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Menisci exist between the femoral condyle and tibial plateau in the knee joint 

and play important roles, such as load transmission, shock absorption, lubrication, and 

stability of the knee joint. Soft tissue-to-bone regions of menisci, called entheses, are 

necessary for the functions of the menisci. Menisci and entheses have distinct gradients 

in cell phenotypes, vascularity, collagen fiber organization, and mineral contents. The 

physiological functions of menisci are attributed to these gradients. Meniscal injuries 

are one of the most common causes for the knee surgeries in the United States and often 

result in osteoarthritis. Treatment options for meniscal injuries are limited, especially 

for tears in the avascular region of the meniscus. Currently, meniscus allograft 

transplantation is the sole option after total meniscectomy. Thus, there has been a great 

amount of attention towards tissue-engineered menisci. Thus, the overall goal of this 

study is to develop tissue-engineered menisci with native tissue-like gradients to 

enhance the mechanics. 

Collagen is the major extracellular matrix molecule of the meniscus and thus has 

been widely used a scaffold material due to its excellent biocompatibility. However, 

weak mechanical properties of collagen-based scaffolds have been considered as a 

critical limitation for clinical use. Furthermore, many previous studies mostly focus on 



 

the main body of menisci, and thus meniscal entheses are often overlooked in the design 

of tissue-engineered menisci. Recapitulating gradients in meniscal entheses still remains 

challenging. 

In order to create a tissue-engineered meniscus with desired features, it is 

important to understand the structure and functions of native meniscus and previous 

tissue-engineering approaches (Chapter 1). Collagen fiber structure of native menisci 

gives rise to mechanical properties of native tissue. Moreover, the enhancement of 

collagen fiber organization in collagen-based scaffolds has shown to increase 

mechanical properties of the scaffolds. Glucose and transforming growth factor-β1 

affect collagen fiber structure of collagen-based scaffolds; however, their combinational 

effects have not yet been studied. Thus, the effects of glucose and transforming growth 

factor-β1 in the presence of mechanical anchoring on collagen fiber structure and 

mechanical properties of tissue-engineered were investigated (Chapter 2). The 

incorporation of meniscal entheses into the design of tissue-engineered menisci needs 

to be taken into account to generate a full-sized replacement. Before combining these 

two components, creation of a functional tissue-engineered enthesis should be 

addressed. Therefore, recapitulating native enthesis-like collagen fiber structure with 

mineral gradients was investigated (Chapter 3). Collagen gel properties are dependent 

on fabrication parameters including gelation pH. Gelation pH has been studied with 

regard to initial properties of collagen gel, often without cells. The short- and long-term 

effects of gelation pH on fibrochondrocyte-seeded tissue-engineered menisci were 

evaluated (Chapter 4). 

In conclusion, this dissertation demonstrates that native collagen fiber structure 



 

of a meniscal body can be recapitulated within tissue-engineered meniscal constructs by 

regulating glucose media concentration, transforming growth factor-β1 media 

concentration, and mechanical boundary conditions (Chapter 2). Further, this strategy 

can also be utilized to mimic bio-compositional and mechanical gradients, seen in native 

tissue, within tissue-engineered enthesis constructs (Chapter 3). Lastly, this thesis work 

also shows that gelation pH significantly influences cellular metabolic activity, collagen 

fiber structure, and mechanical properties of collagen-based constructs in both short- 

and long-terms (Chapter 4).



 

vi 

BIOGRAPHICAL SKETCH 
 

Jongkil Kim was born and grew up in South Korea. He attended Hanyang 

University, where he graduated Summa Cum Laude with a Bachelor of Science degree 

in Bioengineering in 2013. During his undergraduate career, he also served as a combat 

medic for 21 months from 2008 to 2010 in the Republic of Korea Army. 

At the beginning of his senior year, Jongkil began his academic research career 

with Dr. Sang-Kyung Lee at Hanyang University. He worked on purification of a single 

chain antibody targeting the pan-T cell receptor and synthesis of nanoparticles 

encapsulating anti-cancer reagents for cancer therapy, which got him interested in a 

graduate degree. In the spring of 2013, he began his master’s program at Hanyang 

University where he participated in a variety of projects, ranging from synthesizing 

nanoparticles for cancer therapy to developing gene delivery vehicles for siRNA and 

DNA.  

In the fall of 2016, Jongkil went on to pursue a doctoral degree in Biomedical 

Engineering at Cornell University. He joined the laboratory of Dr. Lawrence Bonassar 

to expand his research career in the field of tissue engineering, particularly tissue 

engineering functional menisci and entheses. He spent the summer of 2017 shadowing 

Dr. John G. Kennedy at the Hospital for Special Surgery (HSS) as a part of Biomedical 

Engineering Clinical Immersion Program. Jongkil was awarded the Kwanjeong 

Educational Foundation Scholarship which supported him for his master’s and doctoral 

degrees. 

Jongkil is excited to begin a postdoctoral research fellow at Harvard Medical 

School under Dr. Andrew Lassar. 



 

vii 

 

 

 

DEDICATION 

 

 

 

 

 

 
 

This dissertation is dedicated to my loving family and friends who always support me. 



 

viii 

ACKNOWLEDGMENTS 
 

I would first like to thank my advisor, Dr. Lawrence Bonassar, for the continuous 

support throughout my time at Cornell. I would also like to thank Drs. Lara Estroff and 

Lisa Fortier for their excellent guidance and expertise as my special committee and Drs. 

John G. Kennedy and Jason Spector for providing me with an unforgettable clinical 

perspective during my immersion term and in my academic work. 

 I would like to thank all the past and current members of the Bonassar group 

including Mary Clare McCorry, Jorge Mojica Santiago, Ben Cohen, Chris DiDomenico, 

Alex Boys, Jill Middendorf, Nicole Diamantides, Sierra Cook, Stephen Sloan, Liz 

Feeney, Rebecca Irwin, Marianne Lintz, Steven Ayala, Rachel Yerden, Sean Kim, 

Leigh Slyker, Karan Vishwanath, Sera Lopez, Eric Yoon, Caroline Thompson, Alikhan 

Fidai, and Alicia Matavosian for their insights and being not only my great colleagues 

but also friends. I would like to specially thank all the past and current members of 

Team Meniscus again including Hao Zhou, Tianyu Gao, Leyin Zheng, Roland 

Babmatee, and Sohum Kulkarni. Beyond the Bonassar lab, I want to thank Adrian 

Shimpi, Patrick Muljadi, Carolyn Chlebek, Matt Tan, Jason Chang, Alexandre Cheng, 

Moni Chatterjee, Regan Stephenson, Zhexun Sun, and many others for supporting me 

and being great classmates. I also want to express special thanks to Chi Yong Eom, 

Sung Ji Ahn, and Jiahn Choi for giving me great advice and help as senior BME people. 

 I also want to acknowledge my other friends outside of Weill Hall, especially 

my soulmates in Korea, for their encouragement and always having incredible time 

together. We do not get to see each other as often as we used to, but I never feel we drift 

apart. I really thank you all for making every vacation full of fun. 



 

ix 

 Lastly, I would like to thank my world best parents, Jumsook Moon and 

Gyeonghwan Kim, for their unconditional love and sacrifice. My brother, Jongam Kim, 

who always is supportive and a friend, which I cannot thank enough for. I especially 

thank my wife, Woori Bae, for always being by my side. I am very excited for our next 

chapters. 

 Funding for this work was provided by NIH, NYSTAR, and the Kwanjeong 

Educational Foundation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

x 

TABLE OF CONTENTS 

 

BIOGRAPHICAL SKETCH ......................................................................................... vi 

DEDICATION ............................................................................................................. vii 

ACKNOWLEDGMENTS ........................................................................................... viii 

TABLE OF CONTENTS ............................................................................................... x 

LIST OF FIGURES ...................................................................................................... xii  

LIST OF TABLES .................................................................................................... xviii 

LIST OF ABBREVIATIONS ..................................................................................... xix 

CHAPTER 1 ................................................................................................................... 1  

INTRODUCTION ...................................................................................................... 1 

Meniscus Injuries and Treatment Options .............................................................. 3 

Tissue-Engineered Menisci – Biomaterials ............................................................ 3 

Tissue-Engineered Menisci – Biochemical Stimuli ............................................... 5 

Tissue-Engineered Menisci – Biomechanical Stimuli ........................................... 6 

Research Objectives ............................................................................................... 7 

References ............................................................................................................ 11  

CHAPTER 2 ................................................................................................................. 18 

Combining TGF-β1 and Mechanical Anchoring to Enhance Collagen Fiber 
Formation and Alignment in Tissue-Engineered Menisci ........................................ 18 

Abstract ................................................................................................................. 18 

Introduction .......................................................................................................... 20 

Materials and Methods ......................................................................................... 22 

Results .................................................................................................................. 27 

Discussion ............................................................................................................. 46  

Conclusions .......................................................................................................... 56 

References ............................................................................................................ 57  

CHAPTER 3 ................................................................................................................. 68 

Recapitulating Native Structural and Biochemical Gradients to Enhance Mechanics 
of Tissue-Engineered Entheses ................................................................................. 68 

Abstract ................................................................................................................. 68 

Introduction .......................................................................................................... 70 



 

xi 

Materials and Methods ......................................................................................... 73 

Results .................................................................................................................. 76 

Discussion ............................................................................................................. 89  

Reference .............................................................................................................. 95 

CHAPTER 4 ............................................................................................................... 100 

Controlling Collagen Gelation pH to Enhance Biochemical, Structural, and 
Biomechanical Properties of Tissue-Engineered Menisci ...................................... 100 

Abstract ............................................................................................................... 100 

Introduction ........................................................................................................ 102 

Materials and Methods ....................................................................................... 104 

Results ................................................................................................................ 106 

Discussion ........................................................................................................... 115  

Conclusions ........................................................................................................ 119 

References .......................................................................................................... 120  

CHAPTER 5 ............................................................................................................... 128 

Conclusions and Future Directions ........................................................................ 128 

Conclusions ........................................................................................................ 128 

Future Directions ................................................................................................ 132 

Significance ........................................................................................................ 137 

References .......................................................................................................... 137  

APPENDIX A ............................................................................................................ 142  

Diffusion of Biochemical Molecules in a Tri-chamber Bioreactor ........................ 142 

Introduction ........................................................................................................ 142 

Materials and Methods ....................................................................................... 142 

Results and Discussion ....................................................................................... 143  

References .......................................................................................................... 145  

 
 
 
 
 
 
 
 
 



 

xii 

LIST OF FIGURES 

Figure 1.1. Photograph of native bovine menisci (left). Native collagen fiber structure 
in a meniscal body (upper right)8. Native cellular and compositional gradients found in 
an enthesis (bottom right)9. ............................................................................................. 2 
 
Figure 2.1. Contraction of disc constructs over 30 days of culture. (a) Photographs of 
disc constructs after 15 and 30 days of culture in media containing 4500 mg/L (left 
panels) and 500 mg/L (right panels) glucose with indicated TGF-β1 concentrations. (b) 
Ratio of projected disc construct area over initial projected area throughout culture (n = 
6-12). (c) Ratio of projected area over initial projected area at day 30 (n = 6). Different 
letters represent statistical significance between groups (p < 0.05; ns, non-significant). 
No comparison was done between groups cultured in different medium glucose 
concentrations. (d) Time required for half-maximal contraction as a function of TGF-
β1 concentrations (n = 6). Scale bars are 1 cm. ............................................................ 28 
 
Figure 2.2. GAG content in disc constructs and total GAG production throughout 30 
days of culture analyzed by the DMMB assay. (a) GAG content in disc constructs 
normalized to wet weight (n = 3). (b) Total GAG production as a function of TGF-β1 
concentration (n = 3). Total GAG production is calculated as a sum of GAG in the disc 
construct and GAG released to the media. Different letters represent statistical 
significance between groups (p < 0.05). No comparison was done between groups 
cultured in different medium glucose concentrations. ................................................. 30 
 
Figure 2.3. Fiber organization of disc constructs after 30 days of culture. (a) 
Representative SHG images of disc constructs cultured in 4500 mg/L glucose (top) and 
in 500 mg/L glucose (bottom) at indicated TGF-β1 concentrations. Representative areas 
with aligned collagen fibers are indicated by white arrows. Scale bars are 100 μm. 
Average collagen fiber (b) diameter and (c) length (n = 3). Different letters represent 
statistical significance between groups (p < 0.05). No comparison was done between 
groups cultured in different medium glucose concentrations. ...................................... 33 
 
Figure 2.4. Contraction of meniscal constructs over 30 days of culture. (a) Photographs 
of meniscal constructs after 30 days of culture in 500 mg/L glucose and indicated TGF-
β1 concentrations. (b) Ratio of projected meniscal construct area to initial projected area 
over time in culture measured in the same fashion (n = 4-5). (c) Ratio of projected area 
over initial projected area at day 30 (n = 4-5). (d) Time required for half-maximal 
contraction as a function of TGF-β1 concentrations. Different letters represent statistical 
significance between groups (p < 0.05). ....................................................................... 36 
 
Figure 2.5. GAG content in meniscal constructs with mechanical anchoring and total 
GAG production throughout 30 days of culture analyzed by the DMMB assay. (a) GAG 
content in meniscal constructs normalized to wet weight (n = 4-5). (b) Total GAG 
production (calculated the same as in Figure 2b) as a function of TGF-β1 concentration. 
Different letters represent statistical significance between groups (p < 0.05). ............ 37 



