qiu, J. J. Lim, L. Scott, Jr., R. C. Adams, H. T. Bui and J. S. Temenoff, Acta biomaterialia, 7, 959  

155. A. Seidi, M. Ramalingam, I. Elloumi-Hannachi, S. Ostrovidov and A. Khademhosseini, Acta Biomater, 

7, 1441 (2011). 

156. L. R. Carr, J. E. Krause, J.-R. Ella-Menye and S. Jiang, Biomaterials, 32, 8456  

157. J. Z. Paxton, K. Donnelly, R. P. Keatch and K. Baar, Tissue Eng Pt A, 15, 1201 (2009). 

158. S. Oka, T. Matsumoto, S. Kubo, T. Matsushita, H. Sasaki, Y. Nishizawa, T. Matsuzaki, T. Saito, K. 

Nishida, Y. Tabata, M. Kurosaka and R. Kuroda, Tissue Eng Part A, 19, 1233 (2013). 

159. J. Lee, W. Il Choi, G. Tae, Y. H. Kim, S. S. Kang, S. E. Kim, S. H. Kim, Y. Jung and S. H. Kim, Acta 

Biomaterialia, 7, 244 (2011). 

160. A. Khanna, M. Friel, N. Gougoulias, U. G. Longo and N. Maffulli, British medical bulletin, 90, 85 

(2009). 

161. R. E. H. Ferguson and B. Rinker, Annals of plastic surgery, 56, 54 (2006). 

162. C. Zhao, Y.-L. Sun, P. C. Amadio, T. Tanaka, A. M. Ettema and K.-N. An, The Journal of bone and 

joint surgery American volume, 88, 2181 (2006). 

163. Y. C. Liu, A. Skardal, X. Z. Shu and G. D. Prestwich, J Orthopaed Res, 26, 562 (2008). 

164. N. Ishiyama, T. Moro, K. Ishihara, T. Ohe, T. Miura, T. Konno, T. Ohyama, M. Kimura, M. Kyomoto, 

K. Nakamura and H. Kawaguchi, Biomaterials, 31, 4009 (2010). 



37 

 

165. M. A. Haque, T. Kurokawa and J. P. Gong, Polymer, 53, 1805 (2012). 

166. J. Y. Sun, X. H. Zhao, W. R. K. Illeperuma, O. Chaudhuri, K. H. Oh, D. J. Mooney, J. J. Vlassak and Z. 

G. Suo, Nature, 489, 133 (2012). 

167. M. C. Darnell, J. Y. Sun, M. Mehta, C. Johnson, P. R. Arany, Z. G. Suo and D. J. Mooney, 

Biomaterials, 34, 8042 (2013). 

 

  



38 

 

Chapter 3. Characterization of the embryonic tendon progenitor cell network 

Tendons are subject to frequent and debilitating injury. Current treatments have limited 

success due in part to the fact that adult tendon healing generates scar tissue, which is 

mechanically inferior to normal tissue and does not return complete function. By 

contrast, embryonic tendon regenerates scarlessly in response to injury. A more 

complete understanding of the development of embryonic tendon mechanical 

properties may lead to advances in the field of tendon TE and regeneration. This chapter 

of the thesis characterizes embryonic chick tendon in an effort to better understand its 

development. Part of this work contributed to a published study investigating the 

contribution of the actin cytoskeleton on the development of embryonic tendon 

mechanical properties (Schiele, von Flotow et al 2015). 

Introduction 

Tendons are made up of parallel collagen fibers and longitudinal rows of cells in contact. 

The development of embryonic chick tendon mechanical properties has been shown to 

be influenced differently as a function of time. At developmental stages HH 40 and 43, 

enzymatic crosslinking contributes to the chick tendon elastic modulus, while at earlier 

stages (HH 28 to 37), crosslinking does not significantly contribute to elastic modulus 

(Marturano et al 2013). Embryonic tendon dry weight is also composed of a larger 

amount of DNA than adult tendon (Marturano et al 2013) and is highly cellular (Schiele, 

von Flotow et al 2015). These results together led us to consider the cellular 

contributions to the developing mechanical properties of embryonic tendon. 

Cells have force sensors that receive and transmit mechanical stimuli as biological 

signals through the process of mechanotransduction. Cadherins are transmembrane 
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cell-to-cell adhesion proteins, which may also function as force sensors and 

mechanotransducers (Leckband et al 2011). The extracellular portion of cadherins 

facilitates calcium-dependent interaction with neighboring cadherins. This portion is 

made up of cadherin repeats with conserved amino acid sequences which are 

responsible for the extracellular binding of calcium ions (Derycke and Bracke 2004). The 

cadherin family includes three types: classical cadherins, protocadherins, and atypical 

cadherins. Classic cadherins were the first subtype identified, and are expressed in 

almost all vertebrate tissues. Protocadherins are primarily expressed in the nervous 

system, while atypical cadherins are involved in cell signaling related to epithelial cell 

orientation to achieve appropriate tissue morphogenesis (Halbleib and Nelson 2006). All 

cadherins have the characteristic extracellular cadherin repeats (Nollet et al 2000). N-

cadherin, cadherin-7, and cadherin-11 are all part of the classical cadherin family. 

Cadherin-11 is expressed in HH 39 embryonic tendon and downregulation of cadherin-

11 with siRNA in chick embryonic tendon at this stage led to loss of contact between 

adjacent ETCs and disrupted collagen fibril organization (Richardson et al 2007). Our lab 

has also quantified cadherin-11 protein in embryonic chick tendon at stages HH 34 to 37 

(Schiele, von Flotow et al 2014) and found its expression to be maintained at these 

stages. These results suggest that cadherin-11 maintains cell-to-cell contacts and plays a 

role in collagen fibril organization during embryonic tendon development. 

Other cell-cell junction proteins are also present in embryonic tendon. We have 

quantified the protein expression for cadherin-7, N-cadherin, and connexin-43 in HH 35 

to 37 embryonic chick tendon. We found Cadherin-7 and N-cadherin levels to be 

maintained during these developmental stages, with cadherin-7 significantly increasing 
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in expression with development (Schiele, Tochka et al 2015). Cadherin-7 has been 

shown to be expressed in the notochord of developing embryonic zebrafish, and 

interference of its expression with morpholino antisense oligonucleotides disrupts 

notochord development (Liu et al 2008). Cadherin-7 is not well studied in developing 

tendon, and may play important roles in the formation of the embryonic TPC network. 

There has been work demonstrating that N-cadherin is expressed at different time 

points and tissues throughout embryonic development. During gastrulation, N-cadherin 

is expressed in the mesoderm (Hatta and Takeichi 1986). Several groups investigated 

the role of N-cadherin in embryogenesis. N-cadherin knockout mice die at day 10 of 

gestation, displaying malformed neural tubes and somites as well as heart defects 

(Radice et al 1997). Partial rescue of N-cadherin expression can be achieved using 

muscle-specific promoters, though brain development remains impaired (Luo et al 

2001). In embryonic chick, N-cadherin is one of the earliest proteins to be 

asymmetrically expressed and its activity remains key in establishing the left-right axis 

(Garcia-Castro et al 2000). N-cadherin is also associated with the migratory cells of the 

neural crest, which is composed of pluripotent cells that eventually migrate to many 

regions of the embryo, contributing to the development of a variety of tissue and cell 

types, including craniofacial cartilage and bone. The transcription factor Slug is also 

implicated in the formation of neural crest precursors and migration, and is responsible 

for the downregulation of cadherins, which in turn allows cell migration (Perez-Moreno 

et al 2001; Pla et al 2001). N-cadherin has also been shown to be expressed in HH 39 

chick embryonic tendon (Richardson et al 2007) and may serve multiple functions, 

promoting adhesion or inducing cell migration (Derycke and Bracke 2004). Finally, we 
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have shown that N-cadherin protein content is similarly expressed in HH 35 to 37 

embryonic chick tendon (Schiele, Tochka et al 2015). 

Gap junctions may play roles in mediating load responses (Banes et al 1999, Cowan et al 

1998, Waggett et al ORS 1999, Gluhak-Heinrich et al 2006). Gap junctions appear where 

membranes of adjacent cells are separated by a uniform narrow gap of about 2-4 nm 

(Johnson et al 2002). This gap is spanned by proteins that form channels known as 

connexins. These channels (called connexons) permit the passage of ions and other 

small water-soluble molecules from cell to cell. Connexin-43 is found in gap junctions at 

sites of tendon cell-cell contacts in vivo (McNeilly et al 1996). Connexin-43 may 

therefore play an important role in the development of embryonic tendon mechanical 

properties, though it has not been well studied in embryonic tendon. Our lab has 

quantified its expression in HH 35 to 37 embryonic chick tendon, and found that it 

significantly increases with development (Schiele, von Flotow et al 2015). One study 

found that connexin-43 is colocalized with actin filaments of adult chicken flexor 

digitorum profundus tendon cells (Wall et al 2007). However, the localization of 

connexin-43 and its contributions to the development of an organized cellular network 

has not been investigated in developing embryonic tendon. 

We have discussed several cell-cell proteins present in TPCs. These junction proteins are 

exposed to applied forces as the cells pull and push on one another in three dimensions. 

There have been multiple studies that have quantified the force generated at points of 

cell adhesions, using in vitro nanoscopic techniques, including optical tweezers, 

magnetic tweezers, biomembrane-force probe, or atomic force microscopy. In each 

case, the force range resolution differs and in the case of studying interaction properties 
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of molecules, single-molecule force spectroscopy is frequently used. This involves the 

isolation and purification of the molecule of interested followed by its binding to 

opposing surfaces that may be brought in contact with one another. In vivo approaches 

also exist, in which adhesion force experiments are done on living cells in what is known 

as single-cell force spectroscopy, which involves the binding of a complete cell to an 

AFM cantilever and probing the cellular interactions with the extracellular space. This 

allows the investigation of transmembrane adhesion proteins in a native state (Benoit 

and Selhuber-Unkel 2011). One study measured the generated force of cadherin-11 

adhesion in human fetal mesenchymal stem cells to be ~128.7±62.3 mN/g (Alimperti et 

al 2014). Another study that investigated the maximal traction forces applied to the cell 

via N-cadherin binding reached 50 nN (Ganz et al 2006). It is clear that cell-cell junctions 

exert force, with likely responses in the form of downstream effects due to the 

application of such forces. 

We have seen that developing embryonic tendon is highly cellular and that these cells 

contain various cell-cell proteins. These results suggest the cells are in contact during 

development through protein crosslinks, but the morphology of the overall emerging 

crosslinked network of TPCs in developing embryonic tendon has not been well 

characterized. The animal model used in this investigation is embryonic chick, though 

there have been numerous studies examining tendon markers and how they compare in 

developing chick and mouse. Tendon markers ranging from extracellular matrix 

molecules, growth factors, transmembrane proteins, and transcription factors have all 

been found to be comparable across these species (Edom-Vovard and Duprez 2004). In 

any case, these animal models should provide proof of concept research before clinical 

translation.  
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The overall objective of this thesis is to characterize the developing embryonic TPC 

network and those factors that contribute to this network formation. First, we 

hypothesize that developing embryonic tendon cell density is maintained via 

proliferation and apoptosis of the resident TPCs. We test this hypothesis with the 

specific aim of using immunohistochemistry to characterize proliferation and apoptosis 

of resident TPCs in developing HH 34 to 37 embryonic tendon (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Proposed mechanism of Specific Aim 1: Embryonic TPC density is maintained 

throughout HH 34 to 37 development via proliferation and apoptosis activities. 
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Next, we hypothesize that the plasma membranes of HH 34 to 37 embryonic tendon 

TPCs are in contact and overlapping (as suggested by nucleus stains), and contain an 

actin organization that increases with development (Figure 2). We test this hypothesis 

with specific aim 2 of using immunohistochemistry to visualize the plasma membrane 

and actin cytoskeleton of TPCs. Finally, we hypothesize that developing embryonic TPCs 

form a crosslinked cell network and that these crosslinks include connexin-43, N-

cadherin, cadherin-11, and cadherin-7 (Figure 2). We test this hypothesis with specific 

aim 3 of using immunofluorescent staining for these proteins in HH 34 to 37 embryonic 

chick tendon. 

 

 

 

 

 

 

Figure 2. Formation of embryonic TPC network, proposed by Specific Aims 2-3: Embryonic TPCs 

form a network during HH 34 to 37 development composed of overlapping cell membranes, 

increasingly organized actin cytoskeleton, and multiple cell-cell junction proteins including 

cadherin-11, cadherin-7, N-cadherin, and connexin-43. 
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The data presented in this thesis provides a deeper understanding of tendon 

development by characterizing some potential TPC contributions to the emerging 

tendon functional properties. Specifically, we characterized the proliferation and 

apoptosis of TPCs in HH 34 to 37 embryonic chick tendon to address the consistent TPC 

cell density. We continue by characterizing the emerging TPC network. First, we 

highlighted the plasma cell membrane and actin cytoskeleton in HH 34 to 37 chick 

tendon, noting TPC membrane overlaps and an increase in actin cytoskeleton alignment. 

Finally, we characterize expression and distribution of protein crosslinks linking cells 

together in HH 34 to 37 embryonic tendon, including cadherin-11, cadherin-7, N-

cadherin, and connexin-43. These data may also supply potential guiding cues by which 

an engineered tendon construct may be fabricated, informing future tendon tissue 

engineering (TE) efforts.  
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Methods and Materials 

Embryonic tendon harvest 

Fertilized white leghorn chicken eggs (UConn Poultry Farm, Storrs, CT) were incubated 

at 37°C in a humidified egg incubator. Embryonic chicks were sacrificed by decapitation 

at stages HH 34, 35, 36, and 37 and their limbs were excised and skinned. Embryonic 

chick calcaneal tendons were excised, fixed overnight at 4°C in 4% paraformaldehyde 

(PFA), and cryopreserved at -80°C in optimal cutting temperature (OCT) compound 

(Sakure, Tokyo, Japan). 

Characterization of embryonic tendon 

Embryonic tendon tissue was characterized as whole tendons and as cryosections. In 

both cases, cell nucleus labeling was done via staining with 4’,6-diamidino-2-

phenylindole (DAPI; Invitrogen, Carlsbad, CA). In the case of whole tendons, HH34 to 37 

were thawed and rinsed twice in phosphate buffered saline (PBS) to remove the OCT. 

They were then stained for nuclei (DAPI) and cell membrane (CellMask deep red Plasma 

Membrane Stain; 0.1% v/v; Invitrogen, Carlsbad, CA) by mounting the whole tendons on 

glass-bottomed Petri dishes in pre-warmed Hank’s Balanced Salt Solution (HBSS) with 

the stain for 30 minutes. Finally, they were washed, fixed in 10% formalin, and imaged 

on an inverted confocal microscope (Leica Microsystems, Buffalo Grove, IL) using a 63X 

objective. Image processing was done using ImageJ software (NIH, Bethesda, MD). 

Longitudinal 10µm cryosections of HH 34 to 37 tendons were labeled for proliferation 

via staining for the conserved PCNA protein (Abcam, Cambridge, MA) and investigated 

for apoptosis via terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
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(R&D Systems, Minneapolis, MN). Cell-cell junctions were labeled with goat anti-rabbit 

cadherin-11 (Abcam, Cambridge, MA), with goat anti-rabbit connexin-43 (Abcam, 

Cambridge, MA), with goat anti-mouse cadherin-7 (Abcam, Cambridge, MA), and with 

goat anti-rabbit N-cadherin (Abcam, Cambridge, MA), and for actin with Alexa Fluor 488-

phalloidin (Invitrogen, Carlsbad, CA). They were fixed with 4% paraformaldehyde (PFA), 

then imaged on the confocal microscope. Proliferation was measured by comparing the 

ratio of the number of PCNA-positive cells to the number of DAPI-labeled cells (total cell 

number). 

Imaging 

Cryosection slides and whole tendons mounted on glass-bottomed Petri dishes in Hank’s 

Balanced Salt Solution (HBSS) were imaged on a 63X objective on a Leica TCS SP2 

inverted confocal microscope (Leica Microsystems, Buffalo Grove, IL). 

 

Results 

We have previously found embryonic TPCs present at high densities in chick tendon at 

stages HH 34 to 37, with the cell density remaining relatively constant according to an 

analysis of nuclear staining (Schiele, von Flotow et al 2015). The work in this thesis 

addresses this observation in an attempt to explain it. To understand the mechanism 

behind the sustained cell density between stages during development, we performed 

assays to label proliferation and apoptosis of the resident TPCs (Figures 3-5). Cell 

proliferation was labeled using the proliferating cell nuclear antigen (PCNA) protocol. 

The ratio of PCNA-positive cells to the total number of cells (measured by number of 
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DAPI-labeled cells) was compared, with over 90% of TPCs throughout HH 34 t0 37 being 

found to be proliferating (Figure 3).  

 

 

 

 

 

 

 

Figure 3. Percentage of proliferating embryonic TPCs. Cells that expressed the proliferation 

marker PCNA were counted and compared to the total cell number (those expressing the nuclear 

stain DAPI). This ratio determined the percentage of proliferating TPCs in HH 34 to 37 embryonic 

chick tendon, with all investigated stages containing greater than 90% proliferating cells. 

 

PCNA is an intranuclear polypeptide that acts as a co-factor for DNA polymerase delta 

during DNA replication. It completely encircles the DNA double helix as the polymerase 

adds nucleotides to the growing strand and is necessary to increase the rate of 

replication by increasing the processivity of the enzyme, increasing the average number 

of nucleotides per association event with the template strand. As a result, PCNA staining 

labels nuclei in cells that are in the process of proliferating, while those in the resting 

stage will not stain. Apoptosis is the process by which programmed cell death occurs, a 
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hallmark of which is the fragmentation of DNA. This generates a number of double-

strand breaks, with accessible 3’-hydroxyl (3’-OH) groups. The apoptosis assay consisted 

of the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) protocol, 

which detects DNA fragmentation by labeling the terminal end of nucleic acids. The 

assay depends on the action of the enzyme terminal deoxynucleotidyl transferase (TdT), 

which adds modified deoxyuridine triphosphate nucleotides (dUTPs) to the 3’-OH end of 

DNA strand breaks. Subsequently, the incorporated dUTPs can be detected and labeled 

by antibody conjugates with a fluorescent dye. 
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Figure 4. PCNA and DAPI stain of embryonic TPCs. Embryonic HH 34 to 37 chick tendons were 

cryosectioned at 10µm thickness and imaged for PCNA, a marker of proliferation (green) and 

nuclei via DAPI staining (blue) (N=3). Note scale bar of 10µm, biological replicates labeled R1to 

R3, and 2 representative images per biological replicate.  
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Figure 5. TUNEL and DAPI stain of embryonic TPCs. (A) Embryonic HH 34 to 37 chick tendons 

were cryosectioned at 10µm thickness and labeled for apoptosis (green) via the TUNEL protocol 

and cell nuclei via DAPI staining (blue). Note there is no apparent apoptotic activity. Efficacy of 

apoptosis assay was confirmed with HH 36 positive control treated with DNAse (B) or vehicle 

control (C), then subsequently labeled for apoptosis (green) and cell nuclei (blue) (N=3). Note 

scale bar of 10µm, biological replicates labeled R1to R3, and 1 representative images per 

biological replicate.  
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This presented thesis data show that cell proliferation at these stages is evident but little 

to no apoptosis is occurring (Figures 3-5). At stages HH 34 to 36, the proliferation 

appears similar but at stage HH 37 there seems to be less cell proliferation (Figures 3-4). 

These activities help to explain the consistently high cellularity of early stage embryonic 

tendon, but the lack of apoptosis (Figure 5A) suggests a different method by which the 

proliferation activity is balanced, keeping the cellularity relatively constant through this 

developmental phase. The TUNEL apoptosis protocol efficacy was verified via a positive 

control of HH 36 tendon treated with DNAse (Figure 5B-C). Based on these data, we can 

say that proliferation is present during early embryonic development, but we also see 

that apoptosis may not be a mechanism by which TPC populations are maintained at 

these stages as seen by the lack of signal (Figure 5A). These data help to present a 

picture of the developing tendon through early development and may serve to inform 

future tendon TE efforts by offering potential markers of normal development. 

Our prior characterizations made use of a nuclear stain with 4’,6-diaminidino-2-

phenylindole (DAPI). This allowed for visualization of the TPC nuclei, but did not provide 

information on the cell body placement and distribution. Central to this thesis is the 

premise that developing TPCs are associating in a crosslinked network. To confirm the 

high cellularity and illustrate the association and overlap of cell bodies in this forming 

TPC network, we stained for the cell membrane and actin cytoskeleton of HH 34 to 37 

embryonic tendon (Figures 6-7). The CellMask™ protocol (Thermo Fisher Scientific) 

probes the cell plasma membrane with a negatively charged hydrophilic dye. The actin 

cytoskeleton was visualized via Phalloidin staining, in which the fluorescently-labeled 

Phalloidin peptide binds to the subunits of filamentous actin. We have previously 

characterized the actin cytoskeleton at these stages and published work on it, noticing 



53 

 

that the actin filaments are aligned in parallel and appear to extend over multiple cell 

lengths along the tendon long axis. The actin filaments also appear contiguous between 

adjacent cells along this axis, forming an actin cytoskeleton network. These data confirm 

the high cellularity of developing tendon, as well as the fact that TPCs are in contact. It 

also confirms the actin cytoskeleton seems to increase in alignment through 

development, which we have quantified in our publication (Schiele, von Flotow et al 

2015). Finally, the actin cytoskeleton appears contiguous across cells along the tendon 

long axis and may form part of the emerging cell network. Notice the many overlapping 

TPC regions (Figure 6) and the apparent increase in actin alignment seen in these tissue 

sections (Figure 7). 
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Figure 6. Cellmask™ plasma membrane and DAPI stain of embryonic tendon. HH 34 to 37 whole 

tendons were stained for their plasma membrane with a deep red CellMask™ plasma membrane 

stain and for nuclei via DAPI staining (N=3). Note scale bar of 10µm.  
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Figure 7. Phalloidin and DAPI stain of embryonic tendon. HH 34 to 37 cryosections were stained 

for actin via Phalloidin staining and for nuclei via DAPI staining (N=3). Note scale bar of 10µm. 

 

More efforts were taken as part of this thesis to characterize TPC population within the 

embryonic tendon. The cell-cell junctions of HH 34 to 37 embryonic tendons were 

examined via fluorescent staining for the cell-cell junction proteins cadherin-7, cadherin-

11, N-cadherin, and connexin-43. We focus on these stages, where cell contributions 

may most contribute to the developing mechanical properties, in an effort to better 

characterize the developing network of cells and how they may interact. We have also 

previously shown that at these stages, enzymatic crosslinking is not contributing to the 
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overall tendon mechanical properties and therefore the cells themselves may play a role 

in this by forming protein crosslinks as part of an emerging TPC network (Marturano et 

al 2013). We found the cell-cell junction protein cadherin-11 to be distributed in a 

punctate pattern throughout the investigated stages and at similarly expressed levels 

and with a similar distribution (Figure 8). We hypothesized that we would see cadherin-

11 expression throughout these stages. Its distribution and punctate expression pattern 

are similar to that already found by another group in HH 39 embryonic tendon 

(Richardson et al 2007). 
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Figure 8. Cadherin-11 expression and distribution of embryonic TPCs. Embryonic chick tendons 

of stages HH 34 to 37 were cryosectioned at 10µm thickness and labeled for the cell-cell junction 

protein cadherin-11 (green) and cell nuclei via DAPI staining (blue) (N=3). Note one 

representative image for each biological replicate chick 1-3 and scale bar of 10µm. Note the 

punctate, even distribution pattern with some variation in size of punctate points.  
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We also observed the cell-cell protein cadherin-7 to be expressed throughout the 

investigated stages of HH 34 to 37 embryonic tendon, with even and punctate 

distribution in each stage – similar to that of cadherin-11 (Figure 9). Next, we 

investigated the expression of N-cadherin in HH 34 to 37 embryonic tendon and found it 

to be present in all stages in a punctate distribution pattern (Figure 10). Expression and 

distribution are similar in all the studied stages and with both cadherin-7 and cadherin-

11, however, with N-cadherin, the expression pattern is punctate but there seem to be 

more large clusters of protein (as seen by larger punctate spots, which may represent 

groupings of protein). 
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Figure 9. Cadherin-7 expression and distribution of embryonic TPCs. Embryonic chick tendons 

of stages HH 34 to 37 were cryosectioned at 10µm thickness and labeled for the cell-cell junction 

protein cadherin-7 (green) and cell nuclei via DAPI staining (blue) (N=3). Note one representative 

image for each biological replicate chick 1-3 and scale bar of 10µm. Note the punctate, even 

distribution pattern.  
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Figure 10. N-Cadherin expression and distribution of embryonic TPCs. Embryonic chick tendons 

of stages HH 34 to 37 were cryosectioned at 10µm thickness and labeled for the cell-cell junction 

protein N-cadherin (green) and cell nuclei via DAPI staining (blue) (N=3). Note one representative 

image for each biological replicate chick 1-3 and scale bar of 10µm. Note the punctate 

distribution pattern, with possible larger clusters of protein.  
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We continued the characterization of the developing embryonic TPC network of cells by 

staining for the gap junction protein connexin-43. This protein forms part of the TPC gap 

junction (McNeilly et al 1996). We stained HH 34 to 37 tendon cryosections for 

connexin-43 (Figure 11) and found it to be distributed in a punctate pattern throughout 

these stages. The data indicates the presence and distribution of this protein during 

development, and it is worth noting the larger clusters of protein found as evident by 

the larger punctate spots of this stain throughout the stages. This data contributes to 

the continued investigation into cell contributions towards emerging embryonic 

properties by identifying another contributor to the emerging crosslinked network. 
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Figure 11. Connexin-43 expression and distribution of embryonic TPCs. Embryonic chick 

tendons of stages HH 34 to 37 were cryosectioned at 10µm thickness and labeled for the cell-cell 

junction protein connexin-43 (green) and cell nuclei via DAPI staining (blue) (N=3). Note one 

representative image for each biological replicate chick 1-3 and scale bar of 10µm. Note the 

punctate distribution pattern, with possible larger clusters of protein.  
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Finally, we selected a representative image for each cell-cell protein (cadherin-11, 

cadherin-7, N-cadherin, and connexin-43) at each developmental stage (HH 34 to 37) 

and digitally magnified a region to better highlight the morphology of the cell-cell 

junctions (Figure 12). The distribution is qualitatively different for each stain, with all 

proteins expressed in slightly different punctate patterns. Cadherin-11 is distributed in 

specific punctate points of varying size; cadherin-7 is more evenly distributed but still in 

a punctate manner; N-cadherin has a punctate expression but with what seem to be 

larger clusters of protein, and connexin-43 has punctate expression but the punctate 

points tend to group together even more than with N-cadherin, resulting in larger 

clusters of protein. 
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Figure 12. Digitally magnified representative images of expression and distribution of 

embryonic TPC cell-cell proteins cadherin-11, cadherin-7, N-cadherin, and connexin-43. 

Embryonic chick tendons of stages HH 34 to 37 were cryosectioned at 10µm thickness and 

labeled for each cell-cell junction protein (green) and cell nuclei via DAPI staining (blue) (N=3). 

Note scale bar of 5µm.  
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Discussion 

We know tendons develop their mechanical properties through an enzymatic 

crosslinking process during late development, but the factors leading to an increase in 

tissue elastic modulus during early development is not well studied. We have seen a 

high density of TPCs during early development and hypothesize that they form an 

organized network and that this cell network is responsible for the emerging tendon 

mechanical properties. This thesis verifies via cell membrane staining that during this 

phase of development, embryonic tendon is highly cellular with overlapping 

membranes. As demonstrated in our journal article (Schiele, von Flotow et al 2015), the 

actin stain confirms the crimp morphology seen in developing tendon, which the data 

confirms. The characterization of these varied cell activities and properties may lead to a 

better understanding of tendon development and potential targets for future 

engineered tendons. By characterizing the TPC activities in developing embryonic 

tendon, we present a more complete picture and a better understanding of tendon 

development. To this end, this thesis data highlights the proliferative and apoptotic 

activities of resident TPCs. The data presented here shows that proliferation probably 

helps to explain the relatively high population of TPCs during early development. By 

contrast, apoptosis does not seem to be contributing to keeping the cell density 

maintained, as we do not see it present in the stages studied. This indicates another 

unstudied cause by which high cell densities are maintained at relatively constant levels 

during these stages of embryonic tendon development. Due to the relatively low 

cellularity of adult tendon, we can theorize that later stages of embryonic tendon cells 

have lower proliferation. This conjecture is supported by a study in which proliferating 

cells were labeled in embryonic (day 17.5) and post-natal (P1, P7, P14) mouse patellar 
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tendon cells. This work found that proliferation is greatest in the embryo and diminishes 

post-natally (Liu et al 2012). 

This thesis also characterized the cell-cell junctions of developing embryonic TPCs. We 

have previously quantified via Western Blot the cell-cell junction proteins cadherin-11, 

cadherin-7, N-cadherin, and connexin-43 in stages HH 35 to 37 (with cadherin-11 

additionally quantified in HH 34), but we have not visualized the distribution and 

morphology of these cell-cell proteins, which this thesis aims to do (Schiele, Tochka et al 

2015). We found the junction protein cadherin-11 is expressed throughout this phase of 

development. It has previously been shown to be present in a punctate manner and 

evenly distributed at the stage of HH 39 embryonic development (Richardson et al 

2007). Our data verifies this observation and extends the investigation to stages HH 34 

to 37, as we see a similar punctate distribution. We continued our analysis of the 

protein crosslinks that may be contributing to an overall TPC network that emerges by 

staining for the cell-cell proteins cadherin-7 and N-cadherin. Neither has been well-

studied in embryonic tendon, though N-cadherin has been shown to be expressed in HH 

39 embroynic chick tendon (Richardson et al 2007) and we have quantified both 

proteins’ expression levels in HH 35 to 37 (Schiele, Tochka et al 2015). 

To better highlight the cell-cell contacts in developing embryonic tendon, we stained for 

the gap junction protein connexin-43. Gap junctions may play roles in mediating load 

responses (Banes et al 1999, Cowan et al 1998, Waggett et al ORS 1999, Gluhak-Heinrich 

et al 2006). Connexin-43 may therefore play an important role in the development of 

embryonic tendon mechanical properties, though it has not been well studied in 

embryonic tendon. We see its expression pattern and distribution are similar to that of 
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cadherin-11, with a punctate and relatively even distribution. This work on cell-cell 

contacts advances our understanding of embryonic development and may contribute to 

the field of tendon TE by providing potential targets for engineered tissue. 

The first part of this thesis found that proliferation is detectable and comparable in early 

stage (HH 34 to 37) embryonic tendon while it drops off by stage HH 37. However there 

was no evidence of apoptosis in HH 34 to 37 embryonic chicken tendon cryosections. 

Embryonic tendons are highly cellular in contrast to the relatively acellular adult tendon. 

These data suggest proliferation of TPCs may be an important process in maintaining 

the cell density and that apoptosis may not be playing a role. These characterizations 

provide insight to embryonic tendon development and may inform future efforts to 

tissue engineer tendon tissue by presenting normal cellular activities during 

development. The TPCs of HH 34 to 37 embryonic tendon were found to form a 

crosslinked network of cells, with overlapping cell membranes, increasingly organized 

actin cytoskeleton, and with crosslinks made up of cadherin-11, cadherin-7, N-cadherin, 

and connexin-43 in punctate expression patterns of varying distribution. Cadherin-11 is 

distributed in specific punctate points of varying size; cadherin-7 is more evenly 

distributed but still in a punctate manner; N-cadherin has a punctate expression but 

with what seem to be larger clusters of protein, and connexin-43 has punctate 

expression but the punctate points tend to group together even more than with N-

cadherin, resulting in larger clusters of protein. These data highlight protein crosslinks of 

an embryonic TPC network at stages HH 34 to 37. 

  



68 

 

Conclusion and Future Work 

The field of tendon TE relies on an understanding of those cues responsible for targeted 

tissue regeneration. Adult tendon healing does not restore tissue function, which is in 

contrast to the regenerative ability of embryonic tendons. This thesis presents several 

efforts aimed at better understanding embryonic tendon development and informing 

future tendon TE efforts. In Chapter 2, a textbook chapter was presented on hydrogels 

in tendon/ligament tissue engineering. In Chapter 3, early stage embryonic chick tendon 

was characterized, a portion of which was published (Schiele, von Flotow et al 2015). 

Cell proliferation was found to be comparable in stages HH 34 to 36 but trends 

downward by stage HH 37 (as seen by the measured lower percentage of proliferative 

cells). The cell-cell junction proteins cadherin-11, cadherin-7, N-cadherin, and connexin-

43 were present throughout the examined range of development in a punctate 

expression pattern with varying distribution. Taken together, this work offers a greater 

understanding of embryonic tendon development and factors that may serve to guide 

tendon TE efforts. 

This work has identified potential TPC activities that result in the relatively constant cell 

density we have seen in HH 34 to 37 embryonic tendons (Schiele, von Flotow et al 

2015). We have seen that TPCs at these stages are highly proliferative, but no apoptosis 

is detected. This suggest another mechanism by which the cell density is held fairly 

constant. It may be that as embryonic tendons increase in size, they also increase in cell 

number via proliferation, resulting in similar cell densities. This mechanism would not 

rely on apoptosis to maintain the fairly constant cell densities we have seen, and may be 

confirmed by comparing overall cell counts at the different stages. 
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Furthermore, our measure of the emerging TPC network relies on the expression of 

multiple cell-cell protein crosslinks. It also draws on a cell membrane and actin stain to 

highlight points of cell-cell contact and the increasingly organized and contiguous 

cytoskeleton. However, additional co-labeling of cell-cell proteins with a cell membrane 

stain would benefit this analysis, as it would show where the membranes and cell-cell 

protein contacts line up and provide a more accurate picture of these cell-cell contact 

proteins as they sit on the membrane itself, providing greater understanding of their 

distribution and location. This analysis was impossible in our case, as the stain used for 

the cell membrane was not compatible with the cell-cell protein stains, as they needed 

tissue permeabilization, which the plasma membrane stain would not have survived. 
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Chapter 4. Future Directions 

A fully engineered tendon construct must be able to replace the damaged or otherwise 

undesirable host tissue completely without rejection. This construct has not yet been 

achieved but may benefit from the study of developing embryonic tendon, which 

regenerates in response to injury without scarring. This thesis presents characteristics 

and properties of TPCs during the development phase in which cellular contributions to 

the emerging mechanical properties may play an important role. Specifically, it identifies 

the emerging network of TPCs and contributing protein crosslinks. 

The data presented in this thesis may also help to inform future investigations aimed at 

tendon regeneration or tendon construct fabrication. The characteristics of the TPC 

network we investigated may serve as potential markers for these efforts. However, 

many studies focused on the fabrication of a tendon tissue construct rely on an 

externally applied force. This makes sense, since in vivo tendons are exposed to loading 

during development. Future studies that build on this data should consider applying 

load and studying the response of these potential markers (cell-cell proteins). This may 

lead to a phenotype typical of tendon in vivo, and provides a more physiologically 

relevant environment. 
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