
THE INFLUENCE OF MECHANICAL 

STIMULATION AND MACROMOLECULAR 

CROWDING ON ENGINEERED, SCAFFOLD-

FREE TENDON FIBERS 
 

Kuwabo Mubyana 

 

Submitted in Partial Fulfillment of the Requirements  

for the Degree of 

  

DOCTOR OF PHILOSOPHY 

 

Approved by: 

Dr. David T. Corr, Chair 

Dr. Deva Chan 

Dr. Hui B. Sun 

Dr. Leo Wan 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Department of Biomedical Engineering 

Rensselaer Polytechnic Institute 

Troy, New York 

 

[May 2018] 

Submitted April 2018 



ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2018 

By  

Kuwabo Mubyana 

 

All Rights Reserved 



iii 

TABLE OF CONTENTS 

 

LIST OF TABLES ......................................................................................................................... vi 

LIST OF FIGURES ...................................................................................................................... vii 

ACKNOWLEDGEMENT ............................................................................................................. xi 

ABSTRACT ................................................................................................................................. xiii 

1. BACKGROUND ON TENDON ENGINEERING .............................................................. 1 

1.1 Introduction ....................................................................................................................... 1 

1.2 Research Objectives and Significance ............................................................................... 2 

1.3 Literature Review .............................................................................................................. 7 

1.3.1 Tendon Structure, Composition, and Mechanical Properties ..................................... 7 

1.3.2 Embryonic Tendon Development and Loading ........................................................ 10 

1.3.3 Tendon Injury and Repair Challenges ...................................................................... 12 

1.3.4 Current Standard of Treatment and Limitations ....................................................... 14 

1.3.5 Scaffold-Based and Scaffold-Free Tendon Engineered Constructs.......................... 14 

1.3.6 The Use of Dermal Fibroblasts for Tendon Engineering .......................................... 16 

1.3.7 The Role of Mechanical Stimulation in Tendon Engineering .................................. 16 

2. A MICROMOLD-BASED TECHNIQUE FOR SYNTHESIS OF INDIVIDUAL 

SCAFFOLD-FREE TENDON FIBERS ....................................................................................... 19 

2.1 Introduction ..................................................................................................................... 19 

2.2 Materials and Methods .................................................................................................... 20 

2.2.1 Growth Channel Fabrication ..................................................................................... 20 

2.2.2 Cell Culture and Loading of Growth Channels ........................................................ 22 

2.3 Results ............................................................................................................................. 23 

2.4 Discussion and Conclusions ............................................................................................ 24 

2.5 Limitations and Recommendations ................................................................................. 26 

3. THE INFLUENCE OF CYCLIC UNIAXIAL STRAIN ON TENDON MECHANICAL 

PROPERTIES AND NUCLEAR SHAPE .................................................................................... 27 

3.1 Introduction ..................................................................................................................... 27 

3.2 Methods and Materials .................................................................................................... 30 

3.2.1 Cell Culture & Seeding of Growth Channels ........................................................... 30 

3.2.1.1 Modification of Tissue Train Plates ...................................................................... 31 
3.2.1.2 Coupling Growth Channel Assembly to Flexcell System ...................................... 32 
3.2.1.3 High Density Seeding of the Growth Channel....................................................... 32 

3.2.2 Application of Intermittent Dynamic Strain ............................................................. 33 

3.2.3 Mechanical Characterization .................................................................................... 35 



iv 

3.2.4 Mechanical Data Processing and Analysis ............................................................... 36 

3.2.4.1 Noise Reduction ..................................................................................................... 36 
3.2.4.2 Calculating Toe-In Duration ................................................................................. 37 
3.2.4.3 Post-Hoc Preload Correction ................................................................................ 38 

3.2.5 Nuclear Morphometry ............................................................................................... 38 

3.2.6 Statistical Analysis .................................................................................................... 39 

3.3 Results ............................................................................................................................. 40 

3.3.1 General Fiber Development ...................................................................................... 40 

3.3.2 Tensile Failure Properties ......................................................................................... 41 

3.3.3 Toe-In Strain ............................................................................................................. 43 

3.3.4 Nuclear and Cytoskeletal Morphometry ................................................................... 44 

3.4 Discussion ........................................................................................................................ 46 

3.4.1 The Enhancement of Tensile and Failure Properties ................................................ 46 

3.4.2 The Potential Implications of Strain-Dependent Nuclear Deformation ................... 48 

4. THE INFLUENCE OF CYCLIC UNIAXIAL STRAIN ON ENGINEERED TENDON 

STRUCTURE AND COMPOSITION ......................................................................................... 50 

4.1 Introduction ..................................................................................................................... 50 

4.2 Methods and Materials .................................................................................................... 51 

4.2.1 Immunocytochemical Staining for Collagen I and Collagen III ............................... 51 

4.2.2 Polarized Light Microscopy for Collagen Alignment .............................................. 53 

4.2.3 Hydroxyproline Assay .............................................................................................. 54 

4.3 Results ............................................................................................................................. 56 

4.3.1 Immunocytochemical and Histochemical Results .................................................... 56 

4.3.1.1 Collagen Composition ........................................................................................... 56 

4.3.1.2 Collagen Alignment ............................................................................................... 58 

4.3.1.3 Detection of Collagen in Culture Media ............................................................... 59 

4.4 Discussion ........................................................................................................................ 60 

4.4.1 Collagen III Deposition and Increased Alignment with Loading ............................. 60 

5. THE DISTINCT ROLES OF INCREMENTAL QUASI-STATIC AND CYCLIC 

UNIAXIAL MECHANICAL LOADING ON THE MECHANICAL PROPERTIES OF 

ENGINEERED, SCAFFOLD-FREE TENDON FIBERS ............................................................ 62 

5.1 Introduction ..................................................................................................................... 62 

5.2 Methods ........................................................................................................................... 64 

5.2.1 Fiber Engineering and Dynamic Loading ................................................................. 64 

5.2.2 Mechanical Characterization .................................................................................... 65 

5.3 Comparison of Basic and Combined Loading ................................................................. 65 

5.4 Discussion ........................................................................................................................ 67 

6. TENDON STEM PROGENITOR CELL-DERIVED FIBERS .......................................... 70 



v 

6.1 Introduction ..................................................................................................................... 70 

6.2 Methods to Compare TSPC and hDF-Derived Fibers ..................................................... 72 

6.2.1 Fiber Engineering Methods....................................................................................... 72 

6.2.2 Mechanical Characterization .................................................................................... 72 

6.3 A Comparison Between TSPC-Derived and FB-Derived Fibers .................................... 73 

6.3.1 Distinct Fiber Assembly and Morphology ................................................................ 73 

6.3.2 Tensile Failure Properties ......................................................................................... 74 

6.4 Discussion and Recommendations .................................................................................. 75 

7. THE INFLUENCE OF MACROMOLECULAR CROWDING ON TENDON FIBER 

DEVELOPMENT ......................................................................................................................... 78 

7.1 Introduction ..................................................................................................................... 78 

7.1.1 The Shortcomings of Conventional Cell Culture...................................................... 78 

7.1.2 What are Macromolecular Crowders? ...................................................................... 79 

7.1.3 Literature Review of Macromolecular Crowders ..................................................... 80 

7.1.4 Study Objective ......................................................................................................... 82 

7.2 Conditioning Static Fibers with Macromolecular Crowders ........................................... 83 

7.3 Tensile and Failure Test Results ...................................................................................... 83 

7.3.1 Independent Effects of Macromolecular Crowding .................................................. 83 

7.3.2 Comparison to Mechanical Stimulation.................................................................... 85 

7.4 Discussion and Implications ............................................................................................ 85 

8. CONCLUSION AND FUTURE DIRECTIONS ................................................................ 89 

8.1 Overview ......................................................................................................................... 89 

8.2 Future Directions ............................................................................................................. 92 

8.2.1 The Influence of Basic Cyclic Strain on Gene Expression ....................................... 92 

8.2.1.1 The Genes Implicated in Tendon Development ..................................................... 92 

8.2.1.2 Ongoing RT-PCR Work ......................................................................................... 94 

8.2.2 Macromolecular Crowding and Loading .................................................................. 95 

8.2.2.1 Extending Static Culture with Ficoll ..................................................................... 95 

8.2.2.2 Coupling Macromolecular Crowders with Loading ............................................. 96 

8.2.2.3 Examining a Mechanism for Crowder-Induced Mechanics .................................. 97 

8.2.3 The Role of Hypoxia in Tendon Fiber Development ............................................... 98 

8.2.4 Optimization for TSPC-Derived Tendon Fibers ....................................................... 99 

REFERENCES ........................................................................................................................... 101 

 

  



vi 

LIST OF TABLES 

 

Table 3.1: Mechanical properties of the engineered fibers (mean ± standard deviations). * and 

** denote statistical difference from the control (p < 0.05 and p < 0.01, respectively). ∆ 

and ꜝ denote statistical difference (p < 0.001) from 1-day loaded and 3-day loaded fibers, 

respectively. ........................................................................................................................... 42 

Table 4.1: The compositions of the acetate citrate buffer, chloramine-T solution, and DMBA 

solution used for the hydroxyproline assay.105 All chemicals, with the exception of dH2O, 

were obtained from Sigma-Aldrich® (St. Louis, MO). ......................................................... 56 

Table 5.1: The average elastic moduli for embryonic and adult chicken tendon, measured using 

bulk tensile testing. Adapted from Schiele et al.113 ............................................................... 63 

Table 5.2: The tensile and failure properties of human dermal fibroblast-derived fibers 

subjected to 3 days of basic loading or combined loading (with an incremental quasi-static 

component). * and ** denote statistical increase compared to the basic loaded fibers (p < 

0.05 and p < 0.01, respectively). ........................................................................................... 66 

Table 7.1: Recently reported effects of (various) macromolecular crowders (adapted from 

Minton).127 Many of these studies were conducted in the field of molecular biology, and 

there has been limited use of crowders for tissue engineering applications. ......................... 82 

Table 8.1: Genes of interest in the molecular analysis of the engineered tendon fibers, and the 

justification for selecting these genes, in the context of tendon engineering. ....................... 95 

 

 

  



vii 

LIST OF FIGURES 

 

Figure 1.1: The architecture of a tendon fiber. Tendons have a complex, bundled hierarchical 

structures that is difficult to replicate in an engineered construct.15 ....................................... 8 

Figure 1.2: A representative stress-strain curve for normal tendon tissue.18 The characteristic 

response of tendon to elongation begins with an initial non-linear, strain-stiffening region, 

termed the toe-in region, followed by a region of linear elastic deformation. Beyond the 

physiological range, the tendon undergoes plastic deformation—this is typically when 

injury occurs. ........................................................................................................................... 9 

Figure 1.3: The tendon healing process is comprised of four phases, and the temporal release 

of growth factors during these phases is critical to its success.32 Unfortunately, healed 

tendon only recovers a fraction of its mechanical strength and is prone to re-rupture. ........ 13 

Figure 1.4: The Delrin Trough Loader insert (A) is placed underneath the silicone (rubber) 

membrane base of the Flexcell Tissue Train Plate (C). Following the gelation of the 

collagenous cell suspension, the insert is replaced with an Arctangle Loading Post (B). (D) 

A top view of the construct anchored to the nylon on either end of the well, and a side 

view, illustrating application of uniaxial strain with the loading post in place and the 

vacuum applied.59 .................................................................................................................. 17 

Figure 2.1: Cross-section of a growth channel micro-molded into an agarose substrate. (B) Top 

view of an excised agarose section containing the micro-molded growth channel, and the 

two 4-mm circular cutouts at each end of the channel (arrows) for incorporation of the 

collagen disk anchors. ........................................................................................................... 22 

Figure 2.2: (A) Very high density of fibroblast cells in a growth channel (dotted lines = channel 

boundaries) leading to the collagen disk (dark border on right) immediately after seeding. 

(B) Fanned integration of fiber into the collagen disk (white arrow) 13 hours later. ............ 24 

Figure 3.1: A 6-well Flexcell Tissue Train Plate with nylon mesh tabs. The nylon tabs are on 

the left and right side of the silicon membrane base. 85 ......................................................... 31 

Figure 3.2: (A) Flexcell Tissue Train 6-well plates are modified with pins. The collagen disks 

allow coupling of the growth channel assembly to the modified Tissue Train well. (B) 

Orthogonal view of the growth channel assembly, with collagen disks on either end of the 

micro-molded growth channel. (C) Cross section of a seeded growth channel, showing 

high density of human dermal fibroblasts settled in the channel where they later form a 

continuous fiber. .................................................................................................................... 33 

Figure 3.3: Side view of the growth channel assembly. When fitted with Arctangle® loading 

posts, the Flexcell system utilizes controlled vacuum pressure to apply uniaxial strain to 

the silicone membrane, which is transduced to fiber strain via the loading pins and collagen 

disks. ...................................................................................................................................... 34 

Figure 3.4: A schematic of the cyclic loading protocol used for tendon fibers. Loading was 

initiated 18 h after channel seeding, to allow stabilization of the developing tendon fiber 

construct. ............................................................................................................................... 34 



viii 

Figure 3.5: (A) 7-day loaded fibers, T-clipped in solution for mechanical testing. b) Top view 

of fiber inside growth channel, 24 h post-loading (scale bars = 250 µm). c) For testing, 

fibers were mounted onto the wire hooks (inset) of a custom ADMET BioTense bioreactor.

 ............................................................................................................................................... 35 

Figure 3.6: The plotted time domain and frequency domain signals for a representative 3-day 

loaded fiber, revealing the periodic noise at 10 Hz, and confirming efficacy of noise 

reduction after filtering. ......................................................................................................... 37 

Figure 3.7: Top view of channels—dotted lines denote channel walls. (A) Densely seeded 

channel, immediately after seeding. (B) A fiber at 13 h forming within the channel, 

integrating into the collagen disk (arrows). (C) Top view of center of channel after 24 hours 

of loading, showing a continuous fiber. (D) Unloaded controls snapped and retracted 

toward the collagen disks (arrow) after their first 42 hours in culture. ................................. 40 

Figure 3.8: A representative stress-strain curve showing the fibers’ mechanical response to 

constant-rate elongation to failure (3-day loaded fiber shown). All fibers had a 

characteristic toe-in region (shaded blue), linear elastic region (LE), and failure point 

(arrow). .................................................................................................................................. 41 

Figure 3.9: Fiber mechanical properties with respect to loading duration, illustrating that (A) 

peak stress, (B) modulus, and (C) toughness, all increase with the addition of loading and 

with loading duration. Conversely, (D) failure strain appeared to be unaffected by the 

mechanical stimulation (cyclic uniaxial strain).  Mean ± standard deviation. * (p < 0.05), 

** (p < 0.01), and *** (p < 0.001). ....................................................................................... 42 

Figure 3.10: Toe-in strain calculated using the limit strain method (A) and the direct 

quantification method (B) yielded different statistical results.  Mean ± standard deviation. 

* (p < 0.05). ........................................................................................................................... 43 

Figure 3.11: Box and whisker plot comparing results of two toe-in calculation methods. Directly 

quantified toe-in strain was notably higher than toe-in limit strain values. *** (p << 001). 43 

Figure 3.12: Representative immunofluorescent images (20X magnification) of a 1-day 

unloaded and 7-day loaded fiber with the nuclei (DAPI) and actin stress fibers (phalloidin) 

stained. Scale bar = 100 µm. ................................................................................................. 44 

Figure 3.13: Representative immunofluorescence images (20x magnification) of fibers 

subjected to 1, 3, and 7 days of mechanical loading, and static unloaded controls. Cell 

nuclei (blue, DAPI) and actin stress fibers (red, R. phalloidin) images indicate that high 

cellularity was maintained in the presence of loading, and that stress fiber organization and 

nuclear aspect ratio increased with loading duration, while fiber diameter decreased. Scale 

bar = 100 µm. ........................................................................................................................ 45 

Figure 3.14: Histologic changes with applied cyclic loading, illustrating that (A) fibers 

compacted significantly and (C) exhibited increased nuclear aspect ratio at 3 days of 

loading, which were both maintained to 7 days of loading, however (B) there was no 

change in nuclear area. Mean ± standard deviation. ** (p < 0.01)........................................ 45 

Figure 4.1: Schematic outlining the basic principle of hydroxyproline detection.103 ................... 54 



ix 

Figure 4.2: Representative longitudinal sections of human hamstring tendon tissue, 1-day and 

7-day loaded fibers stained for collagen I and collagen III. Large voids were observed in 

the immunostains of 1-day fibers (loaded and unloaded). After 7 days of loading, the 

presence of such voids was greatly diminished. Scale bar = 50 µm. .................................... 57 

Figure 4.3: Mean collagen I (A) and collagen III (B) intensities for loaded and unloaded fibers. 

* denotes statistically significant difference between groups (p < 0.05). ............................. 57 

Figure 4.4: Representative bright light and polarized light images showing the more pronounced 

organization of the birefringent collagen fibers after 7 days of loading. Scale bar = 100 µm.

 ............................................................................................................................................... 58 

Figure 4.5: The 96-well plate after running the hydroxyproline assay on various media samples. 

Column 1 had the standards (0 – 250 µg/mL OHP). The red stain is indicative of 

hydroxyproline and collagen in the growth media. The media sampled at 7-days (yellow 

square) showed no hydroxyproline release between 3 days and 7 days of loading. ............. 59 

Figure 4.6: (A) Average concentrations of hydroxyproline (OHP) detected in media samples at 

18 hours, 1 day, 3 days, and 7 days in culture. Media was replenished immediately after 

sampling. (B) The cumulative OHP concentration plotted against sampling times, 

illustrating no release of collagen into media after 3-days of loading. Means ± standard 

deviations. .............................................................................................................................. 60 

Figure 5.1: A schematic of the two types of loading applied during fiber development. At 18 h 

(post-seeding), fibers were loaded using either the basic intermittent cyclic loading or the 

combined loading for 3 days. Conditioned fibers were then dissected from their growth 

channels and tensile tested..................................................................................................... 65 

Figure 5.2: Mean ± standard deviations. (A) No significant differences in peak (failure) stress 

and modulus were found between fibers subjected to 3-day basic and 3-day combined 

loading. (B) The toughness, (C) failure strain, and toe-in strain increased with the 

introduction of a quasi-static component. (D) A representative 3-day (basic) loaded fiber, 

t-clipped for tensile testing. * (p < 0.05), ** (p < 0.01), and scale bar = 250 µm. ................ 67 

Figure 6.1: Distinct fiber morphology between the cell types was evident within the first 18 

hours of seeding. hTSPC-derived tendon fibers formed spindled, web-like integration into 

the collagen disks (arrows), a stark contrast from the solid, fanned integration observed 

with hDF-derived fibers. The surface of hTSPC-derived fibers was irregular with clusters 

of rounded cells. Scale bar = 150 µm. ................................................................................... 74 

Figure 6.2: (A) Peak stress and modulus, (B) toughness, (C) failure strain, and directly 

quantified toe-in strain for human dermal fibroblast (FB)-derived and human tendon 

stem/progenitor cell (TSPC)-derived fibers. Means ± standard deviation. ** denotes 

statistical difference (p < 0.01). ............................................................................................. 75 

Figure 7.1: An illustration of the excluded volume effect of macromolecular crowders. The 

crowder molecules (black) limit the space available to the reactive molecule (red), thus 

increasing the rate of reaction.11 ............................................................................................ 79 



x 

Figure 7.2: The influence of Ficoll cocktail supplementation on the mechanical properties of 1-

day unloaded FB-derived tendon fibers. (A) Peak stress, elastic modulus, and (B) 

toughness increased with Ficoll-supplementation. (C) Failure strain and toe-in strain were 

uninfluenced by Ficoll. Mean ± standard deviations. **(p < 0.01). ***(p <0.001). ............. 84 

Figure 7.3: The influence of Ficoll (Fc) cocktail supplementation on the peak stress (A), 

toughness (B), and modulus (C) of engineered tendon fibers, compared to the influence of 

loading presence and duration (in regular growth media). Means ± standard deviations.  

UNL denotes 0% static culture conditions and NS denotes no significant difference 

between Fc UNL, and 1-day and 3-day loaded groups. # denotes statistical difference from 

all other groups (p < 0.001). .................................................................................................. 85 

Figure 8.1: The measured release of hydroxyproline (OHP) into media at 18 hours and at 1 day. 

The media was replenished after sampling at 18 hours. Means ± standard deviations. * 

denotes statistical difference between uncrowded media and Ficoll-supplemented media (p 

< 0.5). .................................................................................................................................... 98 

 

  



xi 

ACKNOWLEDGEMENT 
 

The completion of my doctoral work at Rensselaer Polytechnic Institute has been a long 

and arduous journey, but it will also be remembered as a positively transformative and gratifying 

experience that would not have been possible without the contribution of several kind individuals. 

First, I would like to thank Dr. David Corr, my doctoral advisor, whose support, mentorship, 

transparency, and expertise helped me with the completion of my research project and program at 

RPI. I will always be grateful to Dr. Corr for his patience, his encouragement of my professional 

and personal pursuits, and his constructive criticism.   

I extend my thanks to Dr. Deva Chan, Dr. Hui B. Sun, and Dr. Leo Wan for serving on my 

doctoral committee. Additionally, I would like to thank Dr. Guohao Dai who was a previous 

member of my committee and whose feedback during my candidacy aided in the development of 

my research plan.  

The first phase of my doctoral project was the development of a micro-mold-based tendon 

fiber engineering platform, which required a substantial amount of troubleshooting. I am thankful 

for the contributions of Dr. Nathan Schiele and Dr. Lee Ligon, who were instrumental in 

overcoming those hurdles. Dr. Schiele’s previous work in our laboratory, on an embryonic 

development-inspired, scaffold-free technique to engineer tendon fibers in micromachined growth 

channels, was the inspiration for my doctoral project. He generously provided advice when I was 

troubleshooting my design. Dr. Lee Ligon shared her expertise on cell biology and guided the 

selection of fibroblast cells for this project.   

I would also like to thank my collaborators. Dr. Connie S. Chamberlain at the University 

of Wisconsin-Madison conducted the immunocytochemical analysis of the engineered tendon 

fibers. Dr. Hui B. Sun’s lab at Albert Einstein College of Medicine generously provided the human 



xii 

tendon stem/progenitor cells used in this project. Additionally, Dr. Sun and his PhD associate, Dr. 

Zhiyong He, conducted the preliminary RT-PCR analysis on the engineered tendon fibers. I would 

also like to thank Dr. Uwe Krueger, in the RPI Biomedical Engineering Department, for guiding 

the statistical analysis in this project.  

I would like to acknowledge present and former members of the David Corr Lab. Dr. 

Schiele, again, for leaving detailed protocols for his experiments. Andrew Mason trained me in 

several areas, including cell culture work and fiber dissection. His customization of our tensile 

testing machine was instrumental in the mechanical characterization of my engineered fibers. 

David Kingsley helped with the nuclear fluorescent imaging and provided valuable feedback 

throughout my project. Brad Tricomi, Michael Bramson, and Cassie Roberge, also provided useful 

feedback. I would also like to extend my thanks to the previous undergraduate and high school 

students in our lab, and the faculty and administrative staff in the biomedical engineering 

department. I especially thank Dr. Monica Agarwal and Stephen Kalista, who offered advice on 

experiments, shared supplies, and allowed the use of their laboratory space.  

The completion of this project would not have been possible without funding. I received a 

great deal of financial support from Rensselaer Polytechnic Institute through teaching 

assistantships. I am especially grateful to Dr. Shekhar Garde, Dean of the School of Engineering, 

for providing funding for two summers. This research was also supported by NSF CAREER 

CBET-0954990 (DTC).  

Finally, I would like to thank my husband, Tyler O’Brien, and my sister, Nasilele Mubyana, 

who were tremendously supportive through this doctoral journey. 

 

 



xiii 

ABSTRACT 

 

The current standard for treatment of high grade tendon tears is surgical replacement grafts, 

however they present the challenge of limited tissue availability (allografts and autografts), donor 

site morbidity (autografts), and immune rejection (allografts and tissue engineered grafts). In 

recent years, several research groups have attempted to address this problem using scaffold-based 

tendon replacement grafts, and are faced with the challenge of developing a scaffold-based graft 

that (i) is biocompatible, (ii) emulates the properties of normal tendon tissue, and (iii) degrades at 

the ideal rate for successful tissue remodeling at the site of implantation, which if too soon, would 

lead to reinjury at the site, and if too late, would shield the endogenous tissue from the therapeutic 

benefits of gentle dynamic stretching and result in degeneration. Engineered scaffold-based tendon 

replacement grafts have yet to reach clinical implementation, and it is clear that a deeper 

understanding of how to enhance these grafts would help to advance these therapies and, 

potentially, improve the lives of patients. 

Primed with this knowledge, our laboratory has taken a more biomimetic approach to 

tendon tissue engineering—a scaffold-free approach that is inspired by key aspects of embryonic 

tendon development. By seeding a high density of cells into a growth channel without a provisional 

scaffold, and subjecting the cells to controlled mechanical and chemical cues, we are harnessing 

the cells’ innate ability to self-assemble, as seen in embryonic tenogenesis. It is a model of tissue 

regeneration rather than tissue remodeling.  

In the first aim of my doctoral thesis, I developed a method to engineer individual scaffold-

free tendon fibers using a micro-molded growth channel, which yielded higher throughput, greater 

consistency, and higher repeatability in the design of the growth channels than our laboratory’s 

previous technique for tendon fiber engineering. This micromold-based technique also enabled 
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more extensive characterization of the response of engineered tendon fibers to mechanical and 

chemical cues.  

The second aim examined the response of engineered, scaffold-free, dermal fibroblast-

derived fibers to mechanical stimulation, namely cyclic uniaxial strain (designed to mimic motion-

induced loading in the embryo), and quasi-static strain (to mimic limb lengthening-induced loading 

in the embryo). The results showed enhanced mechanical properties, collagen alignment, and 

collagen III deposition in the presence of loading and with loading duration. Moreover, cyclic 

strain increased stress-based properties (i.e., failure stress, Young’s modulus), but did not affect 

fiber extensibility. Conversely, the introduction of quasi-static strain increased fiber extensibility 

without affecting stress-based values. Taken together, these findings suggest distinctly different 

roles of cyclic and quasi-static strain in tendon development. In addition, the second aim assessed 

the response of a tendon-specific, progenitor cell type in this system, by using tendon 

stem/progenitor cells (TSPCs). There was limited success using TSPCs to engineer the tendon 

fibers. TSPC-derived fibers exhibited reduced extensibility after 34 hours in static culture and were 

too weak to be subjected to loading.  

The final aim of this thesis was to investigate the influence of macromolecular crowders 

on the mechanical properties of engineered scaffold-free tendon fibers. Two crowders, dextran 

sulfate (DsX) and Ficoll-cocktail, were tested. Fiber formation was unsuccessful in the presence 

of DsX. However, conditioning with Ficoll yielded significantly stronger, stiffer, and tougher 

fibers. 

This thesis has provided unique insight on the roles of distinct mechanical stimuli and 

macromolecular crowding on tendon fiber development and maturation. The knowledge gained on 
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cyclic uniaxial strain, quasi-static loading, and Ficoll-conditioning shows great promise for the 

advancement of tendon engineering strategies.  
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1. BACKGROUND ON TENDON ENGINEERING 

1.1  Introduction 

Tendon and ligament injuries represent a significant loss in patients’ mobility, productivity, 

and overall quality of life. In the US and EU, their treatment costs $180 billion annually1. In the 

US alone, there are an estimated 33,000 reconstructive surgeries performed on tendon annually, 

costing $30 billion.2 The challenge in treating tendons stems from their inherently poor healing 

capacity. The current tendon treatments can stabilize the joint, but there can still be the 

development of osteoarthritis, an incurable degenerative disease. Healing a tendon injury can take 

well over a year, and even then, the “healed” tendon has a fraction of its original strength and 

extensibility, and is prone to re-injury. Thus, there is a clear need for replacement grafts that 

address the aforementioned limitations.  

Currently, tendon injuries are typically treated autologously by harvesting healthy tendon 

tissue from another location in the patient’s body and transplanting it to the site of injury. 

Unfortunately, this often results in lasting damage to the site from which the tissue was harvested—

termed donor site morbidity. Alternatively, allograft replacement tissues taken from a cadaver can 

be used, however this often results in immune rejection. These shortcomings have prompted the 

field to explore other options for tendon replacements. In the 1980s, during the early years of tissue 

engineering, the advent of scaffold-based grafts was touted as the solution to future tendon 

treatments.3 Despite decades of research, scaffold-based tendon grafts have yet to reach clinical 

implementation. There are notable obstacles to realizing scaffold-based tendon grafts as a clinical 

solution. First, there is the challenge of finding a biocompatible scaffold that mimics  the 

mechanical properties of native tendon.4 Second, there is the recurring problem of significant scar 

tissue formation in remodeled tissue, which renders it mechanically inferior to native tendon.5,6 
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Another challenge presented by the implantation of a foreign (non-autologous) material is the risk 

of immune rejection.  

The novelty in my dissertation project lies in two main areas: (i) a new scaffold-free 

technique to engineer individual tendon fibers using micro-molded growth channels, and (ii) 

utilizing this unique platform to study the influence of different mechanical and soluble factors on 

fiber development, as well as structural and functional maturation. By mimicking key aspects of 

embryonic tenogenesis, this scaffold-free tendon engineering method takes more of a regenerative 

approach to engineering tendon than the remodeling approach of scaffold-based techniques. By 

utilizing this platform, with controlled mechanical and chemical stimulation during development, 

this research lays the foundation to better understand the roles of specific types of mechanical 

stimulation and the influence of macromolecular crowding on tendon fiber development and 

maturation, and in so doing, will provide invaluable insight for future tendon engineering 

applications.  

 

1.2  Research Objectives and Significance 

Tendons are collagen-rich fibrous structures that primarily function to transduce force into 

motion. They have a poor intrinsic healing capacity, and consequently, the treatment of injured 

tendon continues to have limited success. Injury recurrence rates are high and, even in cases of 

repaired tendon, many patients struggle with limited mobility, chronic pain, and poorer quality of 

life. The current standard of treatment, surgical replacement grafts, has many limitations (e.g., 

limited availability and rejection), and also yields suboptimal post-operative results. To address 

these limitations, many in the field have turned toward tissue engineering approaches to create 

tendon replacements. While the vast majority of these approaches utilize scaffolds as a provisional 
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structure for the engineered tendon grafts, there has been growing interest in scaffold-free 

approaches to engineer tendon grafts. These scaffold-free graft models are inspired by our 

understanding of tendon developmental biology.  

The purpose of this thesis was to engineer individual, scaffold-free tendon fibers using 

differentially adherent micro-molded growth channels, and to utilize this platform to 

investigate the effects of mechanical and chemical stimulation, specifically tensile strain and 

macromolecular crowding, on the fibers’ structural, compositional, and functional 

(biomechanical) properties during their development. It is an approach inspired by embryonic 

tendon development, and a research platform that our laboratory is using to gain unique insight on 

tendon regeneration. This doctoral thesis project is comprised of the following three specific aims:  

 

Specific Aim 1: Establish a robust method to synthesize individual, continuous, scaffold-free 

tendon fibers from mature dermal fibroblasts, using differentially adherent micro-molded 

growth channels. 

Summary: Our laboratory previously established a method to engineer individual, scaffold-free 

tendon fibers in confined, differentially-adherent micro-lased growth channels.4,7 This technique 

was inspired by key aspects of embryonic tendon development, namely, (i) a highly cellular 

microenvironment without any provisional scaffold or matrix, wherein cells exist in direct cell-

cell contact, (ii) early  mechanical stimulation, and (iii) the directed self-assembly of cells, aligning 

to the long axis of the channel and forming a continuous, fiber-like structure. Previously, our 

laboratory laser micro-machined growth channels into agarose, then seeded these with cells to 

form the tendon constructs.7 These tendon constructs could then be coupled to a custom bioreactor, 
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which enabled precise, independent control of biophysical stimuli (namely, chemical, mechanical, 

electrical).4  

Not surprisingly, the previously-established method came with its own set of challenges. 

The laser-micromachining method used to fabricate growth channels was expensive, time-

consuming and yielded growth channels with high channel-to-channel variability in geometry. To 

counter that, I first sought to develop a more-controlled, micro-mold-based technique for 

engineering the scaffold-free tendon fibers.8 

Hypothesis: Scaffold-free, longitudinally-aligned, continuous tendon-like fibers can be engineered 

by seeding human dermal fibroblasts into highly reproducible, micro-molded growth channels, 

which can be coupled to a custom bioreactor for the application of cyclic uniaxial strain. 

Significance: This modified scaffold-free technique to engineer tendon fibers will lay the 

foundation for the investigation of controlled biophysical stimulation on tendon development. 

Through the use of micro-molding, growth channels were fabricated with significantly increased 

throughput and with highly-reproducible and consistent geometries, obviating geometric 

variations as a confounding factor in future experiments, and allowing this technique to be utilized 

to explore tendon fiber response to mechanical stimulation and chemical cues.  

 

Specific Aim 2:  Characterize the individual tendon fiber response to static, quasi-static, and 

dynamic loading, within a physiologically-relevant range, using human dermal fibroblast 

cells (hDFs), and human tendon/stem progenitor cells (hTSPCs). 

Summary: Studies have shown that mechanical loading plays a critical role in the elaboration of 

embryonic tendon mechanical properties. Not only is loading within the embryo dynamic, it also 

increases in magnitude as the embryo matures, thereby eliciting important structural and functional 
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changes.9 Recent studies have looked at the potential of stem cells to promote tendon regeneration, 

not only because of their pluripotency, but also because of their highly proliferative and 

immunomodulatory properties.10 In this thesis, single tendon fibers were engineered using a 

terminally differentiated cell type, human dermal fibroblasts (hDFs), and a partially derived cell 

type, human tendon stem/progenitor cells (hTSPCs), and subjected to static and dynamic loading. 

The primary motivation for using hTSPCs was to determine whether the influence of these 

mechanical cues, designed to mimic mechanical aspects of the developing tendon 

microenvironment, are more pronounced when tendon-specific progenitor cells are used, rather 

than fully-differentiated adult fibroblasts. 

Hypothesis: (A) In the case of dermal fibroblasts, cyclic uniaxial strain (of consistent amplitudes) 

will yield fibers with enhanced tensile and failure properties, i.e., increased elastic modulus, 

toughness, and failure stress and strain. (B) These increases in tensile and failure properties when 

engineered tendon fibers are subjected to cyclic uniaxial strain, will be more pronounced for 

hTSPC-derived fibers. 

Significance: This study provides valuable insight on the independent role of mechanical 

stimulation in tendon development. The type, onset, and frequency of the mechanical stimulus are 

all factors that can be investigated independently and will inform future scaffold-free tendon 

engineering models and strategies. Furthermore, by exploring the influence of different types of 

mechanical cues, (e.g., dynamic, quasi-static), on a developing engineered construct, we can gain 

insight on the distinct developmental roles that these cues play in embryonic tenogenesis.  

Human dermal fibroblasts are a highly accessible and translatable cell source, however, 

they are not found in native tendon and are already a committed cell type. On the other hand, stem 

cells have been widely-utilized for both scaffold and scaffold-free tendon constructs. Their 
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proliferative ability, higher accessibility than tenocytes, and differentiation potential make them 

promising candidates for cell-based engineered tendon grafts.1 Through the use of hTSPCs, we 

will explore how a tendon-specific progenitor cell would develop with this fibrillogenesis 

technique, as well as how it responds to the same mechanical cues. 

 

Specific Aim 3: Examine the independent effects of macromolecular crowding on the 

mechanical properties of engineered tendon fibers.  

Summary: In vivo, cells are growing and communicating in a local environment that has several 

structural proteins, oxygen, and nutrients. In vitro, biologists and biomedical engineers recreate 

that environment for cells using a liquid culture medium, which contains salt water, vitamins, 

and proteins. However, commercially available medium has a low concentration of 

macromolecules (i.e., proteins, carbohydrates, and lipids), and thus is an inaccurate 

representation of the in vivo cellular environment. Recently, Chen et al.11 showed that a 

macromolecular crowding agent could be used to concentrate these molecules in solution, which 

increased nutrient diffusion and enhanced collagen deposition. As a result, macromolecular 

crowding presents an attractive potential strategy to enhance matrix production and/or accelerate 

maturation of our scaffold-free engineered tendon fibers. 

Hypothesis: By enriching the cellular environment using a macromolecular crowder, the 

engineered tendon fibers will exhibit enhanced tensile and failure properties. 

Significance: Finding the correct combination of mechanical stimuli and soluble diffusible factors 

to engineer functionally mimetic tendon replacement graft is a complex and daunting challenge. 

Many studies have demonstrated that the independent application of these stimuli enhances the 

mechanical properties of constructs, relative to negative controls. However, none have been able 
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to recreate the exact biomechanical function of healthy tendon. The large discrepancy in 

mechanical properties, between engineered constructs and their native counterparts, is a long-

standing challenge, and macromolecular crowding may help to address that discrepancy. By 

conditioning a developing engineered tendon construct with mechanical stimulation and/or growth 

factors, which already have well-established benefits in tendon development, and magnifying 

those effects with a macromolecular crowder, there is potential to make a more translatable graft 

that can be grown and implanted in shorter span of time. 

 

1.3  Literature Review 

1.3.1 Tendon Structure, Composition, and Mechanical Properties 

Tendons are highly collagenous fibrous structures that play two primary roles in the body. 

First, they transduce the force produced by muscle into skeletal motion, and second, they stabilize 

joints under very high loads.6  Mature tendon is highly avascular and has a very low cell density—

the cells only constitute 20% of the mature tissue.12 The predominant cell is a type of fibroblast 

referred to as tenocytes, or tendon fibroblasts, which can be found in parallel alignment to the long 

axis of the tendon and are responsible for extracellular matrix deposition.13 Additionally, there are 

a small number of resident tendon stem cells (TSCs), which have been shown to play a major role 

in tendon homeostasis.14,15  

The major component of tendon is collagen, which comprises 86% of tendon dry weight. 

Approximately 60% of this collagen is the fibril-forming collagen type I; while collagen types III, 

IV, V and VI can be found in much smaller amounts. Other notable components of tendon include 

elastin (2%) and proteoglycans (1-5%).6,16,17 
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Figure 1.1: The architecture of a tendon fiber. Tendons have a complex, bundled hierarchical structures that 

is difficult to replicate in an engineered construct.15  

Tendons have a very complex hierarchical structure comprised of tropocollagen molecules, 

collagen fibrils, collagen fibers, subfascicles, fascicles, tertiary fiber bundles and tendon units (in 

ascending order of size).6,18 As shown in Figure 1.1, multiple tropocollagen molecules (each ~1nm 

in diameter) are bundled together to form a collagen fibril. There are two important, vascularized, 

thin connective tissue sheaths in the native tendon structure: the endotenon and the peritenon. The 

latter includes epitenon and paratenon, which have the added role of minimizing friction between 

the tendon and surrounding tissue. Bundles of collagen fibrils are bound by endotenon, forming a 

collagen fiber. Likewise, endotenon is used to enclose subfasicles and fascicles. Multiple fascicles 

are bound by the epitenon, and the entire tendon structure is bound by the paratenon.15,18 Upon 

closer inspection, using polarized microscopy (for example), a planar crimped pattern can be 

observed along the length of the collagen fibrils.19  

One end of the tendon unit is attached to muscle: the myotendinous junction (MTJ). At this 

site, the collagen fibrils insert into the recesses of myofibroblasts, which facilitates the transduction 

of tensile forces from muscle to tendon.18,20 The other end of the tendon unit is attached to bone, 
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and is a collagen type II-rich fibrocartilaginous region called the osteotendinous junction (OTJ) or 

enthesis.15 The endotenon and peritenon serve as extrinsic blood supplies for the tendon, while and 

the OTJ and MTJ provide the tendon intrinsic blood supply. In combination, these blood supply 

systems are insufficient to vascularize the entire tendon unit; and the tissue avascularity worsens 

with age and use.20  

Tendon tissue primarily undergoes axial loading, but it is occasionally subjected to low 

shear and compressive forces.13,21 Its characteristic viscoelastic properties have been attributed to 

the presence of proteoglycans.13 The primary force-transmitting structures in tendon are the 

collagen fibrils, which increase in packing volume and diameter as the tendon fiber develops and 

is subjected to mechanical loading.15,22 The parallel alignment of these collagen fibrils, in the 

longitudinal direction (i.e., the long axis of the tissue), grants the tendon unit its anisotropic tensile 

properties. That being said, collagen alignment is not the sole contributor to the tensile properties 

in native tendon: collagen content, fibril length and diameter, and collagen cross-linking have all 

also been implicated.17,23 

 
Figure 1.2: A representative stress-strain curve for normal tendon tissue.18 The characteristic response of 

tendon to elongation begins with an initial non-linear, strain-stiffening region, termed the toe-in region, 

followed by a region of linear elastic deformation. Beyond the physiological range, the tendon undergoes 

plastic deformation—this is typically when injury occurs. 
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As illustrated in the tendon stress-strain curve in Figure 1.2, normal tendon, when under 

low loads, enters a toe-in region of non-linearity. It is believed that in this toe-in region of the 

stress-strain curve, the crimp pattern is being stretched,19 and there is a gradual recruitment of 

crimped collagen fibrils to resist the tension. The point at which the tendon crimp pattern is fully 

stretched (~2% strain in Figure 1.2) is referred to as “the point of crimp extinction”.19 Thereafter, 

tendon enters the linear region of elongation. The normal physiological range for native tendon 

strains is confined to the toe-in region and the linear elastic region. At increasing values of strain, 

the tissue begins to undergo cumulative microscopic failure, seen as softening in the stress-strain 

curve, and eventual rupture.18 

1.3.2 Embryonic Tendon Development and Loading 

Studies on embryonic tendon development have provided valuable insight on adult tendon 

regeneration and are currently being used to inform engineered tendon models.4,8,24 Embryonic 

tendon development is a highly autonomous process. Before there is any significant matrix present, 

there is an extremely dense condensate of cells in direct cell-cell contact, and DNA content is as 

high as 5-9% of tendon dry mass.23,25,26 The cells are aligned to the long-axis of the tendon. There 

are numerous cell-cell junctions, mediated by Cadherin-11, which is a calcium-dependent, 

homophilic, cell-adhesion protein that helps maintain cell integrity. Knockdown of cadherin-11 

results in a loss of cell-cell contact. Furthermore, the cadherin-11 cell-cell junctions allow for 

dynamic cell signaling, which leads to the differentiation and growth of these tendons.25 A 

contiguous actin cytoskeleton forms through this condensate of cells and is a primary contributor 

to the mechanical properties of early embryonic tendon.26 The actin stress fibers work together to 

resist any tensile strain on the highly cellular tendon. Interestingly, the actin cytoskeleton has a 

similar crimped pattern to the collagen fibers that are deposited later.26,27 Overtime, this highly 
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cellular structure is replaced with functional, patterned ECM to make mature tendon, and DNA 

content is drastically reduced to 0.02% of tendon dry mass.26 

In nascent tendon development, there is an important process of collagen fiber formation, 

called collagen fibrillogenesis. Our understanding of this process has been greatly aided by tendon 

studies in developing chick embryos, wherein collagen deposition is initiated by the tenocytes, 

which release collagen fibril segments (~ 10 - 30 µm in length) into extracellular spaces.28 Over 

the first 12 days of tenogenesis, these fibril segments are lengthened by end-to-end fusion and 

organized into densely-packed bundles. Decorin, a small leucine-rich proteoglycan (SLRP), 

operates as a key regulator in fibrillogenesis by binding collagen types I and III, while inhibiting 

lateral fibril fusion.29 Fibril length has been shown to influence ultimate tensile strength during 

tendon development, with one chick extensor tendon study implicating higher fibril length in a 30-

fold ultimate tensile strength (UTS) increase between 14 (embryo) days and 2 days, post-

hatching.17 By day 18, fibril segments can achieve lengths up to 106 µm, and decorin levels begin 

to decline, allowing lateral fusion to increase the fibril diameter.17,28,30 It is around this time that 

collagen III levels in the developing tendon decline, and the characteristic tendon crimp pattern 

develops, however the exact mechanism by which crimp develops remains unknown.  

In addition to longitudinal and lateral growth of collagen fibrils, tenogenesis involves lysol 

oxidase (LOX)-mediated cross-linking. Inhibition of LOX-mediated collagen cross-linking in the 

late stages of embryonic tendon development results in significantly diminished elastic modulus.23 

All in all, it remains clear that throughout embryonic tendon development, structure begets 

function. Therefore, learning about the regulators of these structural changes (the cues) is critical 

to understanding tendon development and regeneration. 
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One of these regulators is mechanical stimulation, which plays a critical role in embryonic 

tendon development. Studies have shown that movement (essentially, dynamic loading) occurs in 

a chick embryo as early as 3 days, and this occurs prior to the development of musculature.9 In 

nascent embryogenesis, muscle and tendon development are two independent processes, and 

movement of the embryo provides direct mechanical loading for the embryonic tendon. Thereafter, 

the development of musculature and muscle-induced strain aids in fiber orientation and 

homeostasis.31 Over the course of embryonic development, the mechanical loading increases in 

both frequency and magnitude.9 Another contributor to mechanical stimulation of the developing 

tendons is limb lengthening. Limb lengthening is a slow process, virtually quasi-static, with strains 

applied to the tendon approximately 4 orders of magnitude lower than those resulting from embryo 

movement.22 Nonetheless, both play vital roles in elaborating the mechanical properties of 

embryonic tendon. Postnatally, mechanical stimulation continues to play a major role in tendon 

homeostasis.15,31 Many studies have shown that underloading of mature tendon results in 

compromised mechanical properties and downregulation of key tendon markers (e.g. scleraxis).15 

In summary, mechanical stimulation has been explored in numerous tendon-engineering models, 

because it has an undeniable role, not only in early development, but also in maintaining tendon 

health. 

1.3.3 Tendon Injury and Repair Challenges 

As previously-mentioned, mature tendon is highly avascular and has a low cell density. It 

also has a lower metabolic rate than muscle.20 These properties result in a poor innate healing 

capacity. The cells within the tendon are not only limited in number, once the tendon is fully 

developed, but also have poor healing efficacy.16 In order to heal, compromised tendon relies 

mainly on the formation of adhesions, the extratendinous blood supply (via the paratenon), and 
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influx of inflammatory mediator cells. This is referred to as the extrinsic healing mechanism.6 

Tendon healing is a complex process, which includes an inflammatory, proliferative, consolidation 

remodeling, and maturation remodeling phase.32 The entire process can take over 12 months 

(Figure 1.3), during which the injured tissue is susceptible to re-rupture.  Repaired tendon and 

ligament fibers have a significant amount of scar tissue, rendering them mechanically inferior and, 

yet again, prone re-rupture.6 Individuals with these injuries often suffer from limited mobility, 

chronic pain, and a decrease in quality of living.  

 
Figure 1.3: The tendon healing process is comprised of four phases, and the temporal release of growth 

factors during these phases is critical to its success.32 Unfortunately, healed tendon only recovers a fraction of 

its mechanical strength and is prone to re-rupture. 

Tendons that are often subjected to high in-vivo loading, such as the rotator cuff, Achilles 

tendon, and patellar tendon, are common sites of injury. For example, approximately 16% of the 

general public report pain from rotator cuff injury.33 Factors such as repetitive microtrauma 

(overuse), tendon overloading, training mistakes, and muscle imbalances can make tendon tissue 

prone to injury.6,34 Though tendon injury can affect anyone, it disproportionally affects elderly and 

athletic individuals. A study showed that approximately 75% of full tendon tears are sports-

related.35 Lateral epicondilytis (LE), more commonly known as “tennis elbow”, is a common 

tendon-related injury caused by overuse. It typically affects 1-3% of individuals, predominantly in 

their 40s and 50s, but among tennis players, the prevalence is as high 30 - 40%.20,36 Moreover, it 
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is estimated that around 30% of injuries caused by running are tendon-related.20 In the older 

population (> 75 years old), 21% struggle with musculoskeletal injuries, which include 

tendinopathy (i.e., tendon in diseased state).37  

With an active, aging population, the need to treat tendon injuries is ever-increasing. This 

is exacerbated by the fact that clinicians are plagued with the common recurrence of tendon injury 

and chronic tendinopathy. It is estimated that close to 15 million of the musculoskeletal injuries 

that occur annually, world-wide, are tendon and ligament-related. These also incur a high financial 

burden, with annual costs of treating these injuries in the US and EU exceeding $180 billion.1  

1.3.4 Current Standard of Treatment and Limitations 

The current standard of treatment for tendon injury is surgical replacement grafts (i.e., 

autograft, allograft, xenograft, or scaffold-based engineered replacements), which have significant 

limitations. In the case of autografts, there is the limited availability of viable tissue, which is 

worsened by the high risk of donor site morbidity. Since all tendon tissue has poor healing capacity, 

the harvest site is likely to be injured chronically. Allografts, xenografts, and scaffolds have higher 

availability, and avoid the issues of donor site morbidity for the patient, but all carry the risk of 

immune rejection. Scaffold-based tendon replacement grafts, whether acellular or cell-seeded, 

present the challenge of finding a scaffold that is biocompatible and mimics the mechanical 

properties of the native tendon.4 Due to these challenges, there is growing interest in new methods 

to engineer tendon replacements. 

1.3.5 Scaffold-Based and Scaffold-Free Tendon Engineered Constructs 

There have been numerous studies utilizing cell-seeded polymer scaffolds for tendon 

grafts. Natural polymers (e.g., collagen), though not as strong as many synthetic polymers, have 
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functional groups that make them more biocompatible, and have been widely used to make tendon 

cell-based scaffolds.38 These scaffolds have been seeded with bone marrow-derived mesenchymal 

stem cells (MSCs),39–45 tenocytes, and fibroblasts.46 Other attempts to engineer tendon have 

explored synthetic scaffold materials, e.g., polyglycolic acid (PGA) fiber constructs, seeded with 

tenocytes47 or dermal fibroblasts.48 Other synthetic polymers that have been used for cell-seeded, 

scaffold-based tendon constructs include poly(esterurethane urea),49 poly(lactide-co-glycolide),50 

and polycaprolactone (PCL).51 Many of these scaffold materials are bioresorbable and will 

undergo remodeling as the seeded cells and/or infiltrating cells deposit matrix.  

In contrast, scaffold-free, cell-based soft tissue engineering exploits the inherent ability of 

cells to self-orient, produce their own extracellular matrix proteins, and maintain cell-to-cell 

contact. It is a small, relatively-new field of tendon engineering. One such approach to scaffold-

free fibrogenesis, by Ni et al.52 utilized cell sheets of tendon-derived stem cells (TDSCs), which 

were rolled into 3-dimensional tendon constructs and mounted on U-shaped springs. The TDSCs 

expressed mRNA genes, which had the potential to enhance recovery of tendon defects and 

injuries. Unfortunately, the caveat was that the mRNA expression coincided with osteogenic 

differentiation, which would be highly detrimental in clinical practice, because it indicates a risk 

of ectopic osteochondrogenesis.52 Other studies on scaffold-free constructs have used tendon-

derived stem cells (TDSCs),52 tenocytes,12,53–55 and dermal fibroblasts.4,8,56 Due to the absence of 

a provisional matrix (scaffold) that must be degraded and remodeled with time, scaffold-free 

tendon engineering provides more of a regenerative approach to engineering replacement grafts, 

than the tissue remodeling approach of scaffold-based techniques. The scaffold-free approach is 

based on key aspects of embryonic tendon development, and in the absence of an exogenous 
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scaffold, these scaffold-free constructs undergo proliferation, differentiation, ECM deposition, and 

maturation.57 

1.3.6 The Use of Dermal Fibroblasts for Tendon Engineering 

The motivation for using dermal fibroblasts in recent tendon engineering studies has been 

that they are a more plentiful and easily accessible cell source than tenocytes, making them 

attractive candidates for clinical translation. Furthermore, while dermal fibroblasts can be obtained 

from a patient using routine, minimally-invasive punch biopsies, the harvest of autologous 

tenocytes is much more complicated, and carries a risk donor site morbidity.48 

1.3.7 The Role of Mechanical Stimulation in Tendon Engineering 

Dynamic loading plays a pivotal role in elaborating the mechanical properties of embryonic 

tendon. It occurs very early in embryonic tenogenesis, however the exact magnitudes received in 

each developmental stage are not known.9 As mentioned earlier, there are two types of dynamic 

loading seen in the embryonic tenogenesis: movement/muscle-induced and limb-elongation-

induced.22 It is widely accepted that mechanical loading increases material properties of tendon, 

e.g., elastic modulus, ultimate tensile strength, and toughness. However, there is limited 

knowledge on the distinct roles of the different types of loading, since in embryonic tendon 

development (based on chick embryo studies), developing tendons are subjected to both 

intermittent strain and increasing amplitudes of strain and their individual influence cannot be 

discerned.9 

There have been studies on the use of mechanical stimulation for tendon engineering 

applications. Barkhausen et al.58 conducted a study that attempted to parse out the effects of 
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different types of cyclic loading patterns on human tendon fibroblasts. Altering the cyclic loading 

resulted in changes in proliferation, apoptosis, and the expression of heat shock protein (HSP) 72.58   

Using a similar bioreactor design to our laboratory, Garvin et al.,59  seeded avian flexor 

tendon cells in a collagen gel in the wells of a Flexcell Tissue Train Plate®, and using the nylon 

mesh on either end of the Tissue Train Well as anchors, applied cyclic uniaxial strain with a 

Flexcell® pressure-controlled mechanical loading system. As illustrated in Figure 1.4, the first 

step was the creation of the construct, by placing a Delrin Trough Loader® insert under the 

deformable silicone membrane of the Tissue Train well.  

 
Figure 1.4: The Delrin Trough Loader insert (A) is placed underneath the silicone (rubber) membrane base 

of the Flexcell Tissue Train Plate (C). Following the gelation of the collagenous cell suspension, the insert is 

replaced with an Arctangle Loading Post (B). (D) A top view of the construct anchored to the nylon on either 

end of the well, and a side view, illustrating application of uniaxial strain with the loading post in place and 

the vacuum applied.59 

Once a vacuum was applied under this insert, a temporary trough formed in the well, and the 

collagenous cell suspension was seeded into the trough. Following the gelation of the collagenous 

cell suspension (1.5 hours), the Delrin Trough Loader insert was replaced with an Arctangle® 

loading post, which facilitated cyclic uniaxial strain of the bioartificial construct using the 

pressure-controlled Flexcell Tissue Train® system. The constructs were subjected to 1% cyclic 
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elongation at 1 Hz for 1 hour/day. By day 7, both elastic modulus and ultimate tensile strength 

were improved (relative to unloaded controls) but substantially lower than those observed in native 

tendon.59  

The tendon engineering approach presented in this thesis represents a scaffold-free 

modified version of Garvin et al.’s bioartificial tendon engineering technique.59 In future chapters, 

it will become clear how the incorporation of micro-molded agarose channels and vertical metal 

loading posts obviates the need for the Delrin Trough Loader inserts and gelatinous collagen 

scaffold. By eliminating the scaffold in this design, we explore a more biomimetic type of tendon-

like fiber formation that is due to cellular self-assembly and more closely resembles embryonic 

tenogenesis. The insight we gain on the specific biophysical stimuli during tendon development 

will have far-reaching implications in the design of scaffold and scaffold-free engineering 

applications and may also guide future tendon healing therapies. 
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2. A MICROMOLD-BASED TECHNIQUE FOR SYNTHESIS OF 

INDIVIDUAL SCAFFOLD-FREE TENDON FIBERS* 

2.1  Introduction 

Tendons are connective tissues, comprised of a hierarchical collagen structure, that 

transduce the force produced by muscle into skeletal motion and stabilize joints.  Repair 

of injured tendon is a slow, ineffective process, which is largely attributed to the avascularity of 

the tissue.6  The current standard of treatment for tendon injuries is surgical replacement, which 

comes with its share of drawbacks, such as limited supply of viable autologous tissue, donor site 

morbidity, and, in the case of allografts, immune rejection.12  There is a growing clinical demand 

for the development of replacement constructs that can emulate native tendon tissue, and 

engineered tendon replacements are a promising solution to this challenge.  

Our laboratory previously developed a scaffold-free method to engineer tendon fibers 

in laser-micromachined growth channels.  By seeding fibroblasts into the lased channels, the cells 

were allowed to self-orient and assemble into single fibers.  These growth channels were coupled 

to a custom bioreactor to provide precise and independent control of mechanical and 

chemical stimuli during fiber development.4,7  However, while laser-based fabrication offered 

great flexibility for exploratory work, it is an expensive process, with relatively low throughput, 

and suffers from high channel-to-channel variations in geometry.4  To address these issues, 
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we introduced an alternate approach to channel fabrication using custom-fabricated micro-

molds.    

Cell and tissue behavior can be influenced by many biophysical parameters, including 

channel size and geometry.60,61  Though the transition from laser-based fabrication to a mold-based 

technique greatly improved throughput and control of channel geometry, it introduced poor fiber 

formation and nonunion between the fibers and collagen disks.  In this chapter, we present 

our modifications to channel fabrication and cell loading that improved fiber formation and fiber-

to-collagen integration.  

Herein, we utilize a custom-fabricated micro-mold to create growth channels, and explore 

the influence of UV crosslinking, cell-seeding density, and graded cellular loading, on fiber 

formation and integration.  Unfortunately, the new micro-mold-based fiber engineering technique 

presented its own challenges: specifically, poor fiber formation and poor integration of fibers into 

the collagen disks. These challenges may have been attributable to the significant size difference 

between previously-micromachined channels and the new micro-molded channels,4,8 which is 

consistent with studies showing that changes in channel size and geometry can drastically alter 

cell and tissue behavior.60,61 

 

2.2  Materials and Methods 

2.2.1 Growth Channel Fabrication 

The methods for fabricating differentially-adherent growth channels were adapted from 

our previously established techniques.4,7 Briefly, in our original method as described by Schiele et 

al.,4 a UV excimer laser (ArF, 193 nm, TeoSys, LLC, Crofton, MD) was used to micromachine 

3D features in 2-wt% agarose gel, creating linear growth channels of 1.5-cm length, ~250-m 
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width, and ~100-m depth. Circular cutouts were then created at each end of the linear channel, 

using a 4-mm biopsy punch, and bovine collagen type I sponge disks (4-mm diameter tabs, Kensey 

Nash Corp., Exton, PA) with a 1-mm diameter centered through-hole were placed into the cutouts 

to serve as anchor points for the fibers.  To make the growth channels differentially-adherent for 

cells, human fibronectin (BD Biosciences, San Jose, CA) was pipetted (20 l of 0.3 mg/ml) into 

each of the collagen sponge tabs, allowed to wick into the growth channel, and dried in a laminar 

flow hood for one hour. Human dermal fibroblast cells (1.0 ml of ~5 x 105 cells/ml) in culture 

media (89.5% DMEM, 10% FBS, 0.5% Penicillin/Streptomycin, 50 µg/ml L-ascorbic acid) were 

pipetted over the channels.  Following fibroblast-loading, the growth channels were incubated for 

24 hours (37 C, 5% C02, 95% RH) under static tension to form fibers.  While this approach was 

able to successfully create single fibers, the laser-based fabrication process was expensive, time-

consuming–requiring 20-30 min of continuous lasing at 20 Hz to ablate a single growth channel–

and produced channels with significant channel-to-channel geometric variations (in channel depth, 

width, and cross-sectional pitch). To address these concerns, we developed a micro-mold-based 

technique for channel fabrication, to replace laser-micromachining.  

To fabricate growth channels using micro-molds, a 2-wt% agarose gel, made from 

electrophoresis-grade agarose powder and Dulbecco’s Modified Eagle’s Medium (DMEM, VWR, 

Bridgeport, NJ) was heated to 175C for 1 hour and then lowered to 125C.  To create the channel 

feature, a custom-fabricated Aluminum 6061-T6 micro-mold (Precision MicroFab, Curtis Bay, 

MD), functioning as a positive mold of the growth channel (150 μm-wide, 300 μm-deep and 17.5 

mm-long), was placed, facing downward in a petri-dish, and agarose gel was pipetted into the dish.  

After 10 minutes for agarose gelation, the aluminum mold was lifted, leaving an exact channel 
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feature in the agarose.  A rectangular section of the substrate, fully containing the channel, was 

excised from the petri dish to serve as the agarose growth channel, as shown in Figure 2.1. 

 

Figure 2.1: Cross-section of a growth channel micro-molded into an agarose substrate. (B) Top view of an 

excised agarose section containing the micro-molded growth channel, and the two 4-mm circular cutouts at 

each end of the channel (arrows) for incorporation of the collagen disk anchors. 

2.2.2 Cell Culture and Loading of Growth Channels 

The cell culture and seeding of growth channels was based on methods previously 

outlined.4 Neonatal foreskin-derived human dermal fibroblasts (SCRC-1041, ATCC, Manassas, 

VA) were routinely cultured in  DMEM with 15% Fetal Bovine Serum (FBS, Atlas Biologicals, 

Fort Collins, CO) and 0.5% Penicillin/Streptomycin (VWR, Bridgeport, NJ).  

To make the growth channels differentially-adherent, human fibronectin (Corning, VWR, 

Bridgeport, NJ) was flowed through the micro-molded growth channels following the same 

methods previously described in 2.2.1. However, when switching from laser micro-machined 

channels, it was observed that the fibronectin flowed through the micro-molded channels 

significantly faster, resulting in a weaker and less consistent coating of the channel surface. To 

slow fibronectin flow and improve coating within the channel, growth channels were UV 

crosslinked at 1 J/cm2 (for 160 s) and refrigerated until use. This UV crosslinking dramatically 

slowed the fibronectin flow, resulting in more uniform coating of the channel inner surface, and 
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yielding differentially-adherent channel coatings similar to those achieved with lasing, but with 

much more consistent and reproducible channel geometries. The assembly of the growth channel, 

with collagen disks on each end, is shown in Figure 2.1.  

Initial experiments using these micro-molded growth channels showed that fibers did not 

form as readily or consistently as our prior work using laser micro-machined channels. The fibers 

that formed were non-uniform along their length, and frequently exhibited poor integration into 

the collagen disk anchors. To improve fiber formation, the cell seeding density was drastically 

increased from our original 2.0 × 105 cells/milliliter to 1.5 × 107 cells/milliliter. The resultant 

density in the channel can be seen in Figure 2.2a.  The channel was also seeded with a much 

smaller volume—20 μL suspension in each direction—to ensure localization to the channel at the 

time of seeding.  

To address the problems of non-union and poor fiber integration into the collagen disks, a 

cell-density gradient was created in the channel. It was hypothesized that an increase in cell density 

from the center of the channel towards the collagen disks would be conducive to strong, fanned 

integration into the disks. This was achieved by pipetting an additional 5 μL in the channel, directly 

onto the collagen disk-channel interface.  The cells were allowed 10 minutes in a covered dish to 

adhere prior to full submersion of the channel in growth media (DMEM, 10% Fetal Bovine Serum 

(FBS), 50 μg/mL L-ascorbic acid, and 0.5% Penicillin/Streptomycin) and placement in a cell 

culture incubator (37C, 5% CO2, 95% relative humidity).  

 

2.3  Results 

 Cross-sections of the micro-molded channels revealed high reproducibility in the channel 

geometry, with an average channel height of 294 µm ± 6% and an average maximum channel 
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width of 217 µm ± 5%. In addition to controlling for channel geometry, micro-molding 

significantly reduced channel fabrication time.  

It was clear that flowing fibronectin in the channel created a localized, differentially 

adherent surface.  Cells that initially adhered to the agarose outside of the channel had detached 

within 13 hours (Figure 2.2).  

 

Figure 2.2: (A) Very high density of fibroblast cells in a growth channel (dotted lines = channel boundaries) 

leading to the collagen disk (dark border on right) immediately after seeding. (B) Fanned integration of fiber 

into the collagen disk (white arrow) 13 hours later. 

2.4  Discussion and Conclusions 

The replacement of laser micromachining with channel micro-molding greatly improved 

the throughput, and reduced the cost, associated with growth channel fabrication.  The variation 

that had been observed in the 3-dimensional geometry of our laser-micromachined channels was 

completely obviated by the micro-mold technique. In order to address the high variability in 

channel-to-channel geometry, micromolding was introduced as a means to fabricate growth 

channels.  
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Ultimately, these growth channels are to be coupled to a custom single-fiber 

electromechanical bioreactor, built on a modified Flexcell Tissue Train® system (Flexcell 

International Corp., Burlington, NC).  The growth channel assembly is coupled to a modified 

Tissue Train® plate via two vertical metal pins that anchor the collagen disks.  Cyclic uniaxial 

strain is then transduced through the disks and across the fiber length.4,7 This necessitates strong 

integration of the fiber construct into the collagen disks. Fanned fiber integration, spanning the 

width of the channel-collagen interface, qualifies as strong integration (Figure 2.2b).  Conversely, 

nonunion or thin, spindle-like integration into the disk would not provide sufficient stability to 

allow mechanical stimulation of the fiber.  Fiber integration into the collagen disk anchors was 

greatly aided by seeding the channels with a cell-density gradient; with 80% of the growth channels 

exhibiting strong integration at both ends within 13 hours of seeding (Figure 2.2b).   

The quality of fiber formation was gauged by fiber continuity, which increased with cell 

density.  This finding is consistent with what is known of embryonic tendon development—that 

throughout tenogenesis, a highly dense local environment with direct cell-cell interaction is 

maintained.62    

In conclusion, loading the channels with a cell-density gradient, and using a higher cell-

seeding density, worked synergistically to promote fiber formation and integration into collagen 

“anchors”.  This new technique allowed rapid and consistent fabrication of single-fiber growth 

channels, and effectively directed cells to form fibers by cellular self-assembly.  Due to the high 

cellularity, direct cell-cell contact, and scaffold-free nature of this technique, this platform mimics 

some key aspects of tenogenesis, to provide a model of fiber development, rather than one of fiber 

remodeling.  This enables future studies to explore the influence of mechanical stimulation (e.g., 
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cyclic strain) and chemical factors (e.g., applied soluble factors, macromolecular crowding), on 

the structure and function of developing fibers.    

2.5  Limitations and Recommendations 

The dependence of cell behavior on density is well established. For example, in 1972, 

Elsdale and Bard63 conducted a cell behavioral study on the response of fibroblasts to collagen 

substrata. The study highlighted the difference in cells’ responses when plated on different 

substrates (plastic vs. hydrated collagen lattices), and plated at different densities. It noted 

difference in cell morphology, clustering, and growth rate.63 Another study demonstrated density-

dependent changes in tumor necrosis factor α expression in human hepatoma cells.64 Other studies 

show that non-cancerous cells exhibit “contact-inhibition”, which is a decrease in proliferation and 

cell motility in confluent, high-density environments. The contact-inhibition is accelerated in 

uniformly patterned cell environments.65 This knowledge is critical in the design of cell-based 

constructs for tissue engineering applications and may explain why the modifications to this 

micromold-based, scaffold-free, tendon-engineering method were necessary.   

A major limitation of this study is the variability in local seeding density that was observed 

in channels that were seeded in the same batch, using the same protocol. Because the cell seeding 

is performed with a micropipette (by hand), the effectiveness of the technique is dependent on the 

skill level of the experimenter and can be highly variable from user to user. Micropipetting does 

not have the high precision associated with techniques like cell printing or laser-based direct write 

bioprinting, which offer better control of cell seeding density and location.66 The integration of 

such a high precision cell printing technique into this scaffold-free tendon engineering approach 

would better control for cell density and quantity within the channel, increase integration of fibers 

into the collagen disks, and likely improve survival rate of engineered fibers.  
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3. THE INFLUENCE OF CYCLIC UNIAXIAL STRAIN ON 

TENDON MECHANICAL PROPERTIES AND NUCLEAR 

SHAPE† 

3.1  Introduction 

Tendons are fibrous connective structures that play two major roles essential to 

musculoskeletal function: they transduce the force produced by muscle into skeletal motion, and 

they aid in stabilizing joints under high loads.4,6 Unfortunately, these important tissues are prone 

to injury, often resulting in significant functional impairment.  Tendon injuries have shown a 

significant increase in number and incidence over the last few decades, and are estimated to 

account for 30–50% of all sports injuries.34 Compounding this issue, tendons have a poor intrinsic 

healing capacity. They are highly avascular, have low cell density, and rely heavily on an 

ineffective extrinsic healing mechanism. The entire tendon healing and remodeling process can 

extend for several months to years,6 and the repaired tissue is mostly scar, mechanically inferior 

to its pre-injured state, and prone to re-rupture.5,6 Taken together, the frequent injury and poor 

healing make the treatment of tendon injuries a challenging problem, with significant clinical and 

financial burden. 

                                                 

Portions of this chapter previously appeared in: Mubyana, K. & Corr, D. T. Cyclic 

mechanical loading improves tensile and failure properties of scaffold-free engineered tendon 

fibers. in International Symposium on Ligaments and Tendons (eds. Li, Z.-M., Yung, P., Corr, D. 

T., Fu, B. S.-C. & Woo, S. L.-Y.) 15, 16–18 (2016). 

Portions of this chapter previously appeared in: Mubyana, K. & Corr, D. T. Cyclic uniaxial 

strain increases modulus but does not influence low-load behavior of engineered scaffold-free 

tendon fibers. in Proceedings of the Orthopaedic Research Society 2016 Annual Meeting (2016). 

Portions of this chapter have been submitted to: Mubyana, K. & Corr, D. T. Cyclic uniaxial 

tensile strain enhances the mechanical properties of engineered, scaffold-free tendon fibers. Tissue 

Engineering Part A (Submitted January 2018). 
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The current gold standard for treatment of tendon injury is surgical replacement grafts, 

allografts and autografts.67 However, the risk of allograft immune rejection, in combination with 

the limited availability and high risk of donor site morbidity associated with autografts, has led to 

a growing demand for tissue-engineered tendon replacements. While the majority of tissue 

engineering approaches utilize cells seeded into polymeric scaffold structures (e.g., polyglycolic 

acid68,69 and collagen39,40), a number of research labs are beginning to explore engineering grafts 

without exogenous scaffolds.52,70 These scaffold-free approaches rely on the cells’ ability to self-

assemble and deposit their own extracellular matrix (ECM), rather than remodeling an existing 

scaffold structure. In doing so, they pursue a more regenerative approach to tissue engineering. 

Larkin et al.54 has developed a scaffold-free tendon-muscle engineering approach by co-culturing 

their scaffold-free tendon constructs with scaffold-free skeletal muscle constructs, resulting in an 

engineered muscle-tendon hybrid construct. This hybrid construct not only successfully joined the 

two tissue types, but self-organized to form a functional a myotendinous junction.54 Such studies 

have demonstrated the ability of scaffold-free engineering to successfully create macro-scale tissue 

constructs, using cell sheet engineering and directed self-assembly. 

To explore tendon engineering at the fiber-scale, i.e., its basic architectural unit, we have 

developed a scaffold-free, micro-mold-based technique to engineer individual tendon fibers.4,8,71 

Our embryonic-inspired approach incorporates several key aspects of tendon development: a high 

density of cells without any appreciable matrix or scaffold, that rapidly align and self-assemble to 

form a single fiber. Similarly, nascent embryonic tenogenesis occurs in the absence of significant 

provisional matrix, and begins with a highly dense cellular environment, wherein cells form 

numerous cadherin-11-mediated cell-to-cell junctions and self-orient into fibers.25 A contiguous 

actin cytoskeleton withstands most of the mechanical loading in the early stages, and with 
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continued development the cells are replaced with patterned (functional) ECM.26 This aspect of 

tendon development, in which the tissue changes from a purely cellular structure in early 

embryonic development, to a dense, matrix-rich connective tissue, has prompted numerous studies 

on the factors that drive tenogenesis, including tendon’s structural and compositional maturation, 

and the elucidation of tendon mechanical properties. Because they lack a provisional structure that 

requires remodeling, scaffold-free approaches are particularly attractive to study this morphologic 

and functional transformation. 

While there are a variety of biophysical stimuli that influence tenogenesis, there has been 

great interest in the role of mechanical loading, specifically dynamic tensile strain. Prior studies 

have shown that mechanical loading plays a critical role in native tendon development by 

accelerating matrix deposition, and aligning cells and collagen fibers. In the developing chick, 

mechanical loading has been observed to occur early in embryonic tenogenesis, where limb 

movement (and thus, dynamic loading of tendons) occurs prior to significant ECM accumulation.9 

In addition, reduced mechanical loading in impaired muscle formation or extended muscle 

shielding, has been associated with tendon degeneration (loss of strength).15  Guided by this 

knowledge, numerous studies have utilized mechanical cues to promote tenogenesis or repair of 

engineered cellularized-scaffold grafts.6,41,43,72,73 

While the benefits of mechanical loading have been widely appreciated, the specific 

mechanism(s) by which tensile loading and nuclear mechanotransduction promote tenogenesis 

remain largely unknown.  Mechanotransduction, whereby cells sense mechanical stresses and 

convert them into electro-chemical activity, can manifest as acute or long-term mechanically-

induced changes in cell phenotype, cytoskeleton, and gene expression.74 Studies have revealed the 

multifactorial complexity of mechanotransduction, implicating stretch-sensitive ion channels, 
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focal adhesion proteins, cytoskeletal proteins, and more recently, the cell nucleus.74–77 The nucleus 

is the largest and stiffest organelle in the cell, and while its role in mechanotransduction is not fully 

understood, several studies have demonstrated nuclear deformation in response to extracellular 

forces, and have presented this as a source for alterered gene expression.78–82 In a similar vein, 

recent studies have associated stem cell and embryonic differentiation with changes in nuclear 

shape and structure.83,84 Thus, nuclear deformation may play an important role in tissue 

regeneration, maturation, and the elucidation of mechanical and structural properties. 

In this study, we demonstrate the potential of applied cyclic uniaxial loading, delivered at 

physiologically-relevant magnitudes, to promote tendon growth and enhance tensile mechanical 

properties, in engineered, scaffold-free tendon fibers. Additionally, due to compelling recent 

evidence suggesting a potential mechanotransductive role of nuclear deformation, we examined 

whether this applied cyclic loading, and its associated changes in fiber mechanical properties, were 

correlated with changes in nuclear shape and orientation.  Such exploration can reveal a more 

complete picture of the influence of dynamic tensile loading on tendon regeneration, which can be 

leveraged in various future tendon engineering approaches, both scaffold-based and scaffold-free, 

to accelerate maturation and/or improve biomechanical performance.  

 

3.2  Methods and Materials 

3.2.1 Cell Culture & Seeding of Growth Channels 

The cell culture and growth channel assembly were based on previously established 

methods,4 utilizing the modified micro-mold growth channel methods as described in chapter 2. 

Briefly, growth channels were sterilized under UV light for 5 minutes and 4-mm holes were biopsy 

punched on either end of the growth channel to accommodate the inclusion of collagen disk 
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anchors. Sterile collagen disks (d = 4 mm) were punched from collagen sponge pads (Bovine Type 

I, Kensey Nash Corp., Exton, PA) and 1-mm through-holes were punched into the center of the 

disks to enable coupling of the growth channel assembly to a modified Flexcell plate for 

mechanical loading in culture (see below). Prior to their insertion in the agarose holes, the disks 

were softened by soaking in 10 μL of sterile cell culture-grade distilled water (Mediatech, 

Manassas, VA).  

3.2.1.1 Modification of Tissue Train Plates 

Flat head stainless steel nails were used to modify the Flexcell Tissue Train Plates. 

First, the flat head surface of each nails was roughened with a file to prepare the surface for 

adhesive bonding. The flat head was then glued to one of the nylon mesh tabs on either side of the 

Tissue Train well (Figure 3.1). The placement of these pins is pivotal for delivering uniaxial 

mechanical strain (e.g., cyclic strain) to the developing fibers. Once the pneumatically actuated 

Flexcell Tension system is activated, the pins are displaced to strain the fiber.  

 

Figure 3.1: A 6-well Flexcell Tissue Train Plate with nylon mesh tabs. The nylon tabs are on the left and right 

side of the silicon membrane base. 85 
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3.2.1.2 Coupling Growth Channel Assembly to Flexcell System 

As shown in Figure 3.2, the growth channel assembly was mounted onto a modified 

Flexcell Tissue Train® Plate (Flexcell International Corp., Burlington, NC) by passing each 

collagen disk over a loading pin, such that the growth channel assembly was coupled to the flexible 

membrane via pin connections at each collagen disk anchor. Human Plasma-Derived Fibronectin 

(Corning, VWR, Bridgeport, NJ) was diluted to 0.375 μg/mL and wicked through the collagen 

disks into the growth channels (20 μL/channel). Channels were allowed 50 minutes for the 

fibronectin to dry, before seeding with cells. 

3.2.1.3 High Density Seeding of the Growth Channel 

Our model utilized human dermal fibroblasts as a cell source because of their 

abundance and easy accessibility compared to mesenchymal stem cells or tendon-specific cell 

alternatives (e.g., tenocytes, tendon stem and progenitor cells), providing a highly translatable cell 

source, and because they have a similar protein secretome to tenocytes1—the predominant cell 

type in mature tendon. Moreover, fibroblasts have been widely used previously in numerous 

tendon engineering models.4,48,68,86 

Breast skin-derived human dermal fibroblasts (CCD 1065-sk, ATCC, Manassas, VA) 

were cultured in standard culture conditions as previously outlined.4 Cells were trypsinized, 

centrifuged, and resuspended in growth medium (DMEM, supplemented with 10% fetal bovine 

serum (FBS), 0.5% Penicillin/Streptomycin, and 50μg/mL L-ascorbic acid). A cell suspension (1.5 

× 107 cells/mL) was seeded into the growth channel by pipetting 10 μL through each collagen disk, 

followed by 10 μL directly over the growth channel in each direction (Figure 3.2c). Cells were 
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allowed 10 minutes to adhere to the growth channel before it was fully immersed in growth 

medium and placed in a standard cell-culture incubator (37C, 5% CO2, 95% relative humidity).  

 
Figure 3.2: (A) Flexcell Tissue Train 6-well plates are modified with pins. The collagen disks allow coupling of 

the growth channel assembly to the modified Tissue Train well. (B) Orthogonal view of the growth channel 

assembly, with collagen disks on either end of the micro-molded growth channel. (C) Cross section of a 

seeded growth channel, showing high density of human dermal fibroblasts settled in the channel where they 

later form a continuous fiber. 

3.2.2 Application of Intermittent Dynamic Strain 

At 18 hours post-seeding, the growth medium was replenished and the Tissue Train® Plate 

was mounted onto a pneumatically-actuated Flexcell Tissue Train® system, fitted with 24-mm 

Arctangle® loading posts (Flexcell International Corp., Burlington, NC) to apply cyclic uniaxial 

strain to the fibers. The mechanism by which the Flexcell system mechanically loads the tendon 

fiber constructs is illustrated, schematically, in Figure 3.3.  
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Figure 3.3: Side view of the growth channel assembly. When fitted with Arctangle® loading posts, the Flexcell 

system utilizes controlled vacuum pressure to apply uniaxial strain to the silicone membrane, which is 

transduced to fiber strain via the loading pins and collagen disks. 

Loading was applied in alternating 8-hour blocks of sinusoidal strain and 0% static strain. 

The cyclic loading was delivered at 0.1 Hz with 0.0 – 0.7% strain amplitude (Figure 3.4). Growth 

medium was replaced every 2 days. These loading parameters were selected based on a previously-

established loading protocol for these engineered, scaffold-free tendon fibers.4 The 8-hour loading 

period has been commonly used in previous studies utilizing bioreactor systems  for tendon and 

ligament engineering.41,43,87,88 We selected a maximum strain magnitude of 0.7% because it falls 

within reported physiologically-relevant values, which, depending on the tendon, are typically less 

than 1% strain,89,90 and the frequency and duration of loading (0.1 Hz, 8h on/off) were chosen to 

represent gentle dynamic loading, with alternating blocks of rest.  

 
Figure 3.4: A schematic of the cyclic loading protocol used for tendon fibers. Loading was initiated 18 h after 

channel seeding, to allow stabilization of the developing tendon fiber construct. 
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Three loading durations were tested: 1-day (n = 6), 3-day (n = 8), and 7-day (n = 5) loaded. 

A single cycle of loading was represented by one 8-h block of sinusoidal strain, immediately 

followed by one 8 h block of rest (0% strain). The total cycles run for 1-day, 3-day, and 7-day 

loading protocols were 1, 4, and 10, respectively. Corresponding 0% static strain groups (1-day (n 

= 5), 3-day, and 7-day unloaded) served as age-matched unloaded controls. 

3.2.3 Mechanical Characterization 

Fiber mechanical testing was performed on material test specimens obtained from sections 

of the engineered tendon fibers. To prepare test specimens, fibers (from loaded and unloaded 

groups) were dissected from their growth channels, transferred into 1X phosphate buffered saline 

(PBS) solution (Mediatech, Manassas, VA), then each fiber was sectioned into 2-3 material test 

specimens, and individual specimens were t-clipped on each end to facilitate mechanical 

characterization via uniaxial elongation to failure (Figure 3.5a). Given the scale of the fibers (< 

150 µm-wide), a mechanical tensile tester of high sensitivity was imperative.  

 
Figure 3.5: (A) 7-day loaded fibers, T-clipped in solution for mechanical testing. b) Top view of fiber inside 

growth channel, 24 h post-loading (scale bars = 250 µm). c) For testing, fibers were mounted onto the wire 

hooks (inset) of a custom ADMET BioTense bioreactor. 
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For that reason, a custom single-fiber tensile bioreactor (BioTense, ADMET Inc., 

Norwood, MA) was used (Figure 3.5c). To mount a fiber for mechanical characterization, the T-

clips on each end of the fiber segment were mounted onto two tungsten wire hooks; one attached 

to a uniaxial servo-controlled force actuator with an integrated displacement transducer (2.0 cm 

maximum stroke, with 0.0046 µm displacement resolution), and the other hook attached to a 

silicone-coated Kronex AE-800 series sensor element force gauge (SensorOne Technologies Co., 

Sausalito, CA), permitting mN-scale force measurements at 50 µN resolution. The silicone coating 

was applied to minimize light and temperature sensitivities of the force gauge, and to drastically 

reduce drift.  

Mounted test specimens were imaged using Leica Application Suite (Leica Microsystems, 

Switzerland), as shown in Figure 3.5c inset, and fiber length, diameter, and cross-section area 

were acquired in ImageJ.91 To mechanically characterize fibers, test specimens were elongated to 

failure at a constant rate (0.08 mm/s), and force, displacement, and time data were recorded at 50 

Hz. Load-displacement data were normalized to specimen geometry to calculate stress-strain and 

used to calculate the elastic modulus (slope of linear elastic range), toughness, toe-in strain, and 

the stress and strain at failure. 

3.2.4 Mechanical Data Processing and Analysis 

3.2.4.1 Noise Reduction  

Prior to analysis, noise reduction was conducted on raw, unfiltered data. Briefly, a 

custom MATLAB code performed a Fast-Fourier Transform (FFT) on the data to identify 

frequencies of periodic noise, which were then selectively removed with a notch filter. In this 

study, FFT revealed periodic noise around the 10 Hz range in all samples; therefore, a notch filter 

selectively removing all frequencies between 9.5 Hz and 11 Hz was used for noise reduction. 
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Filtered data curves were plotted over raw, unfiltered data to verify effective filtering and the 

preservation of the character of the data (Figure 3.6).  

 

Figure 3.6: The plotted time domain and frequency domain signals for a representative 3-day loaded fiber, 

revealing the periodic noise at 10 Hz, and confirming efficacy of noise reduction after filtering. 

The filtered load-displacement data were then normalized to specimen geometry to 

obtain stress-strain data, and values of ultimate tensile stress (UTS), failure strain, elastic modulus, 

toe-in strain, and toughness were determined. Toughness was calculated as the area under the 

stress-strain curve, from the onset of strain to the point of failure, using trapezoidal integration.  

3.2.4.2 Calculating Toe-In Duration  

Toe-in strain (or duration), i.e., the extent of the non-linear strain-stiffening region of 

tendon’s low-load response, was determined using two methods: (i) toe-in limit strain and (ii) 

direct-quantification of toe-in strain. The limit-strain approach derives toe-in strain by 

extrapolating the linear region slope to the strain axis. The direct quantification method determines 

the toe-in duration by computing the strain value at which the 1st derivative of the stress-strain 

curve equals the elastic modulus.56  
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3.2.4.3 Post-Hoc Preload Correction 

Due to the small size and delicate nature of these engineered tendon constructs, 

specimens were not preloaded prior to tensile testing. This precaution was taken to avoid risk of 

inadvertent specimen damage. Instead, a post-hoc preload correction was performed on each data 

set, establishing the length corresponding to a 15-µg load as the initial (zero) strain point. This 

affected failure strain and toe-in duration values, both of which are directly affected by slack in a 

mechanical test specimen. The 15-µg preload value was selected because it could be resolved by 

the Kronex gauge, and excluded only a negligible fraction of the non-linear (toe-in) region on the 

stress-strain curve. 

3.2.5 Nuclear Morphometry 

Staining was performed on intact fibers prior to removal from channels. First the fibers 

were rinsed by immersion in pre-warmed 1X PBS (37°C), and incubated at room temperature in 

4% formaldehyde (Avantor Performance Materials, Center Valley, PA) for 20 minutes. 

Formaldehyde was removed, and fibers were rinsed twice in PBS (5 minutes per rinse), and 

incubated in 35 nM Rhodamine phalloidin (Cytoskeleton Inc., Denver, CO) for 30 minutes at room 

temperature. The phalloidin was then removed and replaced with 600 mM DAPI (Cytoskeleton 

Inc., Denver, CO) for 10 minutes at room temperature, after which the fibers were rinsed twice in 

PBS (5 minutes per rinse). 

To mount for imaging, each fiber was transferred to cell culture-grade distilled water 

(Mediatech, Manassas, VA), to remove the salt, then placed in a 3-µL drop of mounting media on 

a glass slide, and covered with a coverslip. Viscous colorless nail polish was used to protect the 
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fiber from compression under the coverslip and to seal the coverslip to the slide. Mounted fibers 

were refrigerated and allowed at least 1 hour for the nail polish to dry before imaging.  

Stained and mounted fibers were imaged using a Zeiss Z1 Axio Observer inverted 

microscope (Carl Zeiss Inc., Thornwood, NY), equipped with an ApoTome to allow optical z-

sectioning of the 3-dimensional fiber by minimizing scattered light and background fluorescence. 

Four groups of fibers were stained and imaged at 20x and 63x magnification: 1-day unloaded, 1-

day, 3-day and 7-day loaded (n=3 per group). In each fiber, three distinct regions of interest (ROI) 

were captured for analysis. ImageJ91 was used to randomly select 5 nuclei per ROI, and compute 

the average area and aspect ratio per region using the 63x images.  

3.2.6 Statistical Analysis 

Statistical analyses were conducted using R statistical software (v 3.3.2, The R Project for 

Statistical Computing, Vienna, Austria). First, Shapiro-Wilks tests were performed to test for 

normality of data within groups. After confirming normality, Levene’s tests and F-tests were 

conducted to check for homogeneity of variance. For nuclear data, block ANOVA with Tukey’s 

HSD tests were performed—using the fiber (i.e., fiber number) as the blocking factor. For 

mechanical data, ANOVA with Tukey’s HSD tests were used to test failure strain and toe-in strain 

variables. All other mechanical variables were analyzed using unpaired Student’s two sample t-

tests assuming equal or unequal variance, as appropriate based on F-test results. Data were reported 

as means ± standard deviations. 
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3.3  Results 

3.3.1 General Fiber Development 

Immediately following seeding, cells densely aggregated within the channels, and many 

were also visible on the channel periphery (Figure 3.7a). Within 13 hours of seeding, cells began 

to align to the long axis of the channel, differentially adhered to the channel surface, and integrated 

broadly into the collagen disks at either end (Figure 3.7b). The cells initially formed lateral 

adhesions to the channel walls, then aligned to the long axis of the channel. With the introduction 

of mechanical loading, the cells would begin to lose their lateral adhesions—initiating at the disks 

then propagating to the center of the channel. By 42 hours (post-seeding), all lateral adhesions to 

the channel walls were lost, and a single fiber had formed, spanning disk-to-disk, and suspended 

in the channel cross-section (Figure 3.7c). Without applied mechanical strain, the unloaded (age-

matched) control fibers maintained their lateral adhesions, and failed (broke) within their channels 

after ~ 42 hours in culture (Figure 3.7d). This inability of unloaded controls to survive beyond 

two days prevented the population of the 3-day and 7-day unloaded control groups.  

 
Figure 3.7: Top view of channels—dotted lines denote channel walls. (A) Densely seeded channel, 

immediately after seeding. (B) A fiber at 13 h forming within the channel, integrating into the collagen disk 

(arrows). (C) Top view of center of channel after 24 hours of loading, showing a continuous fiber. (D) 

Unloaded controls snapped and retracted toward the collagen disks (arrow) after their first 42 hours in 

culture. 
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3.3.2 Tensile Failure Properties 

In response to the applied tensile stain, all tested fibers exhibited a stress-strain response 

characteristic of tendon tissue:18 a large non-linear strain-stiffening region, identified as the toe-in 

region, followed by a linear elastic region, and brief softening of the tissue, prior to abrupt failure. 

These can clearly be seen in Figure 3.8. 

The influence of loading was clearly shown in the 1-day groups, where peak stress values 

of 1-day loaded fibers (~ 130 kPa) were over 7-fold higher than the age-matched unloaded controls. 

There was no change observed in peak stress between 1-day loaded and 3-day loaded fibers, 

however, after 7 days of loading, peak stress was significantly increased (~ 440 kPa) (Figure 3.9a).  

Similar trends were observed for Young’s modulus and toughness, with both variables markedly 

increased in the presence of loading at 1 day, and with loading duration after 7 days of loading 

(Figures 3.9b-c).  

Fibers were highly extensible, elongating about 96-124% before failing, but interestingly, 

the failure strain was not influenced by either the presence or duration of loading (Figure 3.9d).  

 
Figure 3.8: A representative stress-strain curve showing the fibers’ mechanical response to constant-rate 

elongation to failure (3-day loaded fiber shown). All fibers had a characteristic toe-in region (shaded blue), 

linear elastic region (LE), and failure point (arrow). 
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Figure 3.9: Fiber mechanical properties with respect to loading duration, illustrating that (A) peak stress, (B) 

modulus, and (C) toughness, all increase with the addition of loading and with loading duration. Conversely, 

(D) failure strain appeared to be unaffected by the mechanical stimulation (cyclic uniaxial strain).  Mean ± 

standard deviation. * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).   

 

Table 3.1: Mechanical properties of the engineered fibers (mean ± standard deviations). * and ** denote 

statistical difference from the control (p < 0.05 and p < 0.01, respectively). ∆ and ꜝ denote statistical difference 

(p < 0.001) from 1-day loaded and 3-day loaded fibers, respectively.  

 Controls Loaded Fibers 

 1-day 1-day 3-day 7-day 

Failure Stress (kPa) 19.6 ± 11.6 136.8 ± 84.1* 93.3 ± 190.9 441.4 ± 185.8∆ꜝ 

Failure Strain (ΔL/L0) 1.25 ± 0.24 1.13 ± 0.18 1.07 ± 0.33 0.96 ± 0.27 

Modulus (kPa) 28.1 ± 18.9 364 ± 246.8* 232.7 ± 139.9 1116.4 ± 485.1∆ꜝ 

Toe-In Strain 

(Limit Strain 

Estimate) (ΔL/L0) 

0.42 ± 0.22 0.71 ± 0.12 0.63 ± 0.27 0.54 ± 0.22 

Toe-In Strain 

(Directly Quantified) 

(ΔL/L0) 

0.77 ± 0.42 0.94 ± 0.16 0.85 ± 0.29 0.68 ± 0.23 

Toughness (kPa) 9.58 ± 5.39 33.7 ± 18.2** 27.0 ± 15.7 107.5 ± 47.7∆ꜝ 
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3.3.3 Toe-In Strain 

When determined using the limit-strain approach, the toe-in strain appeared to increase 

significantly with the introduction of loading, but to not change with loading duration (Figure 

3.10a). However, when measured by direct quantification, the toe-in strain was similar in all 

groups—i.e., no difference was observed in response to loading or duration (Figure 3.10b).  

 

Figure 3.10: Toe-in strain calculated using the limit strain method (A) and the direct quantification method 

(B) yielded different statistical results.  Mean ± standard deviation. * (p < 0.05). 

A paired, two-sample t-test assuming equal variance revealed that the toe-in limit strain method 

significantly underpredicted toe-in strain (p << 0.001). The toe-in limit strain estimations were 

12.8% – 74.9% lower than their corresponding directly quantified toe-in strain values. The 

comparison of toe-in limit strain and directly quantified toe-in strain (for all fibers) is shown in 

Figure 3.11.  

 

Figure 3.11: Box and whisker plot comparing results of two toe-in calculation methods. Directly quantified 

toe-in strain was notably higher than toe-in limit strain values. *** (p << 001). 
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3.3.4 Nuclear and Cytoskeletal Morphometry 

Histological analysis revealed striking morphological differences with the introduction of 

mechanical loading, as well as with increased duration of loading, as evidenced by changes 

between groups in fiber diameter, density of actin per unit area, actin organization, and nuclear 

aspect ratio. This difference is highlighted in Figure 3.12, which compares a 1-day unloaded fiber 

to a 7-day loaded fiber. The latter fibers were significantly more compacted, displayed a higher 

nuclear aspect ratio, greater anisotropy in stress fiber alignment, and a higher phalloidin:DAPI 

ratio per unit area. Both Figure 3.12 and Figure 3.13 show that 1-day unloaded constructs 

displayed sparse, poorly organized actin stress fibers, and very high cell density. Stress fiber 

organization appeared improved after 1 day of loading. Following 3 days of loading, fluorescent 

images revealed a densely packed, more contiguous actin stress fiber structure in a drastically 

compacted fiber. High cellularity was maintained in the presence of loading.  

 
Figure 3.12: Representative immunofluorescent images (20X magnification) of a 1-day unloaded and 7-day 

loaded fiber with the nuclei (DAPI) and actin stress fibers (phalloidin) stained. Scale bar = 100 µm.  

As shown in Figure 3.14, nuclear area was preserved in the presence of loading, but there 

was a marked increase in the nuclear aspect ratio after 3 days of loading. In summary, while 1-day 

loaded and unloaded fibers exhibited similar rounded nuclei, after 3 days of loading, fiber nuclei 
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deformed to more of a spindle (elongated) morphology, aligned to the long axis of the fiber (Figure 

3.14c).  

 
Figure 3.13: Representative immunofluorescence images (20x magnification) of fibers subjected to 1, 3, and 7 

days of mechanical loading, and static unloaded controls. Cell nuclei (blue, DAPI) and actin stress fibers (red, 

R. phalloidin) images indicate that high cellularity was maintained in the presence of loading, and that stress 

fiber organization and nuclear aspect ratio increased with loading duration, while fiber diameter decreased. 

Scale bar = 100 µm. 

 

 
Figure 3.14: Histologic changes with applied cyclic loading, illustrating that (A) fibers compacted 

significantly and (C) exhibited increased nuclear aspect ratio at 3 days of loading, which were both 

maintained to 7 days of loading, however (B) there was no change in nuclear area. Mean ± standard 

deviation. ** (p < 0.01). 
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3.4  Discussion 

3.4.1 The Enhancement of Tensile and Failure Properties 

The results herein revealed that the fiber peak stress, elastic modulus, and toughness all 

increase with the addition of cyclic uniaxial loading, and continue to increase with loading 

duration. These enhanced mechanical properties strongly suggest that cyclic uniaxial loading leads 

to greater matrix deposition, and more rapid tendon fiber maturation. Among the factors that might 

be contributing to the observed enhanced mechanical properties are collagen I, the primary load-

resistant protein in tendon, collagen III, the second most abundant collagen  in tendon tissue and a 

critical regulator in collagen I fibrillogenesis,92 collagen cross-linking, and collagen alignment.17,23  

To address the possible sources of these enhanced mechanical properties, we conducted 

immunocytochemical and immunohistochemical (ICC/IHC) studies to explore the compositional 

and structural changes in these fibers with loading (chapter 4).  

In addition to the aforementioned properties, we also measured the duration of the toe-in 

region to analyze the influence of mechanical stimulation on fiber low-load behavior. The toe-in 

region, which is the non-linear region of tendon’s low-load mechanical response, represents the 

progressive recruitment of the crimped collagen fibers in tendon tissue under tensile load, and is 

an important characteristic to reproduce in engineered tendon tissue because it exhibits the strain-

stiffening mechanical response typical of tendon function throughout its normal physiologic 

range.19 We determined toe-in strain using two different methods: (i) a limit-strain approach, and 

(ii) direct quantification of toe-in strain.56 The latter requires fitting the linear and non-linear 

regions of the response, and solving for the strain at which the slope of the toe-in region equals 

that of the linear elastic region, i.e., the point at which nonlinear stiffening ends. In contrast, the 

limit-strain approach provides a relatively quick and easy way to estimate toe-in strain from 
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modulus calculations. However, because the limit-strain method projects the linear region slope to 

the strain-axis, it is directly influenced by the elastic modulus, making it a less reliable measure 

when significant differences in elastic moduli exist between groups. Herein, the result showed that 

the limit-strain approach significantly underestimated actual toe-in strain.  

Interestingly, the dramatic increases in modulus with loading duration were not associated 

with changes in fiber extensibility.  Neither toe-in strains nor failure strains were influenced by 

mechanical loading, indicating that the applied cyclic strain, at least over this 7-day period, did not 

affect fiber extensibility throughout its full extension range; from the strain-stiffening low-load 

region to failure. These biomechanical observations suggest that cyclic strain promotes matrix 

deposition in a manner that increases the fibers resistance to stretch, yet does not affect the 

extensibility, such as the addition of collagen fibers in parallel.71 As a follow-on study, in chapter 

4 we investigate whether these mechanical property changes can be attributed to compositional 

and/or structural changes in the developing fibers.    

The importance of mechanical stimulation in fiber development was further evidenced by 

the fact that without applied strain, unloaded control fibers did not survive beyond 42 h in culture. 

In our scaffold-free approach, within the first 24 h, cells self-assembled to form a fiber between 

the two collagen disks, and developed significant self-generated static tension.4 In the absence of 

applied cyclic load, these fibers likely did not deposit enough load-resistant ECM proteins, or 

establish sufficient cell-cell junctions, to support this self-generated tension, and thus, failed 

(ruptured) within their channels. Hence, it appears that dynamic mechanical stimulation is 

necessary for the fiber to survive the early static strain, and plays a critical mechanobiologic role 

in fiber development and maturation.  
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3.4.2 The Potential Implications of Strain-Dependent Nuclear Deformation 

To explore potential sources for such mechanobiologic activity, we also examined nuclear 

shape to determine if there were concomitant changes in nuclear area and aspect ratio with the 

observed mechanical property enhancements with loading. Nuclear shape and deformation can 

provide additional insight, because they have been implicated in altered gene expression of matrix 

proteins.77 We found that nuclear area was preserved in the presence of loading and with loading 

duration. However, there was an increased density of stress fibers and elongation of nuclei 

observed with loading duration. When viewed with the enhanced mechanical properties in loaded 

fibers, these findings support the idea that mechanical loading is transduced to the nucleus and is 

involved in promoting matrix deposition.  

Several studies have proposed that forces are transmitted through focal adhesions to the 

load-bearing cytoskeletal components (actin, intermediate filaments, and microtubules), which are 

coupled to the subnuclear elements by the LINC (linker of nucleoskeleton and cytoskeleton) 

complex.93  Upon reaching the nucleoplasm, the forces induce conformational changes in the 

nuclear lamina and chromatin, thus modulating gene transcription.74 In addition, it has been shown 

that these functional changes are associated with nuclear deformation.77,81 Thus, our nuclear 

deformation data suggest that applied cyclic strain may modulate genes critical to extracellular 

matrix deposition and alignment, leading to the enhanced mechanical properties.   

Interestingly, the increases in nuclear aspect ratio were not concomitant with mechanical 

property enhancements, highlighting that even though nuclear deformation may signal gene 

expression, it does not directly equate to active proteins. This may be attributed, at least in part, to 

a temporal lag between nuclear deformation and the production of protein. Moreover, we cannot 

discount the possibility that between Day 1 and Day 3 of loading there is a release of precursors 
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for collagen I or collagen III that have yet to be cleaved. While our biomechanical and nuclear 

shape data suggest these mechanotransductive mechanisms, without the requisite gene and protein 

data, these must be viewed as purely speculative.  

To further probe the mechanism(s) responsible for load-dependent enhancement of 

mechanical properties, we are conducting a study on the gene expression, composition, and 

structure of these scaffold-free tendon fibers during development and in response to applied cyclic 

mechanical strain. In particular, we seek to identify the influence of applied cyclic strain on 

important tendon markers (e.g., scleraxis, tenomodulin, Col-I, Col-III), fiber architecture (collagen 

density and alignment), and how these are reflected functionally in fiber biomechanical properties. 
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4. THE INFLUENCE OF CYCLIC UNIAXIAL STRAIN ON 

ENGINEERED TENDON STRUCTURE AND 

COMPOSITION‡ 

4.1  Introduction 

Tendons are highly collagenous structures that transduce the force produced by muscle into 

skeletal motion and stabilize joints under high load. They are frequently injured due to overuse 

and acute trauma (e.g., laceration, strain),18 and these injuries have significant functional 

consequence, and present a large clinical and financial burden.  Due to their poor intrinsic healing 

capacity and the limited availability of autologous and allogeneic grafts, there is a growing clinical 

demand to develop surgical replacement grafts for injured tendon.  Our laboratory has developed 

a technique to create individual scaffold-free tendon fibers using directed cellular self-assembly in 

differentially adherent growth channels, and uses this platform to study the effects of 

biomechanical stimulation on early tendon regeneration.4,8,71  

Previously, we found that cyclic uniaxial strain improved the tensile and failure properties 

of these fibers over time.56,71 It was hypothesized that these load-dependent increases in fiber 

modulus, failure stress, and toughness would be reflected in changes to the structure, collagen 
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composition, and tendon-specific gene expression of the loaded fibers. The purpose of this study 

was to examine the influence of cyclic uniaxial strain on fiber composition, specifically, the 

collagen I and collagen III composition of our engineered tendon fibers. Collagen I is the primary 

load-bearing protein in tendons and was a potential explanation for the observed enhanced 

mechanical properties. A number of studies have demonstrated an increase in collagen matrix 

deposition in response to cyclic strain.94,95  

 

4.2  Methods and Materials 

Tendon fibers were engineered and loaded using the methods outlined in chapter 3.2 of this 

thesis. Briefly, u-shaped growth channels (150 µm width, 17.5 mm length) were molded into 

agarose, UV-crosslinked, and coated in human fibronectin. Human dermal fibroblasts (CCD-

1065sk, ATCC, Manassas, VA) were seeded in growth channels at very high density (1.5 × 107 

cells/mL). Cyclic intermittent strain (8 h of 0.1 Hz; 0 - 0.7% sinusoidal elongation, alternating with 

8 h of rest) was applied 18 h post-seeding, using a modified Flexcell® Tissue Train® system for 1, 

3, and 7 days.  1-day unloaded age-matched controls were also grown for immunocytochemical 

analyses.  

4.2.1 Immunocytochemical Staining for Collagen I and Collagen III 

All fibers were dissected from their growth channels and soaked in 0.5% eosin dye 

(Millipore, Temecula, CA) for 5 min., and then rinsed in 1X PBS (Mediatech, Manassas, VA). 

The purpose of the eosin dye was to increase the contrast between the fibers and their freezing 

medium, for ease of cryosectioning. The fibers were then frozen in OCT (Optimal Cutting 

Temperature) medium (Tissue Tek, VWR, Bridgeport, NJ). In an attempt to rapidly freeze and 
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minimize any morphologic distortion in the fiber specimens, the freezing in OCT medium was 

conducted using dry ice and isopentane (2-methylbutane, VWR, Bridgeport, NJ). Briefly, a 

stainless-steel beaker was partially filled with isopentane and placed in crushed dry ice. Once the 

temperature of the isopentane equilibrated, the cryomold, containing the fiber specimen in OCT, 

was partially immersed into the liquid for rapid freezing. Frozen specimens were immediately 

transferred to a -70°C freezer until cryostat sectioning (cryosectioning).96  

The cryosectioning, immunocytochemical staining, and imaging were conducted by Dr. 

Connie S. Chamberlain at the University of Wisconsin-Madison. Longitudinal cryosections were 

cut at 4-µm thickness, mounted, and stored at -70°C. Frozen sections were then fixed in acetone,  

exposed to 3% hydrogen peroxide to eliminate endogenous peroxidase activity, blocked with 

Background Buster (Innovex Biosciences, Richmond, CA), and incubated with rabbit primary 

antibodies for type I collagen (1:800, Abcam, Cambridge, MA) and type III collagen (1:150, 

Abcam, Cambridge, MA). Following the primary antibody incubation, samples were treated with 

multivalent link secondary antibody (Innovex Biosciences, Richmond, CA) and incubated with the 

tertiary antibody, HRP labeled streptavidin (Innovex Biosciences, Richmond, CA). Visualization 

of the antibody complex was performed with diaminobenzidine (DAB, Sigma-Aldrich, St. Louis, 

MO). Thereafter, samples were dehydrated in a series of alcohol steps, cleared in citrisolv (VWR, 

Bridgeport, NJ), and mounted for viewing by light microscopy (Nikon Eclipse microscope, model 

E6000 with an Olympus camera, model DP79).  

As shown in Figure 4.1, human hamstring tendon (obtained from the University of 

Wisconsin-Madison) was used as a positive control for the immunostaining. Collagen levels were 

then quantified by thresholding, to exclude unstained gaps within the tissue, and measuring the 
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density over area of the immunostains in ImageJ.91 Statistical analysis was conducted in Microsoft 

Excel using one-way ANOVA and Fisher’s least significant difference (LSD) comparisons.  

The following groups were populated for immunocytochemical analysis: 1-day unloaded 

(n = 5), 1-day loaded (n = 7), 3-day loaded (n = 4), and 7-day loaded (n = 5). 

4.2.2 Polarized Light Microscopy for Collagen Alignment 

To evaluate the structural changes relative to loading presence and duration, whole fibers 

were stained with picrosirius red and imaged using polarized light microscopy. Picrosirius red 

stain is a well-established histochemical tool for the selective visualization of collagen fibers. Once 

the stain associates with the collagen in a biological sample, the birefringence of the collagen 

molecules is enhanced and can be visualized with a polarized light microscope.97 A biological 

specimen stained with picrosirius red stain can also be visualized using bright-field microscopy, 

wherein the collagen stains red, or using fluorescence microscopy, wherein the collagen stains red 

and nuclei stain green.98  

Immediately following loading, and while still in their growth channels, fibers were rinsed 

with pre-warmed 1X PBS (Mediatech, Manassas, VA), fixed with 40% formaldehyde solution 

(Millipore Sigma, Burlington, MA) for 20 minutes, and then rinsed twice with PBS. The assembly 

was then rinsed three times with absolute alcohol, two changes of distilled H20, and then stained 

with picrosirius red stain (American MasterTech, Lodi, CA) for 1 hour. Following removal of the 

picrosirius solution, fibers were rinsed twice with 0.5% acetic acid (American MasterTech, Lodi, 

CA) and rinsed thrice with absolute alcohol. The samples were then cleared with xylene and 

mounted on a slide with Permaslip mounting medium (American MasterTech, Lodi, CA).99 The 

mounting medium was allowed to dry for at least one hour before imaging with a polarized 

microscope (Nikon Optiphot POL Polarizing Microscope, Nikon Instruments Inc., Melville, NY). 
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The differences in collagen alignment were assessed qualitatively by comparing birefringent 

collagen alignment in stained samples.  

4.2.3 Hydroxyproline Assay 

The hydroxyproline assay is a colorimetric technique used to measure hydroxyproline in 

tissue and media sample lysates. It is routinely employed as a tool for the diagnosis of various 

collagen-related pathologies and food authenticity testing. The technique is based on acid 

hydrolysis, and the reaction between oxidized hydroxyproline and a color reagent, p-

dimethylaminobenzaldehyde (DMAB), which produces a red color, indicative of high 

hydroxyproline content.100–102 Figure 4.1 is a schematic showing the basic principle of the 

hydroxyproline assay.  

 

Figure 4.1: Schematic outlining the basic principle of hydroxyproline detection.103 

Hydroxyproline is an imino acid produced during the post-translational modification of 

proline. It is specific to elastin and collagen, and because it is preferentially found in mammalian 
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collagen, it can be used as a direct measure of total collagen.104  A measure of hydroxyproline 

provides an estimate for all types of collagen, degraded collagen, and procollagens—it does not 

distinguish between them.103  

In this study, samples of growth media were taken at the 18-hr time point, after 1 day of 

loading (for 1-day loaded fibers), at 3 days (for 3-day and 7-day loaded fibers), and at 7 days for 

(7 day loaded fibers). Media samples were immediately placed in a -20°C freezer until analysis.  

The hydroxyproline assay procedure was based on the methods by Estes et al.105 To begin 

this colorimetric assay, 50 µL of sample was placed in a microcentrifuge tube. Hydroxyproline 

(OHP) standards, ranging from 0 - 250 µm/mL, were treated the same way. For acid hydrolysis, 

50 µL of 37% HCl (Sigma-Aldrich, St. Louis, MO) was added to each sample and the (covered) 

samples were placed in an oven at  110° C for 15-18 hours—enough time for the samples to fully 

evaporate.105 After sample evaporation, each sample was reconstituted in 110 µL acetate citrate 

buffer, vortexed, and pipetted into a 96 well plate (2 replicates per sample; 50 µL/well). Following 

plate loading, 50 µL of chloramine T-reagent (Table 4.1) was added to each sample, the plate was 

covered in foil and placed on an orbital shaker for 15 minutes. After shaking, 50 µL of p-

dimethylaminobenzaldehyde (DMBA, Table 4.1) was added to each well, samples were incubated 

at 37°C for 30 minutes, and then analyzed using a spectrophotometer (Synergy H1 multi-mode 

microplate reader, BioTek Instruments Inc., Winooski, VT) at a 550 nm wavelength. Absorbance 

readings were converted to OHP concentration using the standard curve.  

Again, the hydroxyproline assay does not distinguish between collagen types. A conversion 

to estimate collagen can made, however, there is no consensus on the correct conversion factor, 

which varies from one laboratory to another, and varies by type of tissue.106 Therefore, this study 
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made no attempt to calculate total collagen released, and instead based conclusions on the 

concentration of hydroxyproline detected in the media samples.  

Table 4.1: The compositions of the acetate citrate buffer, chloramine-T solution, and DMBA solution used for 

the hydroxyproline assay.105 All chemicals, with the exception of dH2O, were obtained from Sigma-Aldrich® 

(St. Louis, MO).  

Reagents Composition 

Acetate-Citrate Buffer (pH 6.5) 

• 12 g Sodium acetate trihydrate 

• 5 g Citric acid monohydrate 

• 1.2 ml Acetic acid 

• 3.4 g NaOH(s) in 750 ml dH2O 

Chloramine-T solution (0.062 M) 

• 2.07 ml dH2O 

• 2.6 ml n-Propyl alcohol (1-propanol) 

• 141 mg chloramine-T, hydrate 

P-Dimethylaminobenzaldehyde (DMBA) (0.94 

M) 

• 1.4 g of p-DMBA 

• 7 ml n-Propyl alcohol (1-propanol) 

• 3.0 ml Perchloric acid solution (60-70%) 

 

4.3 Results 

4.3.1 Immunocytochemical and Histochemical Results 

4.3.1.1 Collagen Composition  

All fibers, even the unloaded fibers, stained strongly for fibrillar collagen I and collagen 

III. Large longitudinal bundles of loosely aligned collagen could be seen in the fiber sections. 

Longitudinal sections revealed large (unstained) voids in the fiber structure, most evident in the 1-

day loaded and unloaded fibers (Figure 4.2). This was suspected to be the result of tissue freezing 

artefact. As shown in Figure 4.3a, no significant differences in the collagen I stain intensity were 

detected between groups.  
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Figure 4.2: Representative longitudinal sections of human hamstring tendon tissue, 1-day and 7-day loaded 

fibers stained for collagen I and collagen III. Large voids were observed in the immunostains of 1-day fibers 

(loaded and unloaded). After 7 days of loading, the presence of such voids was greatly diminished. Scale bar = 

50 µm. 

Similar to the collagen I images, the collagen III immunostains revealed large 

(unstained) voids in 1-day loaded and unloaded fibers, and those voids were notably diminished 

in the 3-day loaded and 7-day loaded fibers (Figure 4.2). Collagen III intensity was unchanged 

when 1-day loaded fibers were compared to their unloaded controls, however, it showed an upward 

trend after 3 days of loading (Figure 4.3b).  

 
Figure 4.3: Mean collagen I (A) and collagen III (B) intensities for loaded and unloaded fibers. * denotes 

statistically significant difference between groups (p < 0.05). 
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The apparent distortion to the tissue morphology during preparation—as evidenced by 

the voids within the stained fiber structure—precluded structural analyses of these fibers.  As a 

result, qualitative alignment studies were conducted on a separate set of fibers using picrosirius 

red stain and polarized light microscopy.  

4.3.1.2 Collagen Alignment 

The qualitative comparison of picrosirius red-stained fibers, using polarized 

microscopy, revealed increased alignment in the collagen fiber microstructure after 1 day of 

loading, and after 7 days of loading. Figure 4.4 highlights the difference in collagen alignment 

between 1-day unloaded and 7-day loaded fibers.  Collagen fibers were most visibly aligned to the 

fiber long axis in 7-day loaded fibers and appeared more continuous than in other groups.  

The bright light and polarized images of picrosirius-stained fibers also confirmed that 

there was substantial morphological distortion in the fibers used for immunocytochemical analysis 

(sections 4.2.1 and 4.3.1.1), and it was likely an artefact of the tissue freezing, such as crystal or 

bubble formation within the fiber during rapid freezing.  

 
Figure 4.4: Representative bright light and polarized light images showing the more pronounced organization 

of the birefringent collagen fibers after 7 days of loading. Scale bar = 100 µm. 
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4.3.1.3 Detection of Collagen in Culture Media 

The semi-quantitative analysis of media samples revealed that the average 

concentrations of hydroxyproline in media at 18 hours, 1 day (unloaded), 1 day (loaded), and 3 

days (loaded) were 11.8 ± 2.4 µg/mL, 9.1 ± 2.5 µg/mL, 10.4 ± 1.0 µg/mL, and 11.1 ± 1.1 µg/mL, 

respectively. It was clear that there were no significant differences in OHP release at any of those 

time points (p > 0.05). However, as illustrated in Figure 4.5, 7-day (loaded) media samples 

exhibited extremely low color density, indicating the release of a negligible amount of collagen 

into the growth media between 3 days and 7 days of fiber loading. These findings are summarized 

in Figure 4.6.  

 

Figure 4.5: The 96-well plate after running the hydroxyproline assay on various media samples. Column 1 

had the standards (0 – 250 µg/mL OHP). The red stain is indicative of hydroxyproline and collagen in the 

growth media. The media sampled at 7-days (yellow square) showed no hydroxyproline release between 3 

days and 7 days of loading. 
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Figure 4.6: (A) Average concentrations of hydroxyproline (OHP) detected in media samples at 18 hours, 1 

day, 3 days, and 7 days in culture. Media was replenished immediately after sampling. (B) The cumulative 

OHP concentration plotted against sampling times, illustrating no release of collagen into media after 3-days 

of loading. Means ± standard deviations. 

4.4  Discussion 

4.4.1 Collagen III Deposition and Increased Alignment with Loading 

Collagen I is a major contributor to load-resistance in mature tendon tissue; while, Col-III 

plays an important role in early wound healing (i.e., the formation of fibrotic tissue)94 and early 

embryonic collagen I fibrillogenesis.92 In previous work with these engineered tendon fibers, we 

demonstrated that cyclic uniaxial strain increased modulus, failure stress, and toughness over time, 

suggesting that mechanical strain was increasing matrix deposition (specifically fibrillar-forming 

collagen types I and III). This was supported by the collagen type III immunocytochemical results 

herein. The results also showed that cyclic loading did not significantly influence collagen I 

deposition. These results clearly indicate that tendon mechanical properties cannot be solely 

attributed to the quantity of collagen I, and that other factors (e.g., collagen alignment, collagen 

III, crosslinking) must contribute significantly to elucidating these properties. Given that collagen 

III is an established critical regulator in early collagen I fibrillogenesis,92 it is possible that 7 days 

of this cyclic uniaxial loading only captures the earliest stages of tendon regeneration, prior to the 

surge in Col-I.  
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Loading increased the alignment of collagen, as evidenced by the more pronounced 

collagen microstructure in polarized light images. The increases in alignment corresponded with 

increases in fiber strength, stiffness, and toughness, strongly suggesting that collagen alignment 

also contributed to the enhanced mechanical properties.  

Interestingly, the hydroxyproline assay results showed a dramatic drop in the amount of 

OHP released into the media after 3 days of loading. This is a critical time in the development of 

our engineered scaffold-free tendon fibers, because after this time point, the fibers’ stress-based 

mechanical properties (peak stress, modulus, and toughness) increase about three-fold (chapter 3). 

No assumptions can be made about what type of collagen the hydroxyproline represents, but these 

findings may suggest that after 3 days of loading there is less activity by matrix metalloproteinases, 

which are the enzymes responsible for collagen degradation.107 They could also indicate increased 

activity of procollagen C and N proteinases (PCPs), which are responsible for the enzymatic 

conversion of soluble procollagen into insoluble collagen. When PCP activity is increased, the 

developing tissue can preserve collagen, rather than losing it into the media.108   

This study provides insight into the influence of mechanical stimulation on fiber 

development, and the structural and compositional changes that may be contributing to the 

observed load-dependent increases in tensile strength and failure properties.  Such insight can 

inform current scaffold-based tissue engineering approaches (tendon remodeling), and can also 

guide a more regenerative, scaffold-free approach to tissue engineering, mimicking key aspect of 

tenogenesis. 
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5. THE DISTINCT ROLES OF INCREMENTAL QUASI-

STATIC AND CYCLIC UNIAXIAL MECHANICAL 

LOADING ON THE MECHANICAL PROPERTIES OF 

ENGINEERED, SCAFFOLD-FREE TENDON FIBERS§ 

5.1  Introduction 

Several tendon engineering approaches have employed bioreactor systems to apply cyclic 

loading to developing tendon tissue.4,41,59,72,90,109–111 The selection of design parameters for the 

loading regimens is based on in vivo studies of mature tendon or embryonic tendon development. 

Nirmalanandhan et al.,109 for example, investigated the independent and synergistic roles of cyclic 

uniaxial load components (peak strain, cycle number, and cycle repetitions) on the mechanical 

properties of engineered tendon constructs. The design parameters for that study were inspired by 

in vivo observations of human daily walking activity, but because the tendon constructs were 

derived from rabbit MSCs, it was suggested that the cycle number for future studies models rabbit 

hoping activity.109 In contrast, Kalson et al.22 designed a rotating stretching rig to gradually apply 

uniaxial strain to tendon-like constructs. That loading protocol was inspired by embryological 

studies on chick legs.22,112   

This dissertation project was an attempt to recapitulate and study multiple aspects of 

embryonic tendon development, which is a complex, multi-factorial process with mechanical cues 

                                                 

Portions of this chapter previously appeared in: Mubyana, K., Chamberlain, C. S. & Corr, 

D. T. Influence of quasi-static and dynamic cyclic mechanical loading on collagen I deposition 

and tensile/failure properties of engineered tendon fibers. in International Symposium on 

Ligaments and Tendons (2017). 

Portions of this chapter previously appeared in: Mubyana, K. & Corr, D. T. The distinct 

roles of incremental quasi-static and cyclic uniaxial mechanical loading on the mechanical 

properties of engineered scaffold-free tendon fibers. in Proceeding of the Orthopaedic Research 

Society Upstate New York and Northeast Regional Symposium (2017). 
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and chemical cues all playing critical spatiotemporal roles. As highlighted by Table 5.1, there are 

drastic differences in the mechanical properties of tendon tissue during the different embryonic 

development phases, and during post-natal growth; and trying to resolve the different players in 

the development of these properties is extremely challenging.  

Table 5.1: The average elastic moduli for embryonic and adult chicken tendon, measured using bulk tensile 

testing. Adapted from Schiele et al.113  

 Developmental stage 

(HH) 

Approximate 

embryonic days 

Average elastic 

modulus range (MPa) 
Reference 

HH 39 Day 13 11.0  Kalson et al.114 

HH 40 Day 14 20.5 Kalson el al.22 

Adult Adult (1 month) 168.3 Nakagaki et al.115 

Adult Adult (8 months) 210.5 Nakagaki et al.115 

 

As mentioned earlier, the two types of loading observed in in vivo embryonic tendon 

studies are dynamic, motion-induced loading and slow, limb-lengthening-induced loading. The 

former (motion-induced loading) is four orders of magnitude greater than the latter.22 There is 

evidence that tendon development is initiated prior to muscle development, however, the 

developing tendon becomes defective in later embryonic phases without the contribution of 

muscle-induced strain.31,116 According to Hamburger and Hamilton’s embryological studies, the 

chick third toe elongates up to 1.9 mm/day. This strain was detected during HH stages 36 – 43, 

which correspond to days 10 – 14 in chick embryo development, and is a particularly rapid period 

of prenatal limb elongation.112 This data was used to design a slow stretching regimen in a scaffold-

based tendon engineering study, which found that slow-rate stretching enhanced mechanical 

properties of their tendon-like constructs.22  

Previously, we showed that the failure stress, modulus, and toughness of engineered 

scaffold-free tendon fibers all increased with the presence and duration of intermittent cyclic 
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uniaxial strain, while strain-based values, such as toe-in strain and failure strain, were unaffected.71 

The purpose of this study was to examine the effect of adding an incremental quasi-static loading 

component (designed to mimic slower rate tissue stretch, such as those associated with limb 

lengthening) on the mechanical properties of these engineered tendon constructs. It was 

hypothesized that the different loading modalities would elicit different mechanical properties in 

the developing fibers.  

 

5.2  Methods  

5.2.1 Fiber Engineering and Dynamic Loading 

Fibers were engineered using methods outlined in chapter 3.2 of this thesis. Growth 

channels were seeded with human dermal fibroblasts (CCD 1065-sk, ATCC, Manassas, VA) at 

the previously used density (1.5 × 107 cells/mL). After an 18 h stabilization period (post-seeding), 

the growth channel assembly was coupled to a modified Flexcell® Tissue Train® system for 

mechanical stimulation. For 3 days, fibers were subjected to either the basic cyclic strain protocol 

(as described in chapter 3.2.2) or a combined loading protocol, wherein the static strain baseline 

of the sinusoidal strain was increased by 0.1% at each 8h rest period, to include a quasi-static 

stretch component (similar to limb lengthening) (n = 8/group). In the combined loading protocol, 

the cyclic strain amplitude during the 8-hour loading phases was maintained at 0.7% (Figure 5.1).  
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Figure 5.1: A schematic of the two types of loading applied during fiber development. At 18 h (post-seeding), 

fibers were loaded using either the basic intermittent cyclic loading or the combined loading for 3 days. 

Conditioned fibers were then dissected from their growth channels and tensile tested. 

5.2.2 Mechanical Characterization 

For mechanical characterization, fibers were sectioned into test specimens, t-clipped 

(Figure 5.2), and elongated to failure at a constant rate (0.08 mm/s), during which force, 

displacement, and time data were recorded. These mechanical data were used to calculate the 

Young’s modulus, toughness, direct toe-in strains, and failure stress and strain. After 3 days of 

loading, the mechanical properties of fibers subjected to the basic loading protocol were compared 

to those receiving the combined loading protocol (basic + incremental quasi-static). Student’s two 

sample t-tests (unpaired) were used for all statistical comparisons. Data were reported as mean ± 

standard deviation.  

 

5.3  Comparison of Basic and Combined Loading 

Within 24 h of seeding, aligned fibers formed in growth channels, spanning the entire 

channel length (i.e., disk-to-disk), with no remaining lateral adhesions to the channel. No distinct 
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differences in bulk fiber morphology or physical fiber development were observed between the 

two groups over the 3-day course of loading.  Table 5.2 shows the average tensile and failure 

properties of fibers subjected to the basic and combined loading.  

Table 5.2: The tensile and failure properties of human dermal fibroblast-derived fibers subjected to 3 days of 

basic loading or combined loading (with an incremental quasi-static component). * and ** denote statistical 

increase compared to the basic loaded fibers (p < 0.05 and p < 0.01, respectively).  

Loading 
Peak Stress 

(kPa) 

Modulus 

(kPa) 

Toughness 

(kPa) 

Toe-in Strain 

(ΔL/L0) 

Failure Strain 

(ΔL/L0) 

Basic 93.3 ± 56.4 232.6 ± 139.9 27.0 ± 15.7 0.85 ± 0.29 1.07 ± 0.33 

Combined 133.2 ± 68.4 295.1 ± 190.0 45.7 ± 23.6* 1.22 ± 0.22** 1.49 ± 0.27** 

 

A comparison of the two loading modalities showed no differences between the groups 

in modulus and failure stress (Figure 5.2a). However, after 3 days of loading, fibers subjected 

to the combined loading were nearly two-fold tougher than basic-loaded fibers (Figure 5.2b). 

In addition, the toe-in strain and failure strain increased significantly (p < 0.01) with the 

addition of the quasi-static loading component (Figure 5.2c). 
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Figure 5.2: Mean ± standard deviations. (A) No significant differences in peak (failure) stress and modulus 

were found between fibers subjected to 3-day basic and 3-day combined loading. (B) The toughness, (C) 

failure strain, and toe-in strain increased with the introduction of a quasi-static component. (D) A 

representative 3-day (basic) loaded fiber, t-clipped for tensile testing. * (p < 0.05), ** (p < 0.01), and scale bar 

= 250 µm.  

5.4  Discussion 

    Mechanical stimulation has been implicated in the elaboration of tendon mechanical and 

structural properties during development. Our laboratory utilizes a tenogenesis-inspired scaffold-

free approach to engineer single tendon-like fibers and study the influence of mechanical 

stimulation on fiber development and maturation. Previously, we showed that intermittent bouts 

of cyclic uniaxial strain increased the failure stress, modulus, and toughness of developing fibers, 

over time, yet did not affect failure strain.71 Herein we aimed to identify the impact of an 
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incremental quasi-static loading component, included to mimic slower-rate tissue stretch, such as 

that associated with limb lengthening. 

The results showed that introducing an incremental quasi-static loading component (slower 

stretch) during the fiber development, increases fiber extensibility, as evidenced by increases in 

both failure strain and toe-in strain. Additionally, the introduction of this mechanical cue to mimic 

limb lengthening led to greater fiber toughness. This final finding was expected, since toughness, 

a measure of energy absorbed prior to failure, is a function of the modulus and the failure strain. 

Based on our previous study, and the results in this chapter, it is evident that the slower stretch of 

incremental loading acts to increase fiber extensibility (i.e., failure strain), while the faster dynamic 

loading increases stiffness, failure stress, and toughness. These results strongly suggest distinct 

development roles for the two loading modalities.  

Kalson et al.22 was one of the first studies to investigate the effects of slow stretching in 

embryonic chick metatarsal tendon cell (ECMT)-fibrin gel constructs. The constructs were 

stretched 8 mm over the course of 4 days (i.e., the equivalent of 100% strain). After 4 days of slow 

stretching, the constructs exhibited increased fibril diameter, fibril volume fraction, cell alignment, 

nuclear aspect ratio, Young’s modulus, and ultimate tensile stress—failure strain statistics were 

not provided.22 The results of the Kalson et al. study strongly suggest that the independent 

application of quasi-static loading increases modulus and failure stress, which contradicts the 

findings of this study. The modulus and failure strain in 3-day fibers subjected to combined loading 

were trending up relative to the controls, but no significant increase was found. The disparity 

between this study and the Kalson et al. study might be explained by the differences in strain 

magnitudes and construct design. Nirmalanandhan et al.109 demonstrated that peak strain is a 

primary determinant in developing construct stiffness, but is ineffective below 2.4% strain.  
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In this study, the quasi-static strain ranges were much lower than the 100% used by Kalson 

et al.22 By the end of loading, our engineered tendon fibers were being subjected to 1.0% static 

strain. This strain was deemed less destructive and more appropriate for our individual tendon 

fibers, which were scaffold-free, completely cellular, and reminiscent of incipient embryonic 

tenogenesis. The fibers were fundamentally different from the fibrin-scaffold-based tendon tissue 

design employed by Kalson et al.,22 which could likely withstand higher strain. This difference in 

the inherent tendon construct strength is most apparent in the linear stiffness results. The average 

elastic modulus values measured for the 3-day loaded fibers in this study were 232.6 – 295.1 kPa. 

In contrast, the average elastic modulus values measured for the ECMT-fibrin gel constructs over 

the course of loading were 4.1 – 12.4 MPa (i.e., 1-2 orders of magnitude higher than this study, 

and closer to the values published for HH 39-40 embryonic chick tendon).22,113,114 

Furthermore, this study employed a more complex loading regimen than Kalson et al.,22 

by compounding the quasi-static strain with intermittent phases of cyclic uniaxial strain. Given 

that the application of this dynamic cyclic strain significantly increased fiber strength, stiffness, 

and modulus, it is possible that its influence was masking any lesser effects on these properties 

that could be attributed to the quasi-static loading component.   
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6. TENDON STEM PROGENITOR CELL-DERIVED FIBERS 

6.1  Introduction 

Our laboratory developed a technique to synthesize individual tendon-like fibers using a 

scaffold-free, embryonic-inspired approach, and we use it to study the effects of biomechanical 

stimuli on early tendon regeneration.4,8,71 In a previous study, we demonstrated the use of this 

technique to create fibers from human dermal fibroblasts, and our ability to enhance their 

mechanical properties with applied cyclic uniaxial loading (chapter 3).71  

Tenocytes are the predominant cell type in tendon, but the scaffold-free tendon engineering 

technique described in earlier chapters was only applied to human dermal fibroblasts. Both derived 

from the mesoderm,68 tenocytes and dermal fibroblast have many qualities that make them ideal 

for artificial tendon engineering. Liu et al.48 compared the two cell types in engineering and 

implanting a PGA-scaffold-based tendon replacement graft in hybrid pigs. The study found that 

both cell types yielded tendon-like histology and the ultimate tensile strength of the implant was 

uninfluenced by cell type.48  

So what advantage is offered by human dermal fibroblasts in tendon engineering? For 

starters, human dermal fibroblast cells are much more accessible than tenocytes and are a highly 

translatable cell source. Part of the difficulty in obtaining tenocytes is their low cell density in 

mature tendon,18 and the donor site morbidity that follows the surgical procedure to harvest the 

cells for autologous applications. Furthermore, tenocytes have proven to be very difficult to culture 

for tendon engineering applications, differentiating rapidly away from the tenogenic 

lineage.1,117,118 A study by Yao et al.119 demonstrated phenotypic drift of human Achilles tenocytes 

in monolayer culture over the course of 8 passages. Changes were observed in cell roundness, 

confluence density, and expression of tendon markers (e.g. decorin).119 Other studies have shown 
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that this loss in tenogenic phenotype can be mitigated by long-term high-density culture,120 but the 

transdifferentiation of tenocytes into heterotopic phenotypes remains a major limitation in 

tenocyte-based tendon engineering. The phenotypic drift in dermal fibroblast cell culture, though 

still problematic, has been shown to be less pronounced than in tenocytes.1  

Stem cells, particularly tendon stem/progenitor cells (TSPCs), are a promising alternative 

cell source for tendon engineering. TSPCs, first identified in 2007 by Bi et al.,121 constitute an 

extremely low percentage (1-4%) of the cells in normal tendon.122 These cells, like other stem 

cells, have the advantage of being highly proliferative, clonogenic, and multipotent. They reduce 

in number, self-renewal ability, and multi-potent differentiation ability as the individual ages.123 

As an isolated population, their benefits might be harnessed to successfully design an engineered 

tendon replacement graft—either allogeneic or autologous. TSPCs have also demonstrated success 

in the formation of junctions resembling the OTJ (osteotendinous junction), making them a more 

attractive candidate for clinical applications of engineered tendon tissue.121 

The purpose of this study was to engineer tendon-like fibers using human tendon 

stem/progenitor cells (hTSPCs) and compare their development and response to mechanical 

stimulation to that of fibers grown from committed fibroblasts (hDFs). It is important to remember 

that our scaffold-free approach incorporates key aspects of embryonic tendon development, such 

as cyclic uniaxial strain delivered at physiologically-relevant magnitudes (i.e., similar to those in 

the developing embryo), and early high cellularity in the absence of significant matrix, which 

combine to encourage directed self-assembly and functional matrix deposition. Stem cell density 

is at its highest at this stage of development, and the aforementioned embryonic tenogenesis 

aspects drive the tissue towards a tenogenic phenotype. Taking this into consideration, we 

hypothesized that, using our scaffold-free approach, combined with the biomechanical influence 
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of mechanical stimulation, the tendon fiber development would be enhanced using partially-

derived tendon stem/progenitor cells (TSPCs) rather than committed dermal fibroblasts.  

 

6.2  Methods to Compare TSPC and hDF-Derived Fibers 

6.2.1 Fiber Engineering Methods 

TSPC-derived fibers were engineered using methods outlined in chapter 3.2 of this thesis. 

In brief, u-shaped growth channels were molded into agarose, UV-crosslinked, and mounted onto 

the modified Flexcell® Tissue Train® Plates, with collagen disk anchors on either end of the 

growth channels. The channels were coated with human fibronectin and seeded with human TSPCs 

(passage 5-8). The TSPCs, generously provided by Dr. Hui B. (Herb) Sun’s laboratory at the Albert 

Einstein College of Medicine, were derived from the macroscopically healthy biceps brachii 

tendon of patients undergoing shoulder replacement surgery. The seeding density used previously 

for hDF-derived fibers (1.5 × 107 cells/mL) was used for all growth channels. After an 18 h 

stabilization period (post-seeding), the growth channel assembly was coupled to a modified 

Flexcell® Tissue Train® system, and loaded using the 1-day cyclic intermittent strain protocol, 

described in chapter 3.2.2- i.e., one 8 h block of sinusoidal strain (0.1 Hz, 0-0.7%), followed by 

one 8-h  block of rest (0% strain).  

6.2.2 Mechanical Characterization 

For mechanical characterization, fibers were sectioned into test specimens, t-clipped, and 

elongated to failure (0.08 mm/s) while measuring force, displacement, and time data, which, in 

turn, were used to calculate the Young’s modulus, toughness, toe-in strains (directly quantified), 

and failure stress and strain. Toe-in limit strain was not reported. These mechanical properties were 
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compared to those of age-matched, hDF-derived fibers. Student’s two sample t-tests (unpaired) 

were used for all statistical comparisons. Data were reported as mean ± standard deviation.  

 

6.3  A Comparison Between TSPC-Derived and FB-Derived Fibers 

6.3.1 Distinct Fiber Assembly and Morphology 

Within 24 h post-seeding, cells had aligned to the long axis of the channel and formed 

fibers. There were striking morphological differences between the early development of hTSPC-

derived and hDF-derived fibers. All the 1-day unloaded hDF-derived fibers (n = 5) exhibited 

broad, fanned integration (attachment) to the collagen disks on both ends of the growth channel, 

and formed continuous fibers with smooth surfaces. In contrast, the hTSPC cells were visibly 

rounded, even at the surface of the developing fiber. The 1-day unloaded hTSPC-derived fibers (n 

= 5) tended to form cell aggregates within the channel, which resulted in pronounced irregularities 

in fiber diameter. Additionally, the hTSPCs formed string-like attachment to collagen disks 

(Figure 6.1).  

When subjected to cyclic loading, the survival rate for loaded hTSPC-derived fibers was 

markedly low: 16% relative to static counterparts.  In response to cyclic strain, the hTSPC-derived 

loaded fibers failed (snapped) within their growth channels, and thus did not allow for morphologic 

or mechanical characterization.  
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Figure 6.1: Distinct fiber morphology between the cell types was evident within the first 18 hours of seeding. 

hTSPC-derived tendon fibers formed spindled, web-like integration into the collagen disks (arrows), a stark 

contrast from the solid, fanned integration observed with hDF-derived fibers. The surface of hTSPC-derived 

fibers was irregular with clusters of rounded cells. Scale bar = 150 µm. 

6.3.2 Tensile Failure Properties 

In tensile tests, both the unloaded hTSPC-derived and hDF-derived fibers exhibited the 

(previously-described) characteristic tendon mechanical response: a large toe-in region, followed 

by a linear elastic region, brief softening, and abrupt failure. Figure 6.2 shows the comparison of 

tensile failure properties between hDF-derived and hTSPC-derived fibers. The study revealed that 

peak stress was uninfluenced by cell type, with values averaging 19.7 ± 11.6 and 20.0 ± 10.1 for 

hDF- and hTSPC- derived fibers, respectively.  Similarly, the modulus, directly quantified toe-in 

strain, and toughness were uninfluenced by the cell type. There was a slight reduction in toe-in 

when hTSPCs were used (approaching statistical significance; p < 0.1). Most notably, the failure 
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strain of hTSPC-derived fibers was about half that of hDF-derived fibers (p < 0.01). On average, 

hDF-derived 1-day unloaded fibers failed at 124% ± 24% strain, whereas hTSPC-derived fibers 

failed at 65% ± 20% strain. 

 
Figure 6.2: (A) Peak stress and modulus, (B) toughness, (C) failure strain, and directly quantified toe-in 

strain for human dermal fibroblast (FB)-derived and human tendon stem/progenitor cell (TSPC)-derived 

fibers. Means ± standard deviation. ** denotes statistical difference (p < 0.01). 

6.4  Discussion and Recommendations 

In this study, tendon-like fibers were engineered using stem/progenitor cells (hTSPCs) and 

compared to prior results using committed fibroblasts (hDFs). Unlike the hDF-derived fibers, the 

hTSPC-derived fibers could not withstand the cyclic uniaxial strain applied; and rather than 
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enhancing the mechanical properties, the cyclic strain led to high failure rates. A comparison of 1-

day unloaded controls revealed that fibers derived from hTSPCs were less extensible than those 

derived from hDFs. Given that our model tendon engineering system was first optimized for hDF-

derived fibers, it is feasible that the optimal conditions for the fibrillogenesis of hTSPCs in 

response to cyclic strain may be different (e.g., delayed initial loading, gradually increasing 

magnitude of strain, etc.). Furthermore, as hTSPCs are tendon-derived stem/progenitor cells, 

tendon-lineage differentiation of these cells may require different physical or chemical stimuli than 

that for fibroblasts. 

There is increasing research on methods to enhance the long-term culture and tissue 

generation of TSPCs that could help guide the optimization of a TSPC-derived, scaffold-free, 

engineered tendon fiber. For example, there is evidence showing that the age-related loss of self-

renewal and multipotent ability in TSPCs can be minimized by hypoxic conditioning.124 When Bi 

et al.,121 first identified TSPCs, they described an ECM-rich, tendon-specific stem-cell niche which 

regulates their tenogenic differentiation in vivo. Two leucine-rich proteoglycans, biglycan (Bgn), 

a chondroitin/dermatan sulfate proteoglycan, and fibromodulin (Fmod), a keratin sulfate 

proteoglycan, were identified as key contributors to this tendon stem-cell niche, and their 

expression was shown to be negatively correlated to the osteogenic potential of TSPCs.121  The 

idea of recreating the extracellular tendon stem-cell niche was further supported  by studies that 

repaired tendon defects with TSPC-seeded tendon-derived decellularized tissue scaffolds, 

demonstrating enhanced graft mechanics and tenogenic development.125,126 The incorporation of 

such chemical cues may further optimize the application of TSPCs in this scaffold-free tendon 

engineering approach and improve survival rates when dynamic loading is employed.  
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This study was the first attempt to use hTSPCs in this fibrillogenesis technique and 

determine the influence of cyclic uniaxial strain on their functional maturation. The insight gained 

from this can help identify key similarities/differences in the mechanotransductive responses 

between committed adult somatic cells, and partially-derived stem/progenitor cells, which will 

inform and guide future tendon engineering strategies.  
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7. THE INFLUENCE OF MACROMOLECULAR CROWDING 

ON TENDON FIBER DEVELOPMENT 

7.1  Introduction 

Thus far, we have demonstrated a technique to engineer individual scaffold-free tendon 

fibers using human dermal fibroblasts (and tendon stem/progenitor cells). We have increased their 

stiffness, burst strength, toughness, and collagen content using basic cyclic uniaxial strain, and 

increased their extensibility with the addition of an incremental quasi-static loading component. 

The studies detailed in the previous chapters have further emphasized the momentous contribution 

that mechanical stimulation makes in tendon development and repair, and how it can be employed 

to manipulate the mechanical properties of an engineered replacement graft. The final aim in this 

thesis was to investigate the influence of macromolecular crowding on the mechanical properties 

of engineered, scaffold-free tendon fibers.  

7.1.1 The Shortcomings of Conventional Cell Culture 

The widely used standard cell-culture conditions expose cells to a drastically different 

chemical environment than is seen in vivo. Cell-based assays and therapies have become heavily 

reliant on long-term cell culture, wherein cells are dislodged from their natural environment and 

maintained in aqueous medium on tissue culture plastic. The notion that this practice is biomimetic 

and optimizes cell/tissue growth is misleading, because standard cell culture recreates an 

extracellular environment with a much higher proportion of aqueous media to cell mass, and a 

much lower local density of macromolecules (proteins, carbohydrates, liquids, and nucleic acids) 

than in healthy tissue.11 It is estimated that the cumulative concentration of macromolecules in 

living tissue is 50-400 mg/mL, a stark contrast from standard cell culture media which has 1-10 
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mg/mL,127 ~ 40x less concentrated. This might begin to explain two major obstacles in cell-based 

tissue engineering: (i) growing thick 3D constructs with optimal oxygen and nutrient diffusion,11 

and (ii) accelerating the growth of engineered 3D constructs in culture, such that they are of 

adequate strength, stiffness, and extensibility—i.e., match physiological conditions in a time-

frame that lends itself to potential clinical translation. 

7.1.2 What are Macromolecular Crowders? 

Macromolecular crowders are inert molecules that mimic the dense/crowded molecular 

conditions characteristic of healthy biological tissues. They have been shown to accelerate matrix 

deposition in cell and tissue culture systems, and consequently, enhance their mechanical 

properties.11,127,128 As the name implies, these crowders function by restricting the available area 

for reactive molecules and/or cells.129 The mechanism of action, illustrated in Figure 7.1, and 

more formally known as the exclusion volume effect (EVE), is best explained as the space 

physically occupied by the crowder molecule (i.e., fractional volume occupancy) plus the space 

made unavailable between adjacent crowder molecules (i.e., unavailable space). The amount of 

unavailable space is dependent on the type of macromolecular crowder, which can vary in terms 

of charge and polarity.11  

 

Figure 7.1: An illustration of the excluded volume effect of macromolecular crowders. The crowder molecules 

(black) limit the space available to the reactive molecule (red), thus increasing the rate of reaction.11  
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Through EVE, the crowder drives down the entropy in this aqueous system, which elevates the 

basal free energy of reactant molecules.11,130 Depending on the crowder used, the thermodynamic 

activity within a system can be increased by several orders of magnitude.131 

7.1.3 Literature Review of Macromolecular Crowders 

There has been limited work on the use of macromolecular crowding for tissue engineering, 

but interest in them has mounted in the past decade. In recent studies, when added to cultures, 

macromolecular crowders have been shown to increase the deposition of several ECM molecules, 

such as collagen I, collagen III, collagen IV, collagen V, collagen VI, laminin, fibronectin, 

hyaluronic acid, decorin, and lysyl oxidase.132 Many of these are proteins targeted in tissue 

engineering strategies.  

Collagen deposition, specifically collagen type I and type III, are of particular interest in 

tendon engineering because they are the primary load-bearing proteins. There have been some 

attempts to understand the mechanisms by which macromolecular crowding increases collagen 

deposition. In 2014, Dewarvin et al.128 described a mechanism by which macromolecular crowders 

increase the rate of collagen nucleation, resulting in smaller diameter collagen fibers, a higher 

density of collagen fibers in the tissue, and a smaller porous structure. Furthermore, the study 

demonstrated that macromolecular crowders could reduce collagenase activity, thus yielding a 

cell-seeded collagen gel construct with enhanced material properties.128 Lareu et al.133 

demonstrated collagen matrix enhancement by macromolecular crowding in embryonic lung 

fibroblast-derived 2D monolayer cultures, as well as in 3D scaffold constructs. The study also 

revealed another mechanism by which macromolecular crowding enhances matrix deposition: the 

accelerated conversion of procollagen to collagen.108,133 
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There is a broad range of macromolecular crowders to choose for biological applications, 

including, but not limited to, dextran sulfate (DsX, 500 kDa), Ficoll (70 kDa), Ficoll (400 kDa), 

polystyrene-4-sulfonate, bovine serum albumin (BSA), polyethylene glycol (PEG), carrageenan, 

and hemoglobin.11,127,132 These crowders vary in charge, molecular weight, and hydrodynamic 

radius, which all influence their effective fractional volume occupancy and, ultimately, their 

degree of EVE.  

A recent study explored the use of macromolecular crowding in combination with hypoxia 

to enhance ECM deposition in human corneal fibroblast culture.134 They tested a high (10%) and 

a low (0.5%) serum condition, and found that the latter was more conducive to ECM deposition. 

In addition, they explored three different oxygen concentrations, 0.5%, 2%, and 10%, and found 

that the intermediate hypoxic condition, 2%, was most conducive to ECM deposition. Most 

importantly, the study demonstrated that when these optimal serum and oxygen levels were 

coupled with a macromolecular crowder, carrageenan, there was a substantial increase in deposited 

corneal ECM.134 

Table 7.1 summarizes some recent study results for the effects of different crowders. 

Combined, these studies make a compelling case for the use of macromolecular crowders to 

accelerate or improve tissue engineering strategies.  
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Table 7.1: Recently reported effects of (various) macromolecular crowders (adapted from Minton).127 Many 

of these studies were conducted in the field of molecular biology, and there has been limited use of crowders 

for tissue engineering applications. 

Observationsa Magnitude 

Enhancement of spectrin self-association by PEG, 

dextran135,136  

10-fold increase of K12 in 20% dextran 

Enhancement of actin polymerization by dextran and PEG137 3-fold decrease in solubility in 15% dextran 

Enhancement of binding of HU protein to E. coli DNA by 

PEG and non-DNA binding proteins138,139  

12% PEG increases affinity of DNA for HU by > 

10-fold 

Stabilization of supercoiled conformations of DNA by 

PEG140 

12% PEG increases affinity of DNA for HU by > 

10-fold 

Self-association of fibrinogen induced by bovine serum 

albumin141 

Doubling of weight-average molar mass in 10% 

dextran 

Enhancement of unimolecular condensation of large linear 

DNA by PEG142 

>10-fold increase in 2-state equilibrium constant 

at 18% PEG 

Enhancement of productive refolding and assembly of GroEL 

by Ficoll 70143 

>3-fold increase in recovery of ATPase activity in 

presence of >10% Ficoll 

Reduction in solubility of deoxy sickle cell hemoglobin by 

dextran144 

~15-fold decrease in 21% dextran 

a PEG, polyethylene glycol  

 

7.1.4 Study Objective 

The goal of this study was to investigate the independent effects of two macromolecular 

crowders, dextran sulfate (DxS) and Ficoll® cocktail, on the tensile and failure properties of 

engineered scaffold-free fibers. It was hypothesized that both would enhance the fiber material 

properties. DxS is a negatively charged crowder with a large hydrodynamic radius, and 

consequently, a high EVE. Prior work has shown rapid deposition of collagen in 3D constructs 

with DxS.11 The two forms of Ficoll (70 kDa and 400 kDa) are neutral crowders, and both have 

small hydrodynamic radii. Studies recommend using them synergistically to enhance collagen 

content.11,145  
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7.2  Conditioning Static Fibers with Macromolecular Crowders 

Using the methods detailed in chapters 2.2.1 and 3.2.1, growth channels were fabricated 

and densely seeded to engineer dermal fibroblast-derived tendon fibers. To examine the 

independent role of macromolecular crowding on tendon fiber development, the fibers were 

cultured in crowder-supplemented media under static conditions for 34 hours (i.e., 18 hours of 

stabilization post-seeding, followed by 16 hours of 0% static strain). This is a matching culture 

time to that used for the 1-day unloaded and 1-day loaded fibers in earlier chapters.  

The growth medium described in chapter 2.2.2 (hereafter described as regular growth 

media) was either supplemented with dextran sulfate (DsX; 100 µg/mL) or a Ficoll cocktail 

(comprised of 37.5 mg/mL Ficoll 70 kDa and 25 mg/mL Ficoll 400 kDa). These concentrations 

were selected based on recommendations from Chen et al.11 In both groups, the media was 

replenished 18 hours after seeding.  

At the end of static culture, the engineered fibers were characterized using tensile failure 

testing (described in chapter 3.2.3). To determine the independent effects of the macromolecular 

crowder on functional fiber development, the 1-day unloaded crowder-conditioned fibers were 

compared to age-matched unloaded fibers grown in regular growth media.  

 

7.3  Tensile and Failure Test Results 

7.3.1 Independent Effects of Macromolecular Crowding 

Over the 1-day fiber development period, no macroscopic differences were observed 

between the Ficoll-conditioned fibers (n = 5) and their uncrowded equivalents (n =5). The Ficoll-

conditioned fibers integrated broadly into the collagen disks, and released their lateral adhesions 
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to the channel, within the first 24 hours, to form a single continuous fiber. In contrast, the DsX-

supplemented fiber formation repeatedly failed within the first 24 hours, with fibers either 

snapping along their length or failing to integrate to the collagen disks. As a result, these fibers 

were excluded from mechanical testing. 

The mechanical results showed dramatic increases in the stress-based properties of the 

Ficoll-supplemented fibers. At the 1-day time point, unloaded Ficoll-conditioned fibers had a peak 

stress of 84.6 ± 24.0 kPa, which was over four-fold higher than their uncrowded equivalents (19.6 

± 11.6 kPa).  The modulus of 1-day unloaded Ficoll-conditioned fibers was over 7-fold higher than 

their uncrowded equivalents (203.8 ± 59.0 kPa; 28.1 ± 18.9 kPa). The application of Ficoll in a 

static system also tripled the toughness of the fibers after 1 day (29.0   ± 11.8 kPa versus 9.6 ± 5.4 

kPa).  

Interestingly, the strain-based properties (direct toe-in strain and failure strain) were 

unaffected by the application of a macromolecular crowder. These mechanical results are 

summarized in Figure 7.2.  

 
Figure 7.2: The influence of Ficoll cocktail supplementation on the mechanical properties of 1-day unloaded 

FB-derived tendon fibers. (A) Peak stress, elastic modulus, and (B) toughness increased with Ficoll-

supplementation. (C) Failure strain and toe-in strain were uninfluenced by Ficoll. Mean ± standard 

deviations. **(p < 0.01). ***(p <0.001).  
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7.3.2 Comparison to Mechanical Stimulation 

A comparison of the 1-day unloaded fibers, conditioned with Ficoll, to the 1-day loaded 

fibers, grown in regular growth media, revealed no significant difference in the mechanical 

properties of the two groups. As previously shown in chapter 2, there is no significant difference 

in the tensile and failure properties of 1-day loaded and 3-day loaded (regular media-conditioned) 

fibers. Thus, it came as no surprise that this study found no difference between 1-day unloaded 

fibers, conditioned with Ficoll, and 3 day loaded fibers, grown in regular media (p > 0.5). Figure 

7.3 clearly illustrates these differences.  

 
Figure 7.3: The influence of Ficoll (Fc) cocktail supplementation on the peak stress (A), toughness (B), and 

modulus (C) of engineered tendon fibers, compared to the influence of loading presence and duration (in 

regular growth media). Means ± standard deviations.  UNL denotes 0% static culture conditions and NS 

denotes no significant difference between Fc UNL, and 1-day and 3-day loaded groups. # denotes statistical 

difference from all other groups (p < 0.001).  

7.4  Discussion and Implications 

As explained earlier in this thesis, our laboratory has developed an embryonic-inspired 

technique to engineer individual tendon fibers and study the roles of chemical and mechanical 

stimulation on their function, composition, and structure. One of the primary advantages of this 

technique is it enables these stimuli to be applied and studied during development, either 

independently or synergistically. The previous chapters detailed the effects of mechanical 
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stimulation, primarily cyclic uniaxial strain, on tendon fibers. Herein, we investigated the role of 

chemical stimulation (in the form of macromolecular crowding) on the functional development of 

engineered, scaffold-free tendon fibers.  

DxS was selected as one of the crowders for this study because it has been shown to 

accelerate matrix deposition, more so than Ficoll.11 While it was hypothesized that this trait would 

make DxS the more effective crowder in this experiment, this trait might also explain why DxS-

conditioned fibers failed in this tendon fiber engineering system. Very rapid matrix deposition 

would be associated with amplified fiber stiffness, and if that is not accompanied with increased 

extensibility, the developing fibers would become brittle very early on. It is possible that the rate 

of matrix deposition when using DsX in this system, yielded fibers with reduced extensibility 

(failure strain).  Peng and Raghunath145 also explained that collagen deposition in DsX-conditioned 

tissue is very granular—a property that is likely to have adverse effects on the development of a 

3D construct that is meant to be highly aligned.   

Ficoll was successfully applied to the tendon fiber engineering technique and the results 

showed considerably enhanced stress-based mechanical properties. With the addition of Ficoll 

cocktail in the growth media, 1 day static fibers exhibited higher burst strength, stiffness, and 

toughness.  Though a compositional evaluation was not performed on the Ficoll-conditioned 

fibers, the mechanical results are in strong agreement with other studies that have applied Ficoll 

in cell/tissue culture systems and observed enhanced collagen deposition.11,133,146 A study by Chen 

et al.146  demonstrated doubling of collagen I deposition and a more fibrillar collagen structure in 

static (in vitro) fibroplasia models over a 6-day period. The fibroplasia samples were analyzed 

using western-blotting and immunocytochemical analysis, which confirmed the crowder-
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dependent structural and compositional changes, however no mechanical evaluation was 

performed on the tissue.  

The findings of this study have far-reaching implications in the fields of regenerative 

medicine and tissue engineering. Chemical stimulation of engineered tissue constructs is 

conventionally done using growth factor combinations, which present the complex dilemma of 

how to recreate in vivo protein signaling and distribution. Numerous tissue engineering studies 

have presented growth factor combinations and supplementation regimens that differ in terms of 

recommended solutions and the timing of administration. Living tissues, like tendon, orchestrate 

the release of these factors in a highly specific spatiotemporal way29 that would not only be 

challenging to replicate in vitro, but also difficult to translate to drastically different in vitro 

models. Furthermore, the prolonged culture time that is required to grow an implantable cell-based 

construct is not practical for widespread clinical implementation, and this is a major hindrance to 

the progress of cell-based tissue engineering. In this study, we demonstrated that the application 

of Ficoll, a neutral macromolecular crowder, in static-culture engineered tendon fibers can emulate 

the mechanical properties of 1-day loaded, and even 3-day loaded fiber when grown in uncrowded 

conditions. The amplification of stress-based properties can be increased 3-7 fold in a single day. 

It stands to reason that with the optimization of a macromolecular crowder treatment for 

engineered tendon fibers, we may mitigate the need for long-term mechanical loading, which 

would be greatly beneficial for the clinical translation of cell-based tendon engineering 

approaches.   

This study did not investigate the synergistic effects of mechanical loading and Ficoll-

conditioning, which may amplify the benefits of both stimuli. Previously, we showed that unloaded 

tendon fibers, cultured in regular media, did not survive more than 48 hours. Taking that into 
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consideration, it would be interesting to see if Ficoll-conditioning allows for longer culture of the 

tendon fibers engineered in the absence of loading, and how the mechanical properties of a 7-day 

unloaded Ficoll-conditioned tendon fiber might differ from a 7-day loaded uncrowded tendon 

fiber. The final chapter of this thesis will discuss future recommendations to explore 

macromolecular crowding, independent of cyclic loading and in synergy with cyclic loading. 
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8. CONCLUSION AND FUTURE DIRECTIONS  

8.1  Overview 

After decades of research on this topic, the treatment of tendon injuries still poses a great 

clinical challenge.  As the tissues that connect bone to muscle and facilitate locomotion, tendons 

are a vital part of our daily lives. In their healthy, mature state, tendons display characteristic 

anisotropic properties. They have disproportionally high amounts of longitudinally aligned 

collagen type I, poor vascularity, and very low cell density—all traits that make them well-adapted 

for heavy and frequent load-bearing. However, while these traits make them ideal for high loads, 

they also make tendons vulnerable. The poor vascularity and low cellularity translate to a poor 

intrinsic healing capacity, and following injury, the full recovery of function (i.e., strength and 

range of motion) is rare.18  

There is an ever-increasing demand for improved tendon repair and replacement therapies. 

However, due to limited availability, immune rejection, and donor site morbidity, the conventional 

surgical replacement grafts for tendon reconstruction are failing to meet this need. There is great 

promise in engineered tendon replacement grafts, and many research groups have turned to 

scaffold-based engineering because it affords greater mechanical support and more predictable 

mechanical properties at the time of implantation. However, the challenges that these scaffold-

based designs introduce include scaffold rejection, poorly timed resorption of the scaffold during 

recovery, consequent graft failure, etc. Theoretically, their scaffold-free equivalents would be able 

to bypass the issue of immune rejection, by making completely cellular, patient-specific grafts; 

however, a major obstacle to the translation of these grafts is inferior mechanical properties and 

the impractically long culture time required (pre-implantation).  
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This thesis details a technique to engineer individual scaffold-free tendon fibers using a 

differentially adherent micro-molded growth channel. The technique served as a platform to study 

the influence of mechanical and chemical stimuli on fiber development, in hopes that we would 

gain unique insight on the roles of these stimuli in tendon regeneration and guide future tendon 

engineering strategies. 

Chapter 3 examined the influence of intermittent cyclic uniaxial strain on the mechanical 

properties, and nuclear and cytoskeletal structure, of engineered tendon fibers. Cyclic uniaxial 

strain resulted in fibers that were stronger, stiffer, and tougher, but the fiber extensibility was 

unchanged. Nuclear aspect ratio and actin stress fiber organization increased with loading, which, 

based on previous work on the cell nucleus,78–82 may be indicative of a load-induced change in 

gene expression.  

Chapter 4 presented a structural and compositional analysis of the engineered tendon fibers, 

and found that over 7 days of loading, there were no fluctuations in collagen I content, but collagen 

III content increased after 3 days of loading. Alignment of collagen fibers appeared to increase 

with the introduction of loading, and after 7 days of loading. The amount of collagen released into 

media did not change over the first three days in culture (with or without loading), however, after 

3 days there were no detectable traces of collagen released in the media. This may suggest reduced 

MMP activity or increased procollagen C and N proteinase activity after 3 days of loading. Overall, 

this study implicated collagen alignment, and possibly collagen III, in the enhancement of  

mechanical properties associated with loading (chapter 3). 

Chapter 5 examined the effect of adding a quasi-static loading component, to mimic the 

gradual limb-lengthening-induced loading seen in embryonic tendon development. The study 
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found no significant changes in fiber strength and stiffness, but fiber extensibility, toe-in strain, 

and toughness increased with the introduction of a quasi-static loading component.  

Chapter 6 examined the application of a tendon-specific, partially-derived cell, (i.e., tendon 

stem/progenitor cells (TSPCs)) in this scaffold-free tendon engineering technique. In previous 

chapters, all tendon fibers were engineered using dermal fibroblasts, which have several 

advantages in the context of tendon engineering (e.g., high translatability, ease of access, less 

phenotypic drift in extended culture conditions). The TSPCs exhibited poor fiber formation in 

culture and failed in response to the cyclic loading. By the end of the study, it was clear that our 

tendon engineering technique was not optimized for TSPC-derived fibers and, evidently, this 

technique needs to be reoptimized when applied to new cell types.  

Chapter 7 was the first attempt at characterizing the response of scaffold-free engineered 

tendon fibers to a macromolecular crowder. Dextran sulfate (DsX) and Ficoll® cocktail were the 

two crowders investigated. The former resulted in poor fiber formation and precluded the analysis 

of any DsX-conditioned fibers. Ficoll yielded unloaded 1-day fibers with mechanical properties 

three- to seven-fold higher than uncrowded equivalents. The enhancement of stress-based 

mechanical properties using a 1-day Ficoll treatment was comparable to those enhancements seen 

with a 3-day loading treatment. This is an exciting finding because it shows that stress-based 

properties can be rapidly enhanced with the addition of a macromolecular crowder, independent 

of mechanical loading, which is particularly attractive given the implications of shortening the 

time required to culture a replacement graft.  

This tendon fiber engineering platform has great potential to shed light on the basic 

mechanisms of fiber development and tendon regeneration. This thesis delved into the roles of two 

loading modalities, alternative cell sources, and macromolecular crowding in the development of 
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individual scaffold-free tendon fibers, and most of the analysis presented was mechanical. This 

line of research should be extended to include biologic investigations (e.g., gene expression) to 

identify the molecular biologic response associated with these observed mechanical enhancements, 

and gain insight into potential underlying mechanisms. Additionally, the analyses of TSPCs and 

macromolecular crowding should be extended to explore the influence of mechanical loading, with 

corresponding molecular biologic analyses, to gain a better understanding of their response, and 

reveal any potential synergies.  This final chapter details ongoing work and suggested future 

directions for the project.  

 

8.2  Future Directions 

8.2.1 The Influence of Basic Cyclic Strain on Gene Expression 

8.2.1.1 The Genes Implicated in Tendon Development 

There are a number of extracellular matrix markers frequently examined in tendon 

engineering and wound healing studies: collagen I, collagen III, scleraxis, tenomodulin, elastin, 

and biglycan. Both collagen I and collagen III are the primary types of fibrillar collagen found in 

tendon tissue.18 In early embryonic tenogenesis, there is a high expression of collagen III, which 

functions as an early regulator for collagen I fibrillogenesis.92 Similarly, in the early stages of 

wound healing, the expression of collagen III is disproportionately greater than collagen I.94 

Collagen turnover/remodeling is regulated by matrix metalloproteinases (MMPs)—collagenases. 

Of the ECM proteins most relevant to tendon, MMP1 degrades collagen I and collagen III, and 

MMP3 degrades collagen III.107,147 In wound healing, MMP1 and MMP3 function as 

proinflammatory makers.13 Typically, MMP1 is upregulated in tendon tears, tendinopathy, and 

cases of immobilization, while MMP3 is downregulated in tendon tears and tendinopathies.107  
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Scleraxis (Scx) and tenomodulin (Tnmd) are widely used as gene markers for tenogenic 

differentiation. Scx has been shown to upregulate the expression of collagen I and Tnmd, which in 

turn leads to greater tendon fibroblast proliferation.148,149 Both genes play a critical role in the 

embryonic development of tendon tissue116 and in the sustained health of adult tendons.150  Further 

highlighting the importance of Scx, studies have shown that Scx-knockout mice suffer severe 

tendon developmental defects.151 TGF-β1 is another important gene in the development and 

homeostasis of tendons. It facilitates the expression of the TGF-β3 isoform and results in increased 

collagen I and collagen III deposition.29,152  

Another part of the tendon gene profile for this project is biglycan, a leucin-rich 

proteoglycan with glycosaminoglycan (GAG) chains. There is strong evidence that the GAGs 

associated with proteoglycans facilitate collagen crosslinking and fibril fusion.23,153 Biglycan, 

specifically, has been identified as an important regulator for fibril diameter growth.154 It is a 

highly-expressed, active contributor in early embryonic tendon development, but is not as relevant 

in mature tendon homeostasis.23  

Previously, we demonstrated the increase of tensile and failure properties when fibers 

were subjected to cyclic uniaxial strain. Increases in the peak stress, elastic modulus, and toughness 

were correlated with the presence of loading and loading duration. Immunocytochemical analysis 

of the engineered tendon fibers, also suggested that (over 7 days) collagen III is increased with 

loading duration, while collagen type I is unchanged. In order to determine whether the changes 

in the mechanical properties and collagen composition can be explained by tendon-related gene 

expression changes, the fibers are currently being analyzed with RT-PCR.   
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8.2.1.2 Ongoing RT-PCR Work 

In preparation for RT-PCR, loaded and unloaded fibers were harvested using RNAase-free 

conditions. Briefly, each fiber was dissected out of its growth channel and placed in a 1.5 mL 

centrifuge tube with 100 µL of 1X PBS (Mediatech, Manassas, VA). The samples were then snap-

frozen in liquid nitrogen and stored in a -80°C freezer until the RT-PCR can be performed. The 

RNA isolation, primer selection and RT-PCR are being performed by Dr. Hui B. Sun’s laboratory 

at the Albert Einstein College of Medicine. Gene expression changes are being measuring in the 

following groups (* denotes groups that have been fully populated):  

• Basic Cyclic Loading Groups: 18-hr*, 1-day unloaded*, 1-day loaded*, 3-day 

loaded*, and 7-day loaded* fibers 

• Combined Loading Groups (i.e., basic cyclic loading with quasi-static loading 

component): 3-day loaded fibers 

• Ficoll-Conditioned Groups:  18-hr*, 1-day unloaded*, 3-day unloaded, 7-day 

unloaded, 1-day loaded, 3-day loaded, and 7-day loaded. 

Table 8.1 lists the genes that will be measured using RT-PCR and the justification for their 

analysis.  

By analyzing the gene expression changes in these engineered, scaffold-free tendon 

fibers, relative to the observed mechanical, compositional, and structural properties, we will gain 

a better understanding of the role of the tested mechanical and chemical stimuli in tendon 

regeneration. 
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Table 8.1: Genes of interest in the molecular analysis of the engineered tendon fibers, and the justification for 

selecting these genes, in the context of tendon engineering.  

Genes of Interest Justification for Measuring 

Collagen I (Col1a1) Predominant ECM molecule in tendon tissue and the primary load-resistant 

ECM molecule 
18,23

 

Collagen III (Col3a1) Second most abundant collagen type in tendon tissue
18

 

MMP1 Degrades collagen I and collagen III
107,147

 

MMP3 Degrades collagen III
107,147

 

TGF-β1 Implicated in tendon homeostasis and indirectly influences collagen I and 

collagen III expression
29,152

 

Scleraxis (Scx) Tendon-specific marker; upregulates collagen I expression148 

Tenomodulin (Tnmd) Tendon-specific marker; increases tendon fibroblast proliferation149 

Biglycan (Bgn) Implicated in embryonic tendon development; regulates tendon fibril diameter 

growth
154

 

Elastin (Eln) Comprises 1-2% of mature tendon; suggested role in the recovery of collagen 

crimp structure after the tissue is strained.10,18 

 

8.2.2 Macromolecular Crowding and Loading 

Chapter 7 detailed the use of a Ficoll cocktail (Ficoll 70 kDa + Ficoll 400 kDa) to enhance 

the mechanical properties of 1-day unloaded engineered tendon fibers. The conditioned fibers 

exhibited drastically enhanced strength, stiffness, and toughness. Comparison of these conditioned 

fibers to 1-day loaded and 3-day loaded fibers grown in uncrowded media revealed that the 1-day 

Ficoll treatment could substitute up to 3 days of loading.  

8.2.2.1 Extending Static Culture with Ficoll 

Our previous studies showed that unloaded fibers, grown in regular media, could only 

be maintained in culture up to 48 hours. Thereafter, the fibers failed (snapped). Fiber survival 

increased dramatically with the introduction of cyclic strain, and this enabled the evaluation of 

loaded fibers up to 7 days. The results show that in the presence of loading, fibers deposited 

additional collagen, increased in alignment, and reduced collagen turnover—all of which enhanced 

mechanical properties and would have allowed the fibers to withstand static strain. On the other 
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hand, the unloaded fibers (in regular growth media) may not have been able to withstand the static 

strain. 

In their unloaded state, spanning disk-to-disk, the unloaded fibers were being subjected 

to constant (static), self-generated strain, similar to an in vitro tendon engineering design presented 

by Cao et al.47 In the Cao et al. study, tenocyte-seeded PGA scaffolds were subjected to constant 

strain for 6 weeks, and though the strained fibers exhibited increased strength, there were marked 

histologic differences between the loaded construct and normal tendon tissue. Cao et al. cited 

concerns about the use of constant strain, which may have reduced proliferation and increased 

apoptosis in the constructs.47 The tenocyte-PGA constructs survived much longer than the 

engineered tendon fibers presented in this thesis, however, the use of a scaffold would have 

provided the mechanical support for the graft to survive that extended period.  

For future studies, it would be interesting to gauge the ability of unloaded Ficoll-

conditioned fibers to survive in extended static culture. The Ficoll-induced enhanced mechanical 

properties may allow for an extended static culture of our scaffold-free tendon fibers, in which 

case, we could compare the mechanical properties of 3-day and 7-day unloaded Ficoll-conditioned 

to 3-day and 7-day fibers, loaded without crowder.  

8.2.2.2 Coupling Macromolecular Crowders with Loading 

Mechanical loading has already been established as a critical contributor to tendon 

structure and function. In chapter 3, we demonstrated the enhancement of stress-based mechanical 

properties when loading is applied for 1 day and for 7 days. By coupling mechanical loading with 

the Ficoll-supplemented media, we can study the synergistic effects of these two types of cues. We 

could also examine the alignment of collagen in all fibers using picrosirius stain and polarized 
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light microscopy, which would help determine how the crowder is influencing tendon fiber 

structure.  

8.2.2.3 Examining a Mechanism for Crowder-Induced Mechanics 

The exclusion volume effect is a simplistic explanation for macromolecular crowding 

that applies to multiple systems (e.g., DNA folding and stabilization, protein folding, and ECM 

deposition).127 In the context of tissue engineering, there are several more specific mechanisms to 

explain the acceleration of ECM deposition by macromolecular crowding. One such proposed 

mechanism is through PCOLCE1, procollagen C proteinase enhancer 1. PCOLCE1 is a protein 

upregulated by macromolecular crowders that can increase the activity of procollagen C and N 

proteinases (PCPs) up to 10 fold,155 and inhibit MMP2.145 PCPs are enzymes that activate collagen 

by cleaving procollagens precursors. Procollagen precursors are soluble, while collagen is 

insoluble. This enzymatic cleavage can help facilitate the local deposition of collagen because of 

this difference in solubility.145 On the other hand, the inhibition of MMP2 reduces collagen 

degradation, thus allowing the retention of collagen in the tissue. 

We can examine the underlying mechanism for crowding in our engineered scaffold-

free tendon fibers. Preliminary studies were conducted to measure the differences between the 

hydroxyproline released into media at 18 hours and 1 day for the unloaded fibers cultured in 

crowded and uncrowded media (n = 5/per group). The hydroxyproline assay was conducted using 

methods detailed in chapter 4.2.3. The semi-quantitative analysis of the color density in the 

samples showed that at both 18 hours and 1 day, the OHP released into uncrowded media was ~ 

two fold higher than in Ficoll-conditioned media (Figure 8.1). Given that OHP is an indirect 

measure of collagen, these preliminary results strongly support the PCOLCE1 mechanism driving 
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ECM deposition in 1-day unloaded Ficoll-conditioned fibers. In the future, these conclusions can 

be validated using ELISA, which enables specific detection of collagen types and procollagens.  

 
Figure 8.1: The measured release of hydroxyproline (OHP) into media at 18 hours and at 1 day. The media 

was replenished after sampling at 18 hours. Means ± standard deviations. * denotes statistical difference 

between uncrowded media and Ficoll-supplemented media (p < 0.5).  

8.2.3  The Role of Hypoxia in Tendon Fiber Development 

The benefits of hypoxic conditioning in bone tissue engineering are well established. It has 

been shown to induce the differentiation of mesenchymal stem cells into osteoblasts, which deposit 

bone.156 In cartilage engineering, it has been shown to induce collagen crosslinking, which leads 

to enhanced mechanical properties.57 In the context of tendon engineering, it has been shown to 

promote wound healing by inducing angiogenic growth factors, which improve blood flow to the 

tendon tissue and increase cell survival.157 In vitro, it has been shown to increase the proliferation 

of tenocytes158 and tendon-derived stem cells.124 Using  a hypoxic incubator, we can investigate 

the influence of hypoxic conditioning on the mechanical, structural, compositional, and gene 

expression changes in our engineered tendon fibers.  
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8.2.4 Optimization for TSPC-Derived Tendon Fibers 

This tendon engineering technique was optimized for human dermal fibroblasts (DF), a 

highly accessible, easily translatable cell source. In this thesis, DF-derived fibers were used to 

study the effects of two different loading modalities and macromolecular crowding on tendon 

development. Chapter 6 focused on a study wherein human tendon stem/progenitor cells (TSPCs) 

were used to derive engineered scaffold-free tendon fibers, and their mechanical properties were 

measured. The rationale for this study was that TSPCs are tendon-specific, partially derived, and 

multipotent, whereas, dermal fibroblasts are fully committed cells—not native to tendon. It was 

hypothesized that TSPCs would exhibit enhanced mechanical properties in this engineering 

system, especially since it utilizes an embryonic inspired approach that could drive the tenogenic 

differentiation of a multipotent cell. The results of this study showed poor fiber formation with 

TSPCs and highlighted the need to reoptimize the system when selecting new cell types.  

When Bi et al.121 first identified TSPCs, they also described a stem cell niche that is unique 

to TSPCs. By introducing aspects of this stem cell niche, namely, biglycan and fibromodulin, into 

our tendon engineering technique, we may be able to improve TSPC-fiber formation and function. 

Additionally, previous studies have shown an improvement in the multipotency of TSPCs in 

hypoxic conditions.124 We could test this alongside the other hypoxic experiments.  

The optimization of this tendon fiber engineering platform for TSPC-derived fibers will 

not change the fact that they have limited availability. They exist in very low numbers in mature 

tendon (1-4%).122 As a result, they would be difficult to harvest, and being partially derived cells, 

would have to be maintained at very low passages. If in this tendon engineering method, TSPCs 

yield similar functional benefits to dermal fibroblasts, the more practical and translatable cell 
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source to choose would be the dermal fibroblasts. As we explore cell sources for applications in 

tendon engineering, we must keep these things in mind.  
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