 

xiii 

Figure 2.6. Fiber organization of meniscal constructs after 30 days of culture as a 
function of TGF-β1 dose. (a) Representative SHG (top), picrosirius red staining under 
bright-field (middle) and polarized (bottom) light images. Cellular autofluorescence is 
shown in green (top). Scale bars are 100 μm. Quantitative analysis of collagen fiber (b) 
diameter, (c) length, and (d) alignment index (n = 4-5). Different letters represent 
statistical significance between groups (p < 0.05). ....................................................... 40 
 
Figure 2.7. Immunohistochemical staining (DAB, brown) for type I collagen (top), type 
II collagen (middle), and intracellular α-SMA (bottom) of the meniscal constructs after 
30 days of culture. Scale bars are 200 μm. ................................................................... 42 
 
Figure 2.8. Mechanical properties of tissue engineered meniscal constructs after 30 
days of culture. (a) Tensile modulus and ultimate tensile stress (UTS) (n = 4-5). (b) 
Equilibrium modulus (n = 4-5). Different letters represent statistical significance 
between groups (p < 0.05). ........................................................................................... 44 
 
Figure 2.S1. The measurements of collagen fiber diameter and length. Collagen fibers 
with noticeable boundary (dashed line) were considered as individual collagen fiber. 
Each double-sided arrow indicates either collagen fiber diameter or length. .............. 25 
 
Figure 2.S2. DNA content in each disc construct after 30 days of culture analyzed by 
the DNA Hoechst assay. Different letters represent statistical significance between 
groups (p < 0.05; ns, non-significant; n = 3). No comparison was done between groups 
cultured in different medium glucose concentrations. ................................................. 30 
 
Figure 2.S3. GAG content normalized to DNA content after 30 days of culture analyzed 
by the DMMB assay. Different letters represent statistical significance between groups 
(p < 0.05; n = 3). No comparison was done between groups cultured in different medium 
glucose concentrations. ................................................................................................. 31 
 
Figure 2.S4. Collagen content per disc construct after 30 days of culture analyzed by 
the hydroxyproline assay (ns, non-significant; n = 3). No comparison was done between 
groups cultured in different medium glucose concentrations. ...................................... 31 
 
Figure 2.S5. Fiber analysis of disc constructs after 30 days of culture in 4500 mg/L and 
500 mg/L glucose as a function of TGF-β1 dose. (ns, non-significant; n = 3). No 
comparison was done between groups cultured in different medium glucose 
concentrations. .............................................................................................................. 34 
 
Figure 2.S6. Selected SHG images representing high, median, and low fiber 
organization of disc constructs cultured in 500 mg/L glucose after 30 days of culture. 
Each representative image shows high (top), median (middle), and low (bottom) fiber 
organization within disc constructs at indicated TGF-β1 concentrations. Scale bars are 
100 μm. ......................................................................................................................... 34 
 



 

xiv 

Figure 2.S7. DNA content (left) and total GAG production standardized to DNA 
content (right) in each meniscal construct after 30 days of culture analyzed by the DNA 
Hoechst assay and the DMMB assay. Different letters represent statistical significance 
between groups (p < 0.05 and n = 4-5). ........................................................................ 38 
 
Figure 2.S8. Hydroxyproline content per meniscal construct (left) and normalized to 
wet weight (right) after 30 days of culture analyzed by the hydroxyproline assay. 
Different letters represent statistical significance between groups (ns, non-significant; p 
< 0.05; n = 4-5). ............................................................................................................ 38 
 
Figure 2.S9. Fibrochondrocyte distribution in the 0.5 ng/mL TGF-β1 treated meniscal 
construct. The magnified boxed area is shown on the right. Fibrochondrocytes (green) 
were found along with collagen fibers (yellow). .......................................................... 41 
 
Figure 2.S10. The percentage of α-SMA positive cells (no statistical difference detected 
between groups, p < 0.05, n = 4-5). .............................................................................. 42 
 
Figure 2.S11. Representative negative controls of immunohistochemical staining for 
collagen type I (left), collagen type II (middle), and intracellular α-SMA (right) of the 
meniscal constructs after 30 days of culture. Scale bars are 200 μm. .......................... 43 
 
Figure 2.S12. Correlation analysis (R2) between biochemical, structural, and 
mechanical properties. Red indicates strong correlations (R2 ≥ 0.7), and blue indicates 
moderate correlations (R2 < 0.7 and R2 ≥ 0.4). Bolded values indicate significant 
correlations with p < 0.05. ............................................................................................ 45 
 
Figure 2.S13. Representative correlation analysis of tensile modulus, ultimate tensile 
stress, and equilibrium modulus. Each data point indicates the TGF-β1 concentration of 
each group. ................................................................................................................... 45  
 
Figure 3.1. Contraction of tissue-engineered enthesis constructs over 30 days of culture. 
(a) Photographs of enthesis constructs after 30 days of culture in either a single chamber 
bioreactor (High, 4500 mg/L glucose DMEM and 5 ng/mL TGF-β1; Low, 500 mg/L 
glucose DMEM and 0.5 ng/mL TGF-β1) or a tri-chamber bioreactor (Bioreactor, 4500 
mg/L glucose DMEM and 5 ng/mL TGF-β1 at bony regions and 500 mg/L glucose 
DMEM and 0.5 ng/mL TGF-β1 at a collagen region). Each construct contains three 
regions: bone, interface, and collagen. (b) Ratio of enthesis construct area over initial 
projected area (A/Ao) after 30 days of culture (n = 4-12). ........................................... 77 
 
Figure 3.2. Picrosirius red staining imaged under polarized light for a) High, b) Low, 
and c) Bioreactor after 30 days of culture and d) native enthesis. ............................... 78 
 
Figure 3.3. Immunohistochemical staining for type II collagen of a) High, b) Low, and 
c) Bioreactor at three different regions: bone, interface, and collagen. ....................... 80 
 



 

xv 

Figure 3.4. Immunohistochemical staining for type X collagen of a) High, b) Low, and 
c) Bioreactor at three different regions: bone, interface, and collagen. ....................... 81 
 
Figure 3.5. Local strain distributions of tissue-engineered enthesis constructs at 10% 
bulk strain. (a) Representative local strain maps of tissue-engineered constructs cultured 
in either a single chamber bioreactor or a multi-chamber bioreactor at 10% bulk strain. 
Fluorescence images were superimposed with local strain maps. (b) Averaged local 
strains of tissue-engineered enthesis constructs at 10% bulk strain as a function of 
distance from the mineralized interface (n = 2-4). ....................................................... 82 
 
Figure 3.6. Contraction of non-demineralized and partially demineralized tissue-
engineered enthesis constructs over 30 days of culture. (a) Photographs of non-
demineralized and partially demineralized bone plug enthesis constructs after 30 days 
of culture in a multi-chamber bioreactor (b) Ratio of enthesis construct area over initial 
projected area (A/Ao) at day 30 (n = 6). ....................................................................... 84 
 
Figure 3.7. Picrosirius red staining imaged under brightfield (top) and polarized light 
(bottom) for the non-demineralized and partially demineralized bone plug tissue-
engineered enthesis constructs after 30 days of culture. Arrows indicate regions of 
prominent collagen fiber formation. ............................................................................. 85 
 
Figure 3.8. Local strain distributions of non-demineralized and partially demineralized 
bone plug tissue-engineered enthesis constructs at 15% bulk strain. (a) Representative 
local strain maps of tissue-engineered constructs cultured in a tri-chamber bioreactor at 
15% bulk strain. Fluorescence images were superimposed with local strain maps. (b) 
Averaged local strains of tissue-engineered enthesis constructs at 15% bulk strain as a 
function of distance from the mineralized or demineralized interface (n = 3-6). ......... 87 
 
Figure 3.9. Tensile Mechanical properties of non-demineralized and partially 
demineralized enthesis constructs. (a) Ultimate tensile stress (n = 8). (b) Tensile 
modulus (n = 8). (c) Toughness (n = 8 and *, p < 0.05). (d) Strain to failure (n = 8 and 
*, p < 0.05).................................................................................................................... 89 
 
Figure 3.S1. Local strain distributions of tissue-engineered enthesis constructs at 3% 
and 5% bulk strain. (a) Representative local strain maps of tissue-engineered constructs 
cultured in either a single chamber bioreactor or a multi-chamber bioreactor at 3% (top) 
and 5% (bottom) bulk strains. Fluorescence images were superimposed with local strain 
maps. (b) Averaged local strains of tissue-engineered enthesis constructs at 3% (top) 
and 5% (bottom) bulk strains as a function of distance from the mineralized interface (n 
= 2-4). ........................................................................................................................... 83 
 
Figure 3.S2. Local strain distributions of non-demineralized and partially 
demineralized bone plug tissue-engineered enthesis constructs at 5% bulk strain. (a) 
Representative local strain maps of tissue-engineered constructs cultured in a tri-
chamber bioreactor at 5% bulk strain. Fluorescence images were superimposed with 



 

xvi 

local strain maps. (b) Averaged local strains of tissue-engineered enthesis constructs at 
5% bulk strain as a function of distance from the mineralized or demineralized interface 
(n = 3-6). ....................................................................................................................... 88 
 
Figure 4.1. Cell viability of fibrochondrocytes seeded in high-density collagen 
constructs in response to various gelation pH. (A) Representative confocal fluorescent 
images of live/dead staining at indicated gelation pH. Live cells are stained green, and 
dead cells are stained red. (B) Viability of fibrochondrocytes at indicated gelation pH 
(n = 6-10). Different letters represent statistical significance between groups (p < 0.05). 
Scale bars are 200 µm. ............................................................................................... 107 
 
Figure 4.2. Contraction of meniscal constructs after 30 days of culture. (A) Photograph 
of meniscal constructs on day 30 gelled at indicated pH. (B) Ratio of construct area on 
day 30 over initial area (n = 6). Different letters represent statistical significance 
between groups (p < 0.05). ......................................................................................... 108 
 
Figure 4.3. Contents of DNA, GAGs, and Hypro in high-density collagen constructs on 
days 0 (filled bar) and 30 (diagonal striped bar). (A) DNA content in meniscal constructs 
normalized to wet weight (n = 6). (B) GAG content in meniscal constructs normalized 
to wet weight (n = 6). (C) Hypro content in meniscal constructs normalized to wet 
weight (n = 6). Different letters represent statistical significance between groups (p < 
0.05). ........................................................................................................................... 109 
 
Figure 4.4. Representative scanning electron microscope images of fibril organization 
of meniscal constructs after 0 and 30 days of culture. Double-headed arrows indicate a 
direction of collagen fibril alignment. Brackets indicate a bundle of collagen fibrils. 
Scale bars are 4 μm. .................................................................................................... 112 
 
Figure 4.5. Picrosirius red stating images of collagen fiber organization of meniscal 
constructs under brightfield and polarized light on days 0 and 30. Scale bars are 200 
μm. .............................................................................................................................. 113 
 
Figure 4.6. Mechanical properties of meniscal constructs on days 0 (filled bar) and 30 
(diagonal striped bar). (A) Equilibrium modulus of meniscal constructs (n = 4-6). (B) 
Hydraulic permeability of meniscal constructs (n = 4-6). Different letters represent 
statistical significance between groups (p < 0.05). ..................................................... 114 
 
Figure 4.S1. GAG content in meniscal construct normalized to (A) dry weight and (B) 
DNA content on days 0 and 30. (C) Total GAG content in meniscal constructs on days 
0 and 30. Different letters represent statistical significance between groups (p < 0.05; n 
= 6).............................................................................................................................. 110 
 
Figure 4.S2. GAG release to media over time in culture (n = 6). No statistical difference 
was observed between groups. ................................................................................... 110 
 



 

xvii 

Figure 4.S3. Hypro content in meniscal construct normalized to (A) dry weight and (B) 
DNA content on days 0 and 30. (C) Total Hypro content in meniscal constructs on days 
0 and 30. Different letters represent statistical significance between groups (p < 0.05; n 
= 6).............................................................................................................................. 111 
 
Figure 4.S4. Hypro release to media over time in culture (n = 6). No statistical 
difference was observed between groups. .................................................................. 111 
 
Figure 4.S5. Instantaneous modulus of meniscal constructs on days 0 and 30. Different 
letters represent statistical significance between groups (p < 0.05; n = 4-6). ............ 115 
 
Figure A1. Photographs of a bioreactor upon and 72 hours after the application of dye 
solution and PBS. ....................................................................................................... 144 
 
Figure A2. Diffusion of Reactive Orange 16 conjugated trypsin inhibitor across the 
enthesis construct. (a) Cross-sectional image of enthesis constructs 72 hours after 
incubation with dye-solution. (b) Quantitative analysis of dye intensity across the 
constructs. ................................................................................................................... 144 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xviii 

LIST OF TABLES 

Table 2.S1. Alignment index of representative SHG images of disc constructs in Figure 
3a. ................................................................................................................................. 33 
 



 

xix 

LIST OF ABBREVIATIONS 
 
AI - alignment index 

ANOVA - analysis of variance 

BMP - bone morphogenetic proteins 

CMI - collagen meniscus implant 

CTGF - connective tissue growth factor 

DMEM - Dulbecco’s modified Eagle’s medium 

DMMB - dimethylmethylene blue 

DNA - deoxyribonucleic acid 

DTAF - dichlorotriazinyl aminofluorescein 

DW - dry weight  

EC - effective concentration 

ECM - extracellular matrix 

EDTA - ethylenediaminetetraacetic acid 

EGF - epithelial growth factor 

FBS - fetal bovine serum 

FFT - fast Fourier transforms 

GAG - glycosaminoglycan 

HEPES - hydroxyethyl piperazineethanesulfonic acid 

HSD - Tukey’s Honestly Significant Difference 

Hypro - hydroxyproline 

IGF - insulin-like growth factor 

IL - interleukin 



 

xx 

MMP – matrix metalloproteinase 

MSC - mesenchymal stem cell 

PBS - phosphate buffered saline 

PCL - poly (ε-caprolactone) 

PDGF - platelet-derived growth factor 

PLGA - poly(lactic-co-glycolic acid) 

PU - polyurethane 

SDS - sodium dodecyl sulfate 

SEM - scanning electron microscopy 

SHG - second harmonic generation 

SMA – smooth muscle actin  

TGF - transforming growth factor 

TIMPS - inhibitors of metalloproteases 

UTS - ultimate tensile stress 



 

1 

CHAPTER 1 

INTRODUCTION 

Menisci are crescent-shaped fibrocartilaginous tissues that are triangular on 

cross section and found in the knee joint between the femoral condyle and tibia plateau1. 

Menisci are anchored to the underlying subchondral bone via soft-to-hard interfaces, 

called meniscal entheses2. Menisci have gained much attention due to their important 

roles in the knee joint, although they were once considered as a vestigial, functionless 

tissue. Menisci cover most of the articular surface of the tibial plateau and play a role in 

load transmission, shock absorption, lubrication, nutrition, and stability of the knee 

joint3. Menisci are composed mainly of water, collagen, and glycosaminoglycans 

(GAGs)4. Type I collagen is the major component of the outer region of the meniscus 

while type II collagen is predominant in the inner region of the meniscus. 

Circumferentially aligned collagen fibers tied with radial collagen fibers are responsible 

for transferring applied axial forces in the knee joint into hoop stresses, further 

transmitted to the tibial plateau. Negatively charged GAGs attract water molecules, 

giving rise to compressive resistance of the meniscus. Menisci also have a variation in 

cell phenotypes, ranging from rounded cells to oval-like cells, depending on the 

regions3,4. Meniscal entheses significantly contribute to the physiological functions of 

the meniscus, particularly load transmission2,5. Native entheses also have variations, 

such as cell phenotypes, collagen fiber orientation, mineral gradients6,7. The enthesis 

can be classified into four distinct regions, which are ligamentous region, uncalcified 

fibrocartilage region, calcified fibrocartilage region, and bone. The ligamentous region 
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is composed of ligament-like aligned type I collagen fibers with fibroblast-like cells and 

connected to the uncalcified fibrocartilage region. The uncalcified fibrocartilage region 

contains unaligned types I and II collagen fibers and proteoglycans with 

fibrochondrocytes, which is separated by tidemark from the calcified fibrocartilage 

region. The calcified fibrocartilage region consists of types II and X collagen and 

hypertrophic fibrochondrocytes, further transitioning into bone mainly composed of 

mineralized type I collagen with osteoblasts, osteoclasts, and osteocytes. 

 

Figure 1.1. Photograph of native bovine menisci (left). Native collagen fiber structure 

in a meniscal body (upper right)8. Native cellular and compositional gradients found in 

an enthesis (bottom right)9. 
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Meniscus Injuries and Treatment Options 

Injuries to menisci are one of the most common causes of orthopedic surgeries 

in the United States10. As menisci are critical for increasing contact area and reducing 

contact stresses in the knee joint, meniscal injuries are strongly correlated with the 

development of osteoarthritis1,3. Additionally, meniscus root tears have shown to be 

closely associated with meniscus extrusion and thus increase contact stresses of the knee 

joint surfaces, leading to articular cartilage degeneration11. Treatment options for 

meniscal injuries including enthesis tears can vary depending on the location and pattern 

of tears. Due to the limited healing capacity resulting from the lack of vascularity, 

surgical interventions, such as partial or total meniscectomy, are often performed. As 

many studies have shown, total meniscectomy leads to the femoral condyle flattening 

and the joint space narrowing over time, eventually inducing osteoarthritis. Thus, 

allograft transplantation is usually performed following total meniscectomy to restore 

meniscal functions and prevent the initiation of osteoarthritis. Allograft transplantation 

has shown promising outcomes with good patient satisfaction and high survival rates of 

grafts12,13. However, allograft transplantation has several drawbacks, such as limited 

supply, graft preservation, disease transmission, anatomical mismatching, and immune 

rejection. As such, these drawbacks necessitate the development of tissue-engineered 

constructs to replace the damaged menisci after total meniscectomy. 

 

Tissue-Engineered Menisci – Biomaterials 

Tissue engineering menisci encompasses three core components, scaffold 

materials, biochemical and biomechanical stimuli, and cells. With regard to scaffold 
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materials, various biomaterials have been used to create tissue-engineered menisci. 

They can be classified into two types, synthetic and natural polymers. Poly(lactic-co-

glycolic acid) (PLGA), polyurethane (PU), and poly (ε-caprolactone) (PCL) have been 

widely used as scaffold materials. In a previous study, PLGA was seeded with allogenic 

fibrochondrocytes and implanted in a leporine model after 1 week of in vitro culture14. 

Although regenerated neo-menisci were observed, the scaffold did not prevent cartilage 

degeneration. A composite of PCL and hyaluronic acid was used as an acellular scaffold 

to treat partial and total meniscal defects in an ovine model. This scaffold displayed 

great tissue ingrowth but was extruded into the joint space by graft compression15. 

Another acellular meniscal scaffold composite composed of PU and PCL, Actifit, has 

been clinically investigated. The Actifit implant showed excellent tissue ingrowth and 

integration with native tissue 3 months and 12 months after implantation16,17. Natural 

polymers, such as silk18, cellulose19, and collagen20,21, have also been used to generate 

tissue-engineered menisci. Silks are fibrous proteins and have superior biocompatibility 

and biomechanical properties. Multilayered silk scaffolds were seeded with human 

primary fibroblasts outside and chondrocytes inside. After 4 weeks of culture, the 

constructs showed increases in cellularity, collagen, and GAG content18. Collagen has 

been widely used as a construct biomaterial as collagen is a major component of diverse 

connective tissues, including menisci, and has great biocompatibility compared to 

synthetic materials. Collagen-based scaffolds have shown promising results as 

replacement options. The collagen meniscus implant (CMI) was implanted in patients 

with chronic meniscal injuries. Compared to a control group, the CMI implanted group 

showed enhanced integration with surrounding native tissues, resulting in better 
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mobility and fewer reoperation rates20. 

 

Tissue-Engineered Menisci – Biochemical Stimuli 

Native meniscus arises from dense mesenchymal condensates and further 

develops complex structural features with multiple series of biochemical and 

mechanical stimuli. This implies that biochemical, structural, and biomechanical 

properties of fabricated tissue-engineered constructs can be further enhanced by 

implementing biochemical and biomechanical stimuli to affect the development of 

native meniscus. Biochemical stimulation is mostly applied via growth factors, which 

influence anabolic and catabolic activities of fibrochondrocytes. Thus, many growth 

factors, such as transforming growth factor (TGF)-β superfamily or insulin-like growth 

factors (IGFs), have been used to enhance biochemical component production and cell 

proliferation. The TGF-β superfamily includes TGF-β1, TGF-β2, TGF-β3, activins, and 

bone morphogenetic proteins (BMPs). Previous studies have shown that TGF-β1 

treatment increases collagen and GAG deposition22, α-smooth muscle actin 

expression23, inhibitors of metalloproteases (TIMPs) production24. BMPs have a 

profound effect on not only bone formation but also cartilage formation and meniscal 

regeneration. Meniscal defects in an avascular region of ovine menisci were filled with 

bovine bone collagen mixed with BMP-7 to investigate the therapeutic effects of BMP-

7 on meniscal regeneration. After 12 weeks of implantation, the supplementation of 

BMP-7 showed enhanced tissue regeneration filling the defects compared to a control 

group25. 
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Tissue-Engineered Menisci – Biomechanical Stimuli 

Biomechanical stimulation is as critical as biochemical stimulation for the 

development and maintenance of native menisci. In absence of appropriate mechanical 

stimulation, the joint development including menisci is impaired26–28. Joint 

immobilization has also shown to reduce aggrecan gene expression and mechanical 

properties of the meniscus29. These findings suggest that the mechanical 

microenvironment affects both biochemical and mechanical properties of the native 

meniscus and thus should be taken into account to enhance the biochemical and 

biomechanical properties of tissue-engineered menisci. A variety of loading regimes, 

such as static, dynamic, compressive, and tensile loadings, have been studied and shown 

to be closely related to cellular activities within tissue-engineered constructs and tissue 

explants. Native tissue-like collagen fiber structure including circumferential and radial 

collagen fibers were observed in tissue-engineered meniscal constructs subjected to 

static compression after 8 weeks of culture with mechanical anchoring at the extensions 

of the constructs. Furthermore, static compression enhanced collagen accumulation in 

the statically compressed constructs21. The effects of dynamic compression are quite 

complex given amplitudes, frequencies, and duration of the stimuli all modulate the 

potential outcomes of dynamic compression. 10% dynamic compression on porcine 

meniscal explants significantly enhanced gene expression of aggrecan while 20% 

dynamic compression significantly increased gene expression of matrix 

metalloproteinase (MMP)-1, MMP-3, and MMP-1330. Additionally, compared to static 

compression, dynamic compression resulted in enhanced collagen production, collagen 

fiber formation, and equilibrium modulus31. These enhancements were further improved 
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with a prolonged duration of loading. Tensile loading has also been investigated as it is 

one of the dominant loading regimes on native menisci. Tensile loading has been shown 

to reduce Interleukin (IL)-1β induced pro-inflammatory cytokine upregulation of 

fibrochondrocytes32. Additionally, tensile loading increased collagen production within 

mesenchymal stem cell (MSC)-seeded PCL scaffolds33. 

 Although the individual effects of either biochemical or mechanical stimuli on 

fibrochondrocytes have been widely investigated, little is known about the combined 

effects of these stimuli on collagen fiber structure and subsequent mechanical properties 

of tissue-engineered meniscal constructs. Furthermore, most previous studies 

employing biochemical and mechanical stimuli focused on improving the meniscal 

body of meniscal constructs, overlooking the interface. Therefore, there is a need for 

developing strategies to recapitulate distinct gradients of native entheses into tissue-

engineered meniscal constructs. 

 

Research Objectives 

 Collagen is an attractive biomaterial for use in tissue-engineered scaffolds 

considering 1) collagen is a major component of many connective tissues, 2) collagen 

fiber structure can be remodeled by cells, 3) collagen gel properties can be easily tuned 

by regulating gelation parameters. These characteristics of collagen imply that 

mechanical properties of collagen-based scaffolds can be further enhanced by cell-

mediated remodeling or optimizing gelation parameters while achieving superior 

biocompatibility. The goal of the research presented in this dissertation is to investigate 

the effects of biochemical and biomechanical stimuli on biological activity of 
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fibrochondrocytes and cell-mediated collagen remodeling to generate native tissue-like 

structure and mechanics of tissue-engineered menisci and entheses and to assess the 

potential of gelation pH as an alternative approach to improve mechanical properties of 

tissue-engineered menisci. Specifically, we will address the following scientific 

questions: (a) do glucose and TGF-β1 in combination with mechanical boundary 

conditions have synergistic effects on tissue-engineered menisci, (b) can these effects 

be utilized in developing tissue-engineering enthesis, (c) is there an alternative, simple 

approach to enhance structural and mechanical properties of tissue-engineered menisci? 

 

Specific Aim 1 (Chapter 2) 

Rationale 1: Menisci exhibit a distinct collagen fiber orientation, giving rise to its 

mechanical functions34,35. Therefore, it is important to mimic the native meniscal fiber 

structure in tissue-engineered meniscal constructs. It has been reported that 

transforming growth factor-β1 increases the contractile forces of fibrochondrocytes and 

glycosaminoglycan deposition23,36. Previously, we have noted that fiber formation is 

enhanced by cellular traction forces21,37 but weakened by GAG deposition38. 

Interestingly, TGF-β1 applied to fibrochondrocytes increases both cellular traction 

forces and GAG synthesis. The net effect of TGF-β1 at different concentrations in 

conjunction with other biochemical and biomechanical stimuli on collagen fiber 

formation within tissue-engineered meniscus is unknown. 

Hypothesis 1: Regulation of TGF-β1, glucose, and mechanical boundary conditions 

will promote cell-mediated remodeling of collagen fiber structure while minimizing the 

negative effect of GAG on fiber structure, which will lead to increased mechanical 
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properties of tissue-engineered menisci. 

Specific Aim 1: Elucidate the effects of TGF-β1 on fiber formation and alignment in 

tissue-engineered meniscal constructs along with glucose and mechanical boundary 

conditions. 

 

Specific Aim 2 (Chapter 3) 

Rationale 2: Meniscal entheses have a complex collagen fiber structure, including 

highly aligned collagen fibers in the soft tissue region and dense, unaligned collagen 

fibers at the interface between the soft tissue and boney regions5,7. This distinct fiber 

structure results in mechanical functions, such as connecting two regions with multiple 

orders of magnitude changes in stiffness while minimizing stress concentrations6. 

However, mimicking the native collagen fiber structure within tissue-engineered 

entheses remains challenging. In specific aim 1, we demonstrate that hyper-

physiological levels of glucose (4500 mg/L) and TGF-β1 (5 ng/ml) lead to a compact 

and unaligned collagen fiber network, while relatively lower concentrations of glucose 

(500 mg/L) and TGF-β1 (0.5 ng/ml) result in aligned collagen fiber structure39. Our 

group has developed a custom bioreactor capable of generating a biochemical gradient 

at the soft tissue-bone interface, where different types of media can be individually 

applied to either bony or soft tissue portions of tissue-engineered entheses40. 

Hypothesis 2: Gradients in media will drive native enthesis-like collagen fiber structure 

within tissue-engineered entheses and will lead to native tissue-like mechanics. 

Specific Aim 2: Investigate the combinational effects of glucose, TGF-β1, and 

mechanical anchoring using a tri-chamber bioreactor on collagen fiber organization and 
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local strain distribution of tissue-engineered soft tissue-to-bone interfaces. 

 

Specific Aim 3 (Chapter 4) 

Rationale 3: Collagen-based scaffolds have shown promising outcomes; however, 

matching native mechanical properties remains challenging. To overcome this 

limitation, various approaches have been made by controlling several gelation factors, 

such as pH, temperature, ionic strength of buffer, collagen concentration or 

crosslinking41–44. Previous studies demonstrated that gelation pH affects kinetics of 

fibrillogenesis, microstructure of collagen constructs and resultant mechanical 

properties41,42. Our group has shown that mechanical properties of collagen constructs 

increase with increasing collagen concentration44. However, most studies were 

performed with relatively low collagen concentrations (up to 4 mg/ml), and thus the 

influence of gelation pH on high-density collagen constructs (20 mg/ml) has not yet 

been elucidated. Moreover, it is unclear whether gelation pH also affects the cellular 

activity of fibrochondrocytes seeded in tissue-engineered menisci during extended 

culture.  

Hypothesis 3: Gelation pH regulates biochemical, structural, and mechanical properties 

of tissue-engineered menisci, and that there exists an optimal gelation pH that leads to 

both enhanced extracellular matrix deposition and increased mechanical properties of 

tissue-engineered menisci after an extended period of culture.  

Specific Aim 3: Assess the biochemical and biomechanical effects of gelation pH on 

high-density collagen constructs seeded with fibrochondrocytes. 
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CHAPTER 2 
 
Combining TGF-β1 and Mechanical Anchoring to Enhance Collagen Fiber Formation 

and Alignment in Tissue-Engineered Menisci 
 
Abstract 

Recapitulating the collagen fiber structure of native menisci is one of the major 

challenges in the development of tissue-engineered menisci. Native collagen fibers are 

developed by the complex interplay of biochemical and biomechanical signals. In this 

study, we optimized glucose and transforming growth factor-β1 (TGF-β1) 

concentrations in combination with mechanical anchoring to balance contributions of 

proteoglycan synthesis and contractile behavior in collagen fiber assembly. Glucose had 

a profound effect on the final dimensions of collagen-based constructs. TGF-β1 

influenced construct contraction rate and glycosaminoglycan (GAG) production with 

two half-maximal effective concentration (EC50) ranges, which are 0.23 to 0.28 and 0.53 

to 1.71 ng/mL, respectively. At concentrations less than the EC50, for the GAG 

production and contraction rate, TGF-β1 treatment resulted in less organized collagen 

fibers. At concentrations greater than the EC50, TGF-β1 led to dense, disorganized 

collagen fibers. Between the two EC50 values, collagen fiber diameter and length 

increased. The effects of TGF-β1 on fiber development were enhanced by mechanical 

anchoring, leading to peaks in fiber diameter, length, and alignment index. Fiber 

diameter and length increased from 7.9 ± 1.4 and 148.7 ± 16.4 to 17.5 ± 2.1 and 262.0 

± 13.0 μm, respectively. The alignment index reached 1.31, comparable to that of native 

tissue, 1.40. These enhancements in fiber architecture resulted in significant increases 

in tensile modulus and ultimate tensile stress (UTS) by 1.6- and 1.4-fold. Correlation 
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analysis showed that tensile modulus and UTS strongly correlated with collagen fiber 

length, diameter, and alignment, while compressive modulus correlated with GAG 

content. These outcomes highlight the need for optimization of both biochemical and 

biomechanical cues in the culture environment for enhancing fiber development within 

tissue-engineered constructs. 
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Introduction 

Meniscal injury is one of the major causes of knee surgery in the United States 

with over one million cases per year1. Depending on the site and type of the meniscal 

injury, treatment can range from nonoperative to partial or total meniscectomy2. Due to 

the limited healing capacity of the menisci, partial or total meniscectomy is commonly 

performed, followed by meniscal implantation or allograft transplantation. For total 

meniscectomy, meniscal allograft transplantation is considered as the only treatment 

option3. Although meniscal allograft transplantation has shown promising outcomes, 

several limitations, such as limited supply, disease transmission, and immune rejection, 

necessitate the development of tissue-engineered menisci4. Here, we combine 

biochemical and biomechanical cues to improve the collagen organization in tissue-

engineered meniscal replacements. 

The primary roles of the menisci are biomechanical functions including load 

transmission, shock absorption, and stabilization of the knee joint5. A majority of 

previous studies on tissue-engineered menisci have focused on enhancing construct 

mechanical properties to match those of the native menisci. A persistent challenge in 

matching the mechanical properties of the native meniscus is rooted in an inability to 

mimic the native fiber structure6–9. Since the native fiber structure contributes to not 

only the mechanical properties but also the mechanical anisotropy of native menisci, 

which is directly related to the biomechanical functions in vivo, replicating the native 

meniscal fiber structure is critical for the development of tissue-engineered menisci. 

 Considerable effort has been directed at mimicking the native fiber structure 

using various techniques involving synthetic or natural polymers with prealigned 
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structure or mechanical boundary conditions7,10–13. Recently, we demonstrated a 

negative correlation between glycosaminoglycan (GAG) deposition and fiber 

alignment13. As such, collagen fiber development can be regulated by controlling the 

proteoglycans involved in collagen fibrillogenesis using different concentrations of 

glucose in media14. Furthermore, multiple studies have demonstrated that cellular 

traction force is a major contributor to cell-mediated collagen fiber organization12,14,15. 

These findings suggest that collagen fibers are not merely organized by a single factor 

and thus recapitulating native collagen fiber structure within tissue-engineered menisci 

requires a deep understanding of the interactions among multiple biochemical and 

biomechanical factors. 

Transforming growth factor-betas (TGF-βs) have been widely used in tissue 

engineering as growth factors to enhance proliferation of fibrochondrocytes and 

production of extracellular matrix (ECM) components8,16–18. Compared to other growth 

factors, TGF-βs have shown superior fibrochondrogenic effects on meniscus tissue 

engineering approaches17,19. Additionally, these effects are subject to additional 

biochemical and biomechanical factors20–23, indicating the importance of optimizing a 

culture condition. Furthermore, among TGF-βs, TGF-β1 has been shown to increase 

cellular traction forces by enhancing α-smooth muscle actin (α-SMA) expression of 

fibrochondrocytes24. Interestingly, TGF-β1 stimulates two competing factors that 

regulate collagen fiber organization: proteoglycan synthesis22,25,26, which inhibits fiber 

formation14,27, and cellular traction forces24, which enhance fiber formation24,28–30. As 

such, while TGF-β1 has been used to enhance proteoglycan production in tissue-

engineered menisci, the effects of TGF-β1 on collagen fiber formation and alignment in 
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combination with additional biochemical and biomechanical cues have not been 

investigated. We hypothesize that the effects of TGF-β1 on cellular contractile behavior 

and proteoglycan synthesis lead to optimal fiber formation at intermediate 

concentrations of TGF-β1 and that these effects are mediated by media glucose and 

mechanical anchoring. To test this hypothesis, we investigated collagen fiber formation 

and alignment in tissue-engineered menisci using TGF-β1 in combination with 

variations in media glucose concentrations and mechanical boundary conditions. The 

first aim of this study was to examine the influence of TGF-β1 under two different 

glucose concentrations, 4500 mg/L, which is commonly used in cartilage culture as it 

promotes proteoglycan synthesis31,32, and 500 mg/L, which we previously found to be 

the most effective at enhancing collagen organization14. The second aim was to assess 

the influence of TGF-β1 in combination with mechanical anchoring, which we have 

also previously shown to promote collagen organization12,15,33. These results are useful 

for developing an optimal culture condition for fiber organization in tissue-engineered 

menisci and facilitating the transition of tissue-engineered menisci to clinical use. 

 

Materials and Methods 

Cell Preparation. Fibrochondrocytes were harvested from a total of 8 juvenile 

bovine menisci as previously described for each experimental set6,34. Briefly, menisci 

were diced and subsequently digested using a 0.3% (wt/vol) collagenase (Worthington 

Biochemical Corporation, Lakewood, NJ) in Dulbecco’s modified Eagle medium 

(DMEM) with 100 μg/mL penicillin and 100 μg/mL streptomycin for 18 h, followed by 

filtering through a 100 μm cell strainer. Prior to seeding in collagen scaffolds, the cells 
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pooled from all 8 menisci were rinsed with phosphate-buffered saline (PBS) and 

suspended to a concentration of 150 × 106 cells/mL. 

Collagen and Meniscal Construct Preparation. Type I collagen was extracted 

from Sprague-Dawley rat tails (Pel-Freez Biologicals, Rogers, AZ), lyophilized, and 

reconstituted in 0.1% (vol/vol) acetic acid at 30 mg/mL concentration as previously 

described29,34,35. The reconstituted collagen solution was mixed with a working solution 

composed of 1 N NaOH, 10× PBS, and 1× PBS to initiate the gelation at pH 7 using a 

syringe stopcock. Then, isolated fibrochondrocytes were homogeneously mixed with 

the collagen solution to obtain a final concentration of 25 × 106 cells/mL and 20 mg/mL 

collagen gel. The mixture of collagen and cells was immediately injected either between 

two glass plates to create a sheet gel 2 mm thick or into meniscal molds and allowed to 

gel for 30 min at 37 °C12,36. Using sheet gels, 8 mm-diameter disc constructs were 

obtained using biopsy punches (n = 12 per condition). Each meniscal construct, 1 to 3.5 

mm in height from the inner to outer region at 65° slope across 5.4 mm width, was 

clamped into a poly(sulfone) disc at the meniscal extensions using a stainless-steel mesh 

and bar to mimic native mechanical boundary conditions (n = 4-5 per condition)12,13. 

Constructs were cultured in DMEM at 500 or 4500 mg/L glucose concentrations without 

or with TGF-β1 at concentrations ranging from 0 to 10 ng/mL (MilliporeSigma, St. 

Louis, MO), 10% (vol/vol) fetal bovine serum, 100 μg/mL penicillin, 100 μg/mL 

streptomycin, 0.1 mM nonessential amino acids, 50 μg/mL ascorbic acid, and 0.4 mM 

L-proline at 37 °C and 5% CO2 for up to 30 days. Culture media were collected and 

replenished every third day. Photographs of each construct were obtained at each 

medium change and imported into ImageJ software (NIH, Bethesda, MD) to calculate 
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contraction of each construct. 

Biochemical Analysis. After 30 days of culture, portions of each construct were 

harvested and weighed to measure wet weight (ww) and then frozen and lyophilized to 

measure dry weight (dw). Lyophilized samples were digested in 1.25 mg/mL papain 

digestion solution (Sigma-Aldrich, MO, USA) and analyzed for DNA via a Hoechst 

DNA assay37, GAG via a modified 1,9-dimethylmethylene blue (DMMB) assay38, and 

collagen via a hydroxyproline (Hypro) assay39. Media from each sample were collected 

at each medium change and analyzed by the DMMB assay. 

Multiphoton Microscopy. At the end of each culture period, cross sections of 

disc constructs and meniscal constructs were fixed in 10% (vol/vol) buffered formalin 

for 48 h, followed by storage in 70% (vol/vol) ethanol. A Zeiss LSM 880 

confocal/multiphoton inverted microscope using a 40×/1.2 C-Apochromat water 

immersion objective was used to image circumferential collagen fibers using second 

harmonic generation (SHG) and autofluorescence in a two-dimensional manner14. 

Cellular autofluorescence was captured between 495 and 580 nm. Collagen fibers with 

noticeable boundaries were considered as individual fibers (Figure 2.S1). Subsequently, 

average fiber diameter and length were manually measured using ImageJ software 

(NIH, Bethesda, MD). A total of 3 SHG images per sample were taken, blindly 

analyzed, and averaged. The fiber alignment index (AI) was calculated using a custom 

MATLAB code40. Briefly, this code divides a representative image of the orientation 

for a construct into a 4 × 4 set of panes to examine maximum orientation for each pane. 

The resultant panes are converted into two-dimensional fast Fourier transforms (FFTs) 

of the original image pane. This FFT is then rotated in increments of 10° around the 
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central axis. At each angle, the center line of the FFT is averaged to determine the angle 

at which the maximum signal for the FFT occurs. This value is then divided by the value 

at the orthogonal angle, thus creating an AI. The average AI was then calculated for 

each pane and averaged for all panes to create an AI each image. As such, samples with 

completely unorganized fibers have an AI of 1, and samples with perfectly aligned fibers 

have an AI of infinity. 

 

Figure 2.S1. The measurements of collagen fiber diameter and length. Collagen fibers 

with noticeable boundary (dashed line) were considered as individual collagen fiber. 

Each double-sided arrow indicates either collagen fiber diameter or length. 

Histology and Immunohistochemistry. Cross-sectioned samples were 

dehydrated, embedded in paraffin blocks, and sectioned. Sections were stained with 

picrosirius red, followed by imaging under brightfield and under polarized light to 

assess fiber organization. Immunohistochemistry was performed to assess collagen and 

α-SMA expression using antibodies for type I collagen (Abcam, Cambridge, MA), type 

II collagen (Chondrex, Redmond, WA), and α-SMA (Abcam, Cambridge, MA). As a 

negative control, sections were treated without primary antibodies. All slides were 

counterstained with Weigert’s hematoxylin. Images were captured with a Nikon Eclipse 

TE2000-S microscope (Nikon Instruments, Melville, NY) with a SPOT RT camera 
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(Diagnostic Instruments, Sterling Heights, MI). 

Mechanical Analysis. Tensile and confined compression stress relaxation tests 

were performed using an Enduratec ElectroForce 3200 System (Bose, Eden Prairie, 

MN) as previously reported15,34. The tensile testing was performed at a quasistatic strain 

rate of 0.75%/s. The tensile modulus was calculated as the slope of the linear elastic 

portion of the stress-strain curve. The ultimate tensile stress (UTS) was determined as 

the maximum stress before construct failure. The stress relaxation test was performed 

by imposing 6 steps of 5% compression each, with 10 min between steps to allow for 

full stress relaxation. The resulting loads were fitted to a poroelastic model using a 

custom MATLAB program to measure the equilibrium modulus34. 

Statistical Analysis. All values were reported as mean ± standard deviation. 

Data were tested for normality using Shapiro-Wilk’s test and analyzed using one-way 

or two-way analysis of variance with Tukey’s honestly significant difference post hoc 

tests where p < 0.05 was considered to be significant. Total GAG production and time 

required to reach half of the total contraction were fit to a four-parameter logistic curve 

to calculate half-maximal effective concentration (EC50) according to the following 

equations: 

 
Y = bottom +

X ∗ (top − bottom)

(X + EC )
 

(1) 

 
Y = bottom +

(top − bottom)

(1 + (EC X⁄ ) )
 

(2) 

Where X represents the concentration of TGF-β1, Y represents either of corresponding 

total GAG production (eq 1) or time required to reach half of total contraction (eq 2), 

HillSlope is the slope, and bottom and top represent the minimum and maximum values, 
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respectively. EC50 was calculated as the inflection point of the sigmoid. The correlation 

analysis between all the measured variables was performed using a least-square fit and 

Pearson correlation. All statistical analysis was performed using GraphPad Prism 

(GraphPad Prism Software Inc., San Diego, CA). 

 

Results 

Disc Construct Contraction. To observe the combined effect of TGF-β1 and 

glucose on cellular contractile behavior, we assessed construct contraction over 30 days. 

Final construct size after 30 days in culture was similar for all TGF-β1 concentrations 

and was uniformly smaller at 4500 mg/L glucose compared to 500 mg/L (p < 0.05) 

(Figure 2.1a,b). Disc constructs cultured in 4500 mg/L glucose concentration medium 

contracted to ∼20-30% of their initial size while disc constructs in 500 mg/L glucose 

concentration medium contracted to ∼50-60% of their initial size (Figure 2.1b). There 

was no significant difference in the final size between the groups cultured in 500 mg/L 

glucose, but 4500 mg/L glucose medium-cultured groups showed a decreasing trend in 

the final size with the increasing TGF-β1 concentration up to a 1 ng/ mL of TGF-β1. 

Interestingly, this decreasing trend was not observed in a 10 ng/mL TGF-β1-treated 

group, which showed a slight and gradual increase in the size after 15 days of culture 

and the comparable size to the 0 ng/mL TGF-β1 control group (Figure 2.1b,c). Notably, 

the rate of contraction appeared to vary with TGF-β1 treatment although TGF-β1 

treatment did not affect the final sizes of the disc constructs cultured in 500 mg/L 

glucose. To assess the contraction rate, we calculated the time at which half-maximal 

contraction occurred for all groups. Increasing TGF-β1 concentration resulted in shorter 
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time to reach half of the total contraction in both glucose concentrations. This effect was 

clearly dose-dependent with an EC50 at 0.23 ng/mL (R2 = 0.9232) for 4500 mg/L glucose 

in medium and at 0.27 ng/mL (R2 = 0.8586) for 500 mg/L glucose in medium (Figure 

2.1d). The 95% confidence intervals for EC50 are 0.15 to 0.41 for the 4500 mg/L glucose 

and 0.19 to 0.36 for the 500 mg/L glucose. 

 

Figure 2.1. Contraction of disc constructs over 30 days of culture. (a) Photographs of 

disc constructs after 15 and 30 days of culture in media containing 4500 mg/L (left 

panels) and 500 mg/L (right panels) glucose with indicated TGF-β1 concentrations. (b) 

Ratio of projected disc construct area over initial projected area throughout culture (n = 

6-12). (c) Ratio of projected area over initial projected area at day 30 (n = 6). Different 

letters represent statistical significance between groups (p < 0.05; ns, non-significant). 
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No comparison was done between groups cultured in different medium glucose 

concentrations. (d) Time required for half-maximal contraction as a function of TGF-

β1 concentrations (n = 6). Scale bars are 1 cm. 

Disc Construct GAG Production. To assess whether glucose and TGF-β1 are 

associated with GAG production by fibrochondrocytes, the amount of GAG in disc 

constructs and media was measured over 30 days. All TGF-β1-treated groups cultured 

in 4500 mg/L glucose showed a significant increase in GAG content standardized to 

ww compared to the control group. Constructs in 500 mg/L glucose, however, showed 

a significant increase in only 1 and 10 ng/mL TGF-β1-treated groups (Figure 2.2a). 

Total GAG production as a function of TGF-β1 concentration showed a dose-dependent 

response with an EC50 at 1.71 ng/mL (R2 = 0.9717) for the 4500 mg/L medium glucose 

concentration and at 1.34 ng/mL (R2 = 0.9793) for the 500 mg/L medium glucose 

concentration. The 95% confidence intervals for EC50 are 1.43 to 2.24 for the 4500 mg/L 

glucose concentration and 1.17 to 1.54 for the 500 mg/L glucose concentration. Glucose, 

however, did not appear to affect the total GAG production under the same TGF-β1 

treatments (Figure 2.2b). Interestingly, DNA content per construct significantly 

increased only when cultured at 4500 mg/L glucose and 10 ng/mL TGF-β1 

concentrations (Figure 2.S2). Furthermore, only 10 ng/mL of TGF-β1 treatment led to 

a significant increase in GAGs/DNA by 2.4-fold in 4500 mg/L glucose media and 2.8-

fold in 500 mg/L glucose media groups (Figure 2.S3). However, while there was a small 

increase in hydroxyproline content at 10 ng/mL of TGF-β1-treated groups, there was no 

significant difference in hydroxyproline content between groups (Figure 2.S4). 
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Figure 2.2. GAG content in disc constructs and total GAG production throughout 30 

days of culture analyzed by the DMMB assay. (a) GAG content in disc constructs 

normalized to wet weight (n = 3). (b) Total GAG production as a function of TGF-β1 

concentration (n = 3). Total GAG production is calculated as a sum of GAG in the disc 

construct and GAG released to the media. Different letters represent statistical 

significance between groups (p < 0.05). No comparison was done between groups 

cultured in different medium glucose concentrations. 

 

Figure 2.S2. DNA content in each disc construct after 30 days of culture analyzed by 

the DNA Hoechst assay. Different letters represent statistical significance between 

groups (p < 0.05; ns, non-significant; n = 3). No comparison was done between groups 

cultured in different medium glucose concentrations. 

a b
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Figure 2.S3. GAG content normalized to DNA content after 30 days of culture analyzed 

by the DMMB assay. Different letters represent statistical significance between groups 

(p < 0.05; n = 3). No comparison was done between groups cultured in different medium 

glucose concentrations. 

 

Figure 2.S4. Collagen content per disc construct after 30 days of culture analyzed by 

the hydroxyproline assay (ns, non-significant; n = 3). No comparison was done between 

groups cultured in different medium glucose concentrations. 

Fiber Alignment Analysis on Disc Constructs via SHG Microscopy. In order 

to investigate how these differences in the construct contraction and GAG production 

influence collagen fiber formation within the construct, SHG images of each construct 

were taken. For 500 mg/L glucose, robust and aligned collagen fiber organization was 
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observed in the 0.5 ng/ mL of the TGF-β1-treated group and to a lesser extent in the 0.3 

ng/mL of the TGF-β1-treated group (Figure 2.3a and Table 2.S1). This organization is 

characterized by the presence of continuous fibers greater than 10 μm in diameter and 

100 μm in length. Constructs cultured in 4500 mg/L glucose displayed denser SHG 

signals with characteristic features smaller than 10 μm with minimal spatial 

organization and did not show any significant difference in fiber diameter and length in 

response to TGF-β1 treatment. In contrast, constructs cultured in 500 mg/L glucose 

showed differing development depending on concentrations of TGF-β1. The average 

fiber diameter and length peaked at 0.5 ng/mL TGF-β1 with 11.3 ± 2.2 and 223.6 ± 15.8 

μm, respectively (Figure 2.3b,c). However, fiber analysis of AI revealed that all doses 

of TGF-β1 resulted in AI ranging from 1.17 to 1.24 with no statistical difference 

between groups (Figure 2.S5). Notably, all constructs cultured in the 500 mg/L glucose 

had a similar final size, indicating that TGF-β1 influences remodeling of the collagen 

network in a manner independent of the level of construct contraction (see Figure 2.S6 

for representative high, median, and low fiber organization of each group). Based on 

these observations, meniscal constructs with mechanical anchoring were cultured in 500 

mg/L glucose to maximize collagen organization. 
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Figure 2.3. Fiber organization of disc constructs after 30 days of culture. (a) 

Representative SHG images of disc constructs cultured in 4500 mg/L glucose (top) and 

in 500 mg/L glucose (bottom) at indicated TGF-β1 concentrations. Representative areas 

with aligned collagen fibers are indicated by white arrows. Scale bars are 100 μm. 

Average collagen fiber (b) diameter and (c) length (n = 3). Different letters represent 

statistical significance between groups (p < 0.05). No comparison was done between 

groups cultured in different medium glucose concentrations. 

 

Table 2.S1. Alignment index of representative SHG images of disc constructs in Figure 

3a. 

TGF-β1 (ng/mL)

0 0.1 0.3 0.5 1 10

4500 mg/L 1.16 1.13 1.11 1.13 1.27 1.24

500 mg/L 1.08 1.21 1.22 1.24 1.13 1.21
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Figure 2.S5. Fiber analysis of disc constructs after 30 days of culture in 4500 mg/L and 

500 mg/L glucose as a function of TGF-β1 dose. (ns, non-significant; n = 3). No 

comparison was done between groups cultured in different medium glucose 

concentrations. 

 

Figure 2.S6. Selected SHG images representing high, median, and low fiber 

organization of disc constructs cultured in 500 mg/L glucose after 30 days of culture. 

Each representative image shows high (top), median (middle), and low (bottom) fiber 
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organization within disc constructs at indicated TGF-β1 concentrations. Scale bars are 

100 μm. 

Meniscal Construct Contraction. It has been shown that static mechanical 

boundary conditions can contribute to native-tissue-like fiber organization within 

collagen-based meniscal constructs12,13. To evaluate how TGF-β1 treatment affects 

collagen fiber formation in combination with mechanical anchoring, meniscal 

constructs were fabricated and clamped at the extensions, as previously described12,14. 

Subsequently, meniscal constructs were cultured in 500 mg/ L glucose along with 6 

different concentrations of TGF-β1 ranging from 0 to 10 ng/mL. Meniscal constructs 

maintained around 80% of their original size over time in culture except for 5 and 10 

ng/mL of TGF-β1-treated groups which showed a greater contraction to ∼60% of their 

initial size (Figure 2.4a-c). Moreover, the meniscal constructs, which were mechanically 

anchored, appeared to contract less than the unconstraint disc constructs when relatively 

low concentrations of TGF-β1 were used. Additionally, the contraction rate of the 

meniscal constructs also showed a dose-dependent response with EC50 at 0.28 ng/mL 

(R2 = 0.7145), which is similar to that of the disc constructs (Figure 2.4d). 



 

36 

 

Figure 2.4. Contraction of meniscal constructs over 30 days of culture. (a) Photographs 

of meniscal constructs after 30 days of culture in 500 mg/L glucose and indicated TGF-

β1 concentrations. (b) Ratio of projected meniscal construct area to initial projected area 

over time in culture measured in the same fashion (n = 4-5). (c) Ratio of projected area 

over initial projected area at day 30 (n = 4-5). (d) Time required for half-maximal 

contraction as a function of TGF-β1 concentrations. Different letters represent statistical 

significance between groups (p < 0.05). 

Meniscal Construct GAG Production. The amount of GAG deposited in 

meniscal constructs and released to media was measured to reveal the cumulative effects 

of TGF-β1 and mechanical anchoring on GAG production by fibrochondrocytes. The 

GAGs/ww significantly increased in only 5 and 10 ng/mL of TGF-β1-treated groups by 

∼250% and ∼280%, respectively, compared to the untreated group (Figure 2.5a). 

Additionally, the total GAG production showed a dose-dependent increase with EC50 at 
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0.53 ng/mL (R2 = 0.892) (Figure 2.5b). The DNA content, however, showed a 

decreasing trend up to 5 ng/mL of TGF-β1 but recovered at 10 ng/mL TGF-β1 (Figure 

2.S7, left). Intriguingly, the GAG content normalized to the DNA content gradually 

increased up to 5 ng/mL TGF-β1 but showed a nominal decrease at 10 ng/mL TGF-β1 

compared to 5 ng/mL TGF-β1 (Figure 2.S7, right). Similar to the disc constructs, 

hydroxyproline content per meniscal construct did not show any significant difference 

between groups (Figure 2.S8, left). However, the Hypro/ww slightly decreased with 

increasing TGF-β1 concentrations up to 1 ng/mL and recovered at 5 and 10 ng/mL TGF-

β1 (Figure 2.S8, right). 

 

Figure 2.5. GAG content in meniscal constructs with mechanical anchoring and total 

GAG production throughout 30 days of culture analyzed by the DMMB assay. (a) GAG 

content in meniscal constructs normalized to wet weight (n = 4-5). (b) Total GAG 

production (calculated the same as in Figure 2b) as a function of TGF-β1 concentration. 

Different letters represent statistical significance between groups (p < 0.05). 

a b
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Figure 2.S7. DNA content (left) and total GAG production standardized to DNA 

content (right) in each meniscal construct after 30 days of culture analyzed by the DNA 

Hoechst assay and the DMMB assay. Different letters represent statistical significance 

between groups (p < 0.05 and n = 4-5). 

 

Figure 2.S8. Hydroxyproline content per meniscal construct (left) and normalized to 

wet weight (right) after 30 days of culture analyzed by the hydroxyproline assay. 

Different letters represent statistical significance between groups (ns, non-significant; p 

< 0.05; n = 4-5). 

Fiber Alignment Analysis on Meniscal Constructs via SHG Imaging and 

Picrosirius Red Staining. As observed in the disc constructs cultured in 500 mg/L 

glucose (Figure 2.3a, bottom), meniscal constructs also showed different fiber 
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development in response to TGF-β1 (Figure 2.6a). Thin but long collagen fibers, smaller 

than 10 μm in diameter and greater than 150 μm in length, were observed in control and 

0.1 ng/mL TGF-β1-treated groups along with relatively evenly dispersed 

fibrochondrocytes. The meniscal constructs treated with 0.5 ng/mL of TGF-β1 exhibited 

significantly larger collagen fibers. The mean fiber diameter and length were 17.5 ± 2.1 

and 262.0 ± 13.0 μm, approaching native tissue levels averaging around 35 μm in 

diameter and greater than hundreds of microns in length (Figure 2.6b,c)12,13,41. 

Furthermore, the 0.5 ng/mL of the TGF-β1-treated group showed the highest AI, 

comparable to that of native tissue (Figure 2.6d). In addition, laterally joined collagen 

fibers (indicated by white arrows in Figure 2.6a, top) were observed. Fibrochondrocytes 

were also found to be aligned with the collagen fibers (shown in the boxed area in Figure 

2.6a, top and Figure 2.S9). The 1, 5, and 10 ng/mL of TGF-β1-treated groups showed 

more compact and disorganized collagen fibers, resulting in significant decreases in 

fiber diameter, length, and AI compared to the 0.5 ng/mL of the TGF-β1-treated group. 

Picrosirius red stained images were consistent with the SHG images. Picrosirius red 

staining highlights large fibers in yellow or orange. Notably, the 0.5 ng/mL TGF-β1 

group showed large and continuous fibers while the other groups displayed small or 

discontinuous fibers in a random direction (Figure 2.6a, middle and bottom). 
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Figure 2.6. Fiber organization of meniscal constructs after 30 days of culture as a 

function of TGF-β1 dose. (a) Representative SHG (top), picrosirius red staining under 

bright-field (middle) and polarized (bottom) light images. Cellular autofluorescence is 

shown in green (top). Scale bars are 100 μm. Quantitative analysis of collagen fiber (b) 

diameter, (c) length, and (d) alignment index (n = 4-5). Different letters represent 

statistical significance between groups (p < 0.05). 
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Figure 2.S9. Fibrochondrocyte distribution in the 0.5 ng/mL TGF-β1 treated meniscal 

construct. The magnified boxed area is shown on the right. Fibrochondrocytes (green) 

were found along with collagen fibers (yellow). 

Collagen Production and α-SMA Expression. TGF-β1 is known to promote a 

chondrogenic phenotype and enhance cellular contractility24,25,42,43. To assess both 

phenotype and contractile behavior of fibrochondrocytes, we performed 

immunohistochemical staining for types I and II collagen as well as α-SMA. As 

meniscal constructs were formed from a type I collagen gel, all meniscal constructs 

exhibited the presence of type I collagen. However, the staining intensity of type I 

collagen appeared to decrease with increasing TGF-β1 concentrations (Figure 2.7, top). 

Type II collagen was also detected in all groups, but the staining was more intense at 5 

and 10 ng/mL TGF-β1 (Figure 2.7, middle). All groups stained positive for α-SMA 

without a noticeable difference between the groups, as is supported by a quantitative 

analysis of cells exhibiting α-SMA staining (Figure 2.7, bottom and Figure 2.S10). 

Negative controls did not show any staining (Figure 2.S11). 
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Figure 2.7. Immunohistochemical staining (DAB, brown) for type I collagen (top), type 

II collagen (middle), and intracellular α-SMA (bottom) of the meniscal constructs after 

30 days of culture. Scale bars are 200 μm. 

 

Figure 2.S10. The percentage of α-SMA positive cells (no statistical difference detected 

between groups, p < 0.05, n = 4-5). 



 

43 

 

Figure 2.S11. Representative negative controls of immunohistochemical staining for 

collagen type I (left), collagen type II (middle), and intracellular α-SMA (right) of the 

meniscal constructs after 30 days of culture. Scale bars are 200 μm. 

Construct Mechanical Properties. In order to investigate how these 

compositional and structural differences affect the functionality of tissue-engineered 

menisci, we performed tensile and compression testing on the tissue-engineered 

menisci. Tensile analysis demonstrated that only the samples treated with 0.5 ng/mL of 

TGF-β1 showed significantly enhanced tensile modulus and UTS compared to the 

control group by 1.7- and 2.0-fold, respectively (Figure 2.8a). Samples treated with 1 

ng/mL of the TGF-β1-treated group showed a 2.3-fold increase in an equilibrium 

compressive modulus (p < 0.05), and those treated with 5 and 10 ng of TGF-β1 were 

similar to the 1 ng/mL of TGF-β1 (p > 0.85) (Figure 2.8b). Furthermore, we performed 

a correlation analysis to examine the relationship between these measured parameters 

and biochemical and structural measurements (Figure 2.S12). Mechanical properties 

(tensile modulus, UTS, and equilibrium modulus) were compared with other 

biochemical and structural properties. Tensile modulus was strongly correlated with 

fiber diameter (R2 = 0.96 and p < 0.01) and fiber length (R2 = 0.86 and p < 0.01), while 

moderately correlated with AI (R2 = 0.69 and p = 0.04). UTS was strongly correlated 
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with fiber diameter (R2 = 0.96 and p < 0.01), fiber length (R2 = 0.79 and p = 0.02), and 

AI (R2 = 0.74 and p = 0.03). Equilibrium modulus was moderately correlated with total 

GAG content per construct (R2 = 0.46 and p = 0.14) (Figures 2.S12 and 2.S13). 

 

Figure 2.8. Mechanical properties of tissue engineered meniscal constructs after 30 

days of culture. (a) Tensile modulus and ultimate tensile stress (UTS) (n = 4-5). (b) 

Equilibrium modulus (n = 4-5). Different letters represent statistical significance 

between groups (p < 0.05). 

a b
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Figure 2.S12. Correlation analysis (R2) between biochemical, structural, and 

mechanical properties. Red indicates strong correlations (R2 ≥ 0.7), and blue indicates 

moderate correlations (R2 < 0.7 and R2 ≥ 0.4). Bolded values indicate significant 

correlations with p < 0.05. 

 

Figure 2.S13. Representative correlation analysis of tensile modulus, ultimate tensile 
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stress, and equilibrium modulus. Each data point indicates the TGF-β1 concentration of 

each group. 

 

Discussion 

The objective of this study was to investigate the combined effects of TGF-β1, 

glucose, and mechanical anchoring on collagen fiber architecture of tissue-engineered 

menisci. Previously, we assessed the role of glucose and mechanical anchoring 

independently12,14. In this work, we examined how biochemical and biomechanical 

factors interact to optimize fiber formation and alignment in meniscal constructs. We 

found that the optimal fiber formation, as assessed by fiber diameter, length, and AI, 

occurred in media with 500 mg/L glucose, 0.5 ng/mL TGF-β1, and mechanical 

anchoring. Interestingly, these concentrations of glucose and TGF-β1 are both lower 

than those conventionally used in tissue engineering of cartilage and fibrocartilage31,32. 

This study demonstrated that TGF-β1 enhanced the rate of construct contraction 

with an EC50 ranging from 0.23 to 0.28 ng/mL and the synthesis of proteoglycans with 

an EC50 ranging from 0.53 to 1.71 ng/mL. Interestingly, collagen fiber organization was 

most effectively enhanced at intermediate concentrations of TGF-β1 (0.3 and 0.5 

ng/mL). Moreover, the effect of TGF-β1 on fiber formation was most prominent in 

media with 500 mg/L glucose and in samples that were mechanically anchored. As such, 

these data indicate that considerable interplay of biochemical and biomechanical stimuli 

relates to overall collagen fiber development in tissue-engineered constructs. 

Contraction of collagen-based constructs is considered indicative of cell-

mediated collagen remodeling. Furthermore, cell-mediated contraction with mechanical 
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anchoring enhances matrix organization and mechanical properties of scaffolds44–47. 

Dramatic contraction of tissue-engineered constructs, however, potentially imposes a 

significant clinical problem since anatomical matching to defect size is critical to 

prevent meniscal replacements from extruding or degenerating after implantation48. 

Disc contraction data revealed that glucose has a profound effect on the final level of 

contraction while TGF-β1 facilitates construct contraction. It has been shown that 

glucose increases expression of integrins in fibroblasts, glomerular epithelial cells, and 

podocytes49–51. In particular, enhanced expression of α1β1 integrin in fibroblasts 

resulted in increased contraction of the collagen matrix, indicating that glucose enhances 

cell-ECM interaction51. Thus, the significant contraction observed in the disc constructs 

cultured in 4500 mg/L glucose media might result from higher activation of integrins in 

fibrochondrocytes. Furthermore, we previously demonstrated that mechanical 

anchoring helps reduce the isotropic nature of contraction of collagen-based scaffolds 

and thus prevents dramatic contraction12,33. In this context, the use of relatively low 

glucose media and mechanical anchoring is beneficial for culturing collagen-based 

scaffolds seeded with fibrochondrocytes. Furthermore, dramatic contraction could 

potentially limit space for cells to remodel the surrounding ECM, which might lead to 

inferior matrix organization and mechanical performance. 

Glycosaminoglycans are one of the major components of the native meniscus 

and play a key role in mechanical properties, especially resistance to compressive load. 

Additionally, proteoglycans consisting of core proteins and glycosaminoglycan chains 

also have been shown to interact with collagen fibrils and subsequently play a role in 

fibrillogenesis14,27,52–55. Studies on the development of fibrocartilage tissues, for 
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example, ligament and meniscus, revealed that collagen fiber growth, by fusion of 

adjacent collagen fibrils, initiates when proteoglycan contents decrease27,56. 

Furthermore, collagen fiber architecture is actively developed during pre- and neonatal 

phases while GAG deposition occurs with advancing age13,57–59. These data indicate the 

importance of temporal variation in GAG content over the culture period in order to 

establish fiber networks with similarities to native menisci. For example, we showed 

that reducing GAG content during collagen fiber development before increasing GAG 

deposition results in the establishment of a fiber network that is similar to native 

menisci14. Biochemical analysis of the disc constructs showed that total GAG 

production did not significantly change in response to glucose concentrations in 

medium, but the amount of GAG accumulating in constructs (GAGs/ww) was affected 

by TGF-β1. This difference in GAG accumulation may result from both the 

chondrogenic effects of TGF-β1 as well as enhanced contraction. Uncontrolled and 

dramatic construct contraction can lead to an undesirable increase in the local 

concentration of glycosaminoglycans involved in collagen fibrillogenesis. The 

increased concentration might give rise to an excessive interaction between 

glycosaminoglycans and collagen fibrils, leading to the impairment of fiber 

organization, consistent with previous studies showing that the excess amount of 

proteoglycans resulted in a decreased fiber diameter and organization13,53,60. 

Comparison of disc and meniscal constructs suggests that mechanical anchoring 

not only reduces the contraction of collagen-based constructs by providing mechanical 

supports but also enhances cellular responses induced by TGF-β1. We previously 

demonstrated that when clamped at the extension mimicking a native meniscal horn, 
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constructs contract less and exhibit more aligned fibers12, which was also shown in this 

study. The reduction of construct contraction resulting from mechanical anchoring is 

likely to be beneficial for clinical applications in preventing size mismatching 

particularly when contraction-inducing growth factors are used. Furthermore, a 

significant increase in AI as well as fiber diameter and length was only seen when both 

mechanical anchoring and 0.5 ng/mL of TGF-β1 were applied. These data indicate a 

critical interaction mechanical anchoring and TGF-β1 on collagen fiber development. 

Interestingly, mechanical anchoring also appeared to enhance the sensitivity of 

fibrochondrocytes to TGF-β1, as indicated by a 2.5-fold lower EC50 for total GAG 

production in the anchored constructs compared to the disc constructs (0.53 ng/mL vs 

1.34 ng/mL, respectively). Additionally, the effect of TGF-β1 on cell proliferation was 

dependent on mechanical anchoring. Without mechanical anchoring, all disc constructs 

cultured in 500 mg/L glucose showed no significant difference in the DNA content. 

However, with mechanical anchoring, only the 10 ng/mL of the TGF-β1 treatment 

group showed comparable cell proliferation to the nontreated group while the other 

TGF-β1 treatment groups exhibited decreasing trends in proliferation. Conversely, 

GAG production showed a significant increase with the increasing TGF-β1 

concentrations, and the GAG production normalized to DNA content peaked at the 5 

ng/mL TGF-β1 concentration where the lowest DNA content was detected. On the 

contrary, without mechanical anchoring, only the 10 ng/mL of TGF-β1 treatment 

resulted in a significant increase in the GAGs/DNA in both glucose groups. These data 

indicate that the effects of TGF-β1 on GAG production and cell proliferation of 

fibrochondrocytes are not only biomechanical stimulus-dependent but also 
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concentration-dependent. It can be surmised that when TGF-β1 concentrations reach a 

certain threshold in media, the TGF-β1 takes on roles in both these mechanisms. The 

detailed mechanism of this transition is not clear, but we can speculate that in the 

presence of mechanical anchoring, TGFβ1 initiates higher production of GAGs rather 

than cell proliferation at relatively low concentrations while at relatively high 

concentrations, TGF-β1 promotes both GAG production and cell proliferation. This 

observation is consistent with other studies showing that the effects of growth factors 

including TGF-β1 can vary depending on concentrations and the presence of mechanical 

stimuli, although fibrochondrocytes were from different sources23,42,61–63. 

TGF-β1 is one of the most commonly used growth factors in cartilage and 

meniscus tissue engineering due to its well-known ability to enhance GAG and collagen 

production, two major biochemical components of articular cartilage and meniscus64. 

Thus, most studies using TGF-β1 mainly focused on achieving the highest GAG 

production in monolayer or explant cultures of human, bovine, ovine, porcine, and 

leporine menisci17,25,26,43,65. The concentrations of TGF-β1 used in these studies are 

frequently higher than EC50 for the construct contraction rate and the GAG production. 

In our study, we show that an optimal concentration range of TGF-β1 exists for 

promoting collagen fiber organization. This concentration range, between 0.27 and 0.53 

ng/mL TGF-β1 as indicated by the EC50 for the contraction rate and GAG production, 

seeks a balance between cell-mediated remodeling and GAG production. Consequently, 

we observed the most robust and aligned fiber organization in the 0.5 ng/mL TGF-β1-

treated group. Moreover, gene expressions of Lox and Dpt, modulators of TGF-β1, have 

been shown to be present in an early embryonic meniscus development, and their 
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expression levels increase with age66. These observations support the idea that at the 

early stage of fiber development, fiber alignment and/or growth precede GAG 

deposition in conjunction with an appropriate concentration of TGF-β1. Therefore, the 

choice of TGF-β1 concentrations should be taken into consideration regarding the 

purpose of the use of TGF-β1, such as fiber organization or GAG production. 

Native menisci display regional variations in ECM components and cellular 

phenotypes. Type I collagen is a primary component of the ECM, but type II collagen 

is also present within the native meniscus. Aside from recapitulating fiber organization, 

mimicking biochemical distribution is also essential for tissue engineering a whole 

meniscal construct. Immunohistochemical staining showed that type I collagen staining 

decreased while type II collagen staining increased with the increasing TGF-β1 

concentrations, demonstrating that TGF-β1 can drive fibrochondrocytes toward more 

chondrogenic behavior. This observation is consistent with the previous literature 

showing that TGF-β1 increases a ratio of type II collagen to total collagen produced by 

chondrocytes67. Interestingly, type II collagen appeared to be more concentrated to the 

outer layer of the tissue-engineered meniscus where most contraction occurred, which 

might lead to accumulation of newly synthesized type II collagen. In addition, the outer 

layer is likely to be directly exposed to TGF-β1, resulting in more production of type II 

collagen than other areas. This distribution is opposite to that of native tissue and thus 

should be addressed in future studies. 

Cells expressing α-SMA are involved in the reparative process of fibrous tissues 

due to their increased proficiency at remodeling surrounding collagen networks68–70. 

Fibrochondrocytes have been shown to express α-SMA, and the expression of α-SMA 
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in fibrochondrocytes can be enhanced by TGF-β1, leading to an enhanced contraction 

of the collagen-GAG matrix24,28. We observed no significant difference in α-SMA 

staining between groups, but all groups were stained positive for α-SMA to some extent. 

One possible explanation might be that an increase in α-SMA production occurred when 

meniscal construct contraction actively took place, which was from day 3 to 15. Once 

the contraction plateaued, the effect of TGF-β1 on α-SMA may have diminished. This 

explanation is supported by a study showing a rapid turnover of α-SMA, where 

pretreatment with TGF-β1 did not affect the contractile behavior of fibrochondrocytes24. 

Another possible explanation could be that fibrochondrocytes might not actively 

express α-SMA under the 500 mg/L media glucose concentration where glucose supply 

is limited. 

Histology and immunohistochemistry images displayed several holes, which are 

presumably air bubbles trapped in the collagen matrix during construct fabrication. 

Interestingly, fewer holes were found in the 5 and 10 ng/mL of TGF-β1- treated groups, 

which showed significant contraction compared to the other groups. This observation 

indicates that cell-mediated collagen remodeling is unlikely influenced by these holes. 

Considering the fact that the meniscal constructs were created on the same day and 

randomly divided into the groups and that the 0.5 ng/mL of the TGF-β1-treated group 

showed the enhanced structural features, these holes appear to have minimal effects on 

the collagen alignment. 

Controlling structural and compositional properties is essential for the 

enhancement in mechanical performance of tissue-engineered menisci. In this study, 

these properties were successfully regulated using mechanical and biochemical stimuli, 
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subsequently leading to increases in both tensile modulus and UTS of the tissue-

engineered menisci. The optimal condition for collagen fiber organization resulted in 

the enhanced tensile modulus and UTS. Furthermore, correlation analysis demonstrated 

that tensile modulus and UTS are strongly correlated with structural properties while 

GAG content per construct is the best predictor for the equilibrium modulus (Figure 

2.S12). These findings are consistent with many previous studies showing that the native 

collagen fiber structure is responsible for tensile properties while glycosaminoglycans 

for compressive resistance64,71–73. These observations indicate the importance of 

appropriate tuning of the culture environment including mechanical anchoring and 

media compositions for better mechanical performance. 

One of the limitations of this study is that the GAG content our meniscal 

constructs contained is an order of magnitude lower than native tissue. A possible 

solution to increase GAG production in our tissue-engineered constructs is the use of 

dynamic mechanical loading. Compared to static compression, dynamic compressive 

loading systems lead to a significant increase in the production of ECM components74–

76. Furthermore, this increase in ECM production occurs over long culture time 

periods76. Therefore, applying dynamic mechanical stimulation, longer culture times, or 

temporal control over media regimens utilizing a lower TGF-β1 concentration for fiber 

alignment and a higher TGF-β1 concentration for GAG production may drive these 

constructs toward native tissue compositions. Furthermore, native tissue has ∼30 

Hypro/ww (μg/mg) with tensile modulus, UTS, and elastic modulus ranging from 

approximately 13-26 MPa, 4-19 MPa, and 110-500 kPa, respectively77–79. While the 

meniscal constructs showed the elastic modulus comparable to native tissue in this 
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study, the hydroxyproline content and tensile properties did not reach the native tissue 

levels. Given that collagen organization is a key factor for tensile properties of the 

meniscal constructs80,81, future studies will pay more attention to establishing native 

tissue-like collagen content and fiber structure. Aforementioned approaches for 

enhancing GAG content within the meniscal constructs can also be utilized to improve 

collagen content and mechanical properties. 

Another limitation of this study is that direct comparisons between disc and 

meniscal constructs with regard to the effects of mechanical anchoring might be difficult 

due to the dissimilar dimensions of disc and meniscal constructs. This dissimilarity can 

also contribute to different diffusion kinetics of biological molecules including glucose 

and TGF-β1 and to contraction forces generated over the culture period. In addition, in 

this study, fibrochondrocytes from juvenile bovine menisci were employed. It has been 

demonstrated that fibrochondrocytes from adult bovids show a higher ratio of collagen 

type I to II gene expression compared to those cells from juvenile bovids82. The effects 

of growth factors on fibrochondrocytes from either juvenile or adult bovids also vary19. 

With regard to the zonal difference, it has been shown that cells from the inner zone 

produce more proteoglycans than those cells from the outer zone43. As such, further 

validation depending on construct geometry and cell sources might be required. 

Moreover, collagen fiber organization was investigated using SHG and histological 

microscopy. These techniques have a limited capability of capturing the fibril-level 

structure. As such, assessing nanoscale tissue-engineered meniscus structure using 

scanning or transmission electron microscopy or atomic force microscopy will provide 

a better understanding of how biochemical and biomechanical stimuli affect the 
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collagen fibril structure in tissue-engineered menisci80,83. Finally, the optimal 

concentrations of glucose and TGF-β1 for enhancing collagen fiber organization can 

vary depending on other parameters related to initial properties of collagen constructs, 

such as initial collagen density, gelation pH, cell seeding density, or sizes of constructs. 

Therefore, the optimal concentrations of glucose and TGF-β1 may be different for 

different collagen gel formulations, and thus, optimization of glucose and TGF-β1 

concentrations should be performed on other systems as needed. 

The heterogeneity of the native meniscus should be carefully considered in 

future studies. The native meniscus exhibits distinct spatial distribution of biological 

components including collagen and GAGs, regional structure patterns of collagen 

fibers, and anisotropic mechanical properties83. A potential approach to incorporate 

these characteristics of native tissue into tissue-engineered menisci might be the use of 

a multi-chamber bioreactor. Recent work from our laboratory demonstrated that the use 

of the tri-chamber bioreactor allows for spatial application of different types of media 

to tissue-engineered constructs15. Thus, our current culture system can be further 

modified to include multiple chambers. With the new system, 4500 mg/L glucose and 

10 ng/mL TGF-β1 containing media can be applied to the inner zone of the meniscal 

construct for higher GAG production and randomly organized collagen fibers while 500 

mg/L glucose and 0.5 ng/ mL TGF-β1 media to the middle/outer zone of the meniscal 

construct for less GAG production and highly aligned collagen fibers. Furthermore, 

seeding fibrochondrocytes from different regions of menisci into the corresponding 

regions of tissue-engineered menisci might help generate tissue-engineered menisci 

with enhanced structural and compositional similarities to native tissue43. 
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A significant amount of effort has been devoted to tissue engineering menisci 

using various techniques and materials. Due to differences in properties such as stiffness 

or cell adhesion, meniscal constructs made of materials other than collagen are unlikely 

to have contraction behavior similar to the constructs in the current work. Therefore, the 

findings from this study with regard to construct contraction might not be relevant to 

other studies, particularly any constructs fabricated using synthetic polymers. However, 

since collagen is a major component of native menisci and its structure is essential for 

mechanical properties of menisci, the majority of studies on tissue engineering menisci 

are presumably going to focus on producing bundles of large, organized collagen fibers. 

In this context, our findings regarding the combinational effects of glucose, TGF-β1, 

and mechanical anchoring on collagen fiber organization can be utilized in a wider range 

of studies. 

 

Conclusions 

We have demonstrated that biochemical and mechanical environments of tissue-

engineered meniscal constructs can be manipulated to optimize collagen fiber 

formation. Notably, fiber formation was optimal at 500 mg/L glucose and 0.5 ng/ mL 

TGF-β1 in mechanically anchored constructs. The concentration of TGF-β1 that was 

optimal for fiber formation was between the two EC50 for construct contraction and 

proteoglycan production. Furthermore, the enhanced collagen fiber formation resulted 

in improved tensile modulus and UTS, suggesting the importance of interaction between 

these two factors. Collectively, these data point to the need for optimization of culture 

environments specifically geared toward enhancing collagen fiber formation and 
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organization. 
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CHAPTER 3 

Recapitulating Native Structural and Biochemical Gradients to Enhance Mechanics of 
Tissue-Engineered Entheses 

 

Abstract 

The incorporation of entheses into the design of tissue-engineered menisci is 

critical for its clinical application. Recapitulating gradients in collagen fiber 

organization and mineral contents of meniscal entheses for native tissue-like mechanics 

remains challenging. In this study, a simplified enthesis construct containing a 

fibrochondrocyte-seeded cylinder of type I collagen gel with bone plugs on both ends 

was utilized as a tissue-engineered enthesis model. With this model, we employed 

spatially controlled biochemical and biomechanical stimuli using a tri-chamber 

bioreactor. Moreover, partially demineralized bone plugs were used to mimic the 

mineral gradient of the native meniscal entheses. The application of spatially controlled 

biochemical and biomechanical stimuli during culture of these constructs generated 

native-like hierarchy and gradients in biochemical composition and collagen fiber 

structure of native entheses within tissue-engineered enthesis constructs. There was a 

smoother local strain distribution with a less concentrated peak strain in samples 

cultured in a tri-chamber bioreactor compared to those cultured in a single chamber 

bioreactor, which is likely due to the enhancement in collagen fiber organization in this 

group. To further improve the robustness of the collagen-bone plug interface, we 

introduced partially demineralized bone plugs to the constructs. When tested in uniaxial 

tension, these constructs had smoother local strain distributions and significant increases 

in toughness and strain at failure, as compared to constructs made using fully 
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mineralized bone plugs. Overall, these findings highlight the importance of zone-

specific biochemical and biomechanical stimuli as well as a choice of biomimetic 

scaffold material. 
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Introduction 

Soft-to-hard tissue interfaces, including ligament-to-bone, tendon-to-bone, or 

meniscus-to-bone, are critical for physiological functions of diverse tissues. They 

specialize in transmitting applied loads from the soft tissue to their underlying bone1. 

Meniscus-to-bone interfaces, known as meniscal entheses, transfer axial loads in the 

knee joint to the underlying subchondral bone with smooth local strain distributions 

while mitigating stress concentrations at the interfaces between mechanically dissimilar 

tissues2. These distinct functions of soft tissue-to-bone interfaces are attributed to their 

unique characteristics, such as gradients in cell phenotypes, collagen fiber organization, 

and mineral contents3,4. Given the importance of the gradients of native entheses, the 

recapitulation of these native tissue-like gradients within tissue-engineered constructs 

remains a persistent challenge in the field of enthesis tissue engineering. 

Incidences of injuries at interfaces often occur via wear and tear, especially 

among the population over the age of 605. Autografts and allografts are commonly 

employed to replace a damaged tissue. However, autografts do not possess 

compositional and structural gradients matching native entheses, as each enthesis has 

different microstructure in response to anatomical locations. Allografts also have 

several limitations, such as limited supply, risk of immune rejection, and variations in 

mechanics6. These drawbacks lead to high failure rates, mostly at the interfaces. As 

such, interface tissue engineering has gained a significant amount of attention as a 

promising means to generate functional replacements7. Clinical outcomes have 

demonstrated that bone fixation of allografts is superior to soft tissue fixation, indicated 

by enhanced integration and mechanical functions8. Furthermore, injuries to the main 



 

71 

body of menisci often require total meniscectomy due to their poor healing capacity. As 

a full-scale meniscus replacement, allograft transplantation is currently the sole clinical 

option. Thus, there is a significant need for tissue engineering menisci that include 

meniscus-to-bone regions. 

 Previous strategies to create a native-like soft tissue-to-bone interface with 

gradients utilized electrospinning9, sequential deposition10, freeze-drying11, or 

composite layers12 to incorporate structural and compositional gradients of native 

entheses. These strategies showed promising outcomes; however, they failed to produce 

native tissue-like structural or mechanical gradients or solely focused on recapitulating 

mature organization without considering early postnatal enthesis development, which 

lack continuity. Tissue engineering functional structures with these continuous 

gradients has been a large, persistent challenge and is at the forefront of interface tissue 

engineering13. Moreover, these approaches mostly focused on tendon- or ligament-to-

bone interfaces, using primary tenocytes or mesenchymal stem cells with induced 

tenogenic differentiation. A meniscus-to-bone interface is different from tendon- or 

ligament-to-bone interfaces with respect to cell phenotypes and the angle of collagen 

fiber interdigitation into the underlying subchondral bone. As such, little is known about 

strategies to generate a meniscus-to-bone interface. 

 To incorporate the early postnatal enthesis development to ensure production of 

gradients in tissue-engineered constructs, biochemical and biomechanical cues should 

be taken into consideration. Multiple growth factors are involved in developing the 

structural and compositional complexity of entheses. The transforming growth factor-β 

(TGF-β) superfamily including morphogenetic proteins (BMP), such as TGF-β1, TGF-
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β2, TGF-β3, BMP2, or BMP4, plays an important role in the development and 

maintenance of tendon, ligament, bone, and meniscus and is thus widely used in tissue 

engineering approaches for the aforementioned connective tissues2,14. In addition to 

biochemical cues, biomechanical stimuli also have profound effects on the development 

of the connective tissues. In the absence of mechanical loading, mineral deposition, 

collagen fiber organization, and fibrocartilage formation were impeded15,16. These 

findings suggest that appropriate biochemical and biomechanical stimuli should be 

incorporated to induce native tissue-like development within tissue-engineered 

constructs. Our prior work has demonstrated that native tissue-like aligned, robust 

collagen fibers in a meniscus construct are induced in a sub-physiologic glucose culture 

media supplemented with transforming growth factor-β117,18. Further, we have 

developed a simplified tissue-engineered enthesis construct, composed of a 

fibrochondrocyte-seeded cylinder-shaped collagen gel and bone plugs at both ends, 

which is useful to evaluate effects of biochemical and biomechanical stimuli on enthesis 

constructs19. Moreover, we have also developed a bioreactor allowing for the 

application of different types of media and mechanical boundary conditions to tissue-

engineered enthesis constructs20. Lastly, we have shown that native mineral gradients 

can be recapitulated by partial demineralization of bone plugs21. 

Here we show that: 1) zone-specific biochemical and biomechanical stimuli 

recapitulate gradients in collagen fiber organization and mechanics of native entheses 

and that 2) this mimicked collagen fiber structure and mechanics can be further 

improved by the incorporation of the mineral gradient using partially demineralized 

bone plugs, leading to the enhanced integration and mechanical properties of tissue-
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engineered enthesis constructs. 

 

Materials and Methods 

Bone Plug Decellularization and Demineralization 

Trabecular bone plugs were harvested and decellularized as previously 

reported19. Briefly, bone plugs were obtained from the distal femur of 1-3 day old bovids 

(Gold Medal Packing, Inc., Rome, NY) using a 6 mm coring bit and cut into 10 mm 

long cylinders. Sectioned bone plugs were rinsed with a high velocity stream of 

deionized water (~140 mL/s through a 5 mm diameter nozzle) to remove cellular debris 

and bone marrow. Bone plugs were then soaked subsequently in 0.1 w/v% 

ethylenediaminetetraacetic acid (EDTA) (Sigma, St. Louis, MO) in phosphate buffered 

saline (PBS) (Corning, Manassas, VA) at room temperature for 3 h, hypotonic buffer 

(10 mM Trizma base (TCI, Tokyo, Japan), 0.1 w/v% EDTA) at 4 °C for 24 h, and 

detergent (10 mM Trizma base, 0.5 w/v% sodium dodecyl sulfate (SDS) (Sigma, St. 

Louis, MO) in PBS) at 4 °C for 24 h. Following washes, bone plugs were rinsed 7 times 

with PBS and frozen for later use. For partial demineralization of bone plugs, bone plugs 

were skewered on a surgical needle and partially submerged in a 9.5 w/v% EDTA in 

PBS for 4.5 hours as previously shown21. 

Construct Fabrication 

Constructs were generated as previously described19. Collagen was extracted 

from Sprague-Dawley rat tails (BioIVT, Westbury, NY), dissolved in 0.1 v/v% acetic 

acid (Sigma, St. Louis, MO) at a concentration of 30 mg/mL, and stored at 4 °C until 

use. Fibrochondrocytes were isolated from the menisci of 1-3 day old bovids. Menisci 
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were diced and then digested in a 0.3 w/v% collagenase (Worthington Biochemical 

Corporation, Lakewood, NJ) in Dulbecco's Modified Eagle Medium (DMEM) with 100 

μg/mL penicillin and 100 μg/mL streptomycin for 18 hours, followed by filtering 

through a 100-μm cell strainer. The cells were pooled, rinsed with phosphate-buffered 

saline (PBS), and suspended to a concentration of 150 x 106 cells/mL. Non-

demineralized or partially demineralized bone plugs were placed 20 mm apart inside 

Tygon® tubing. 2 mL of collagen stock solution at a 30 mg/mL concentration was 

mixed with 0.5 mL of a working solution composed of 1M NaOH, 10x PBS, and 1x 

PBS to start the gelation at pH 7.0 and 300 mOsm using a syringe stopcock. Then, 0.5 

mL of media containing harvested fibrochondrocytes at a 150 x 106 cells/mL 

concentration were subsequently mixed with the neutralized collagen solution to 

achieve a final concentration of 25 x 106 cells/mL and 20 mg/mL collagen gel. The 

collagen and cell mixture was immediately injected into the tubing between the bone 

plugs and placed in an incubator at 37 °C for 45 min to finish the gelation process. 

Constructs were removed from the tubing and placed either in a custom polysulfone 

clamping bioreactor19 or in a custom tri-chamber polysulfone diffusion bioreactor20. The 

bony portion of constructs were clamped in both bioreactors. For a single chamber 

bioreactor, constructs were cultured with either 4500 mg/L glucose DMEM and 5 

ng/mL TGF-β1 (High) or 500 mg/L glucose DMEM and 0.5 ng/mL TGF-β1 (Low) 

media supplemented with 10 v/v% fetal bovine serum (FBS), 100 μg/mL penicillin, 100 

μg/mL streptomycin, 0.1 mM non-essential amino acids, 50 μg/mL ascorbic acid, and 

0.4 mM L-proline at 37 °C and 5% CO2. In the tri-chamber bioreactor (Bioreactor), 

High media was applied to the bony portion of constructs, and Low media was applied 
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to the collagen portion of constructs. All the constructs were cultured for 30 days. Gross 

images were taken before and after 30 days of culture to assess construct contraction. 

Histology 

After 30 days of culture, constructs were biaxially cut along the long axis to 

generate two halves containing both bony and collagen portions. One half was used for 

histological analysis, and the other half was used for confocal fluorescence 

elastography. Samples for histological analysis were fixed in 10% buffered formalin for 

48 h, decalcified, dehydrated, embedded in paraffin, and sectioned. Sections of non-

demineralized or partially demineralized tissue-engineered enthesis constructs were 

stained with picrosirius red. Immunohistochemistry was performed as previously 

described17 to assess collagen content using antibodies for type II collagen (Chondrex, 

Redmond, WA) and type X collagen (Abcam, Cambridge, MA). Sections were stained 

in the same batch process and exposed to the same duration and concentration of 

reagents. Histological and immunohistological images were taken using a Nikon Eclipse 

TE2000-S microscope (Nikon Instruments, Melville, NY) and a SPOT RT camera 

(Diagnostic Instruments, Steriling Heights, MI) under brightfield or polarized light. 

Confocal Fluorescence Elastography 

To investigate local strain distributions in tissue-engineered enthesis constructs, 

constructs were longitudinally bisected using a cryotome, stained with 5-(4,6-

Dichlorotriazinyl)aminofluorescein (5-DTAF) for 60 min, and rinsed three times with 

PBS. The bony portion of the bisected construct was adhered to a fixed back plate on a 

tissue deformation imaging stage (TDIS), and the collagen portion was glued to a 

loading plate3. Samples were then mounted onto the TDIS and submerged in PBS. The 
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TDIS was placed on an inverted Zeiss LSM 710 confocal microscope. 20% strain was 

applied to each sample at an incremental step of 1% strain. Images from each step were 

taken using a 10X objective and a 488 nm laser after allowing 10 minutes to ensure a 

complete stress relaxation. Images were then analyzed using an open-source digital 

imaging software in MATLAB (Ncorr) to develop spatial strain maps and quantify local 

strains22. 

Mechanical Testing 

Uniaxial tensile testing was performed using an Enduratec ElectroForce 5500 

System (Bose, Eden Prairie, MN) as previously reported18,19. Bony ends of whole 

constructs were clamped into the testing frame. Based on the distance between bone-

collagen interfaces of constructs, a quasistatic strain rate of 0.75%/s was applied until 

construct failure. The elastic modulus, ultimate tensile stress, stain at failure were 

calculated from the measured stress and strain curves. 

Statistics 

All values were reported as mean ± standard deviation. Data were tested for 

normality using Shapiro-Wilk’s test and analyzed using one-way or two-way analysis 

of variance (ANOVA) with Tukey’s Honestly Significant Difference (HSD) post hoc 

tests where p < 0.05 was considered to be significant. All statistical analysis was 

performed using GraphPad Prism (GraphPad Prism Software Inc., San Diego, CA). 

 

Results 

Construct Contraction. Shrinkage of meniscal grafts after transplantation 

reduces contact area and thus impairs biomechanical properties of the graft, eventually 
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leading to failure. Therefore, after 30 days of culture, we first examined construct 

contraction. All groups, High, Low, and Bioreactor, appeared to minimally contract 

over the culture period, showing less than 5% contraction (Figure 3.1). No statistical 

difference in construct contraction was observed between the groups. 

 

Figure 3.1. Contraction of tissue-engineered enthesis constructs over 30 days of culture. 

(a) Photographs of enthesis constructs after 30 days of culture in either a single chamber 

bioreactor (High, 4500 mg/L glucose DMEM and 5 ng/mL TGF-β1; Low, 500 mg/L 

glucose DMEM and 0.5 ng/mL TGF-β1) or a tri-chamber bioreactor (Bioreactor, 4500 

mg/L glucose DMEM and 5 ng/mL TGF-β1 at bony regions and 500 mg/L glucose 

DMEM and 0.5 ng/mL TGF-β1 at a collagen region). Each construct contains three 

regions: bone, interface, and collagen. (b) Ratio of enthesis construct area over initial 

projected area (A/Ao) after 30 days of culture (n = 4-12). 

Collagen Fiber Microstructure. Next, we performed picrosirius red staining to 

assess collagen fiber structure within the tissue-engineered enthesis constructs. 

Picrosirius red stained samples were imaged under cross-polarized light. The High 

group showed dense, more radially aligned collagen fibers across the construct while 

the Low group displayed dense collagen fibers at the interface and more radially aligned 

collagen fibers in the soft tissue region (Figure 3.2a,b). Notably, the Bioreactor group, 
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allowing for the application of 5 ng/mL TGF-β1 and 4500 mg/L glucose media to the 

bony region and 0.5 ng/mL TGF-β1 and 500 mg/L glucose media to the soft tissue 

region, showed a more native-like collagen fiber structure (Figure 3.2c). Nicely aligned 

collagen fibers that appear as birefringence in green to yellow were observed in the soft 

tissue region while more interconnected collagen fibers were found at the interface. This 

observation resembles a native enthesis collagen fiber structure although a native 

enthesis displayed larger, banded collagen fiber bundles which appear in red to yellow 

in the soft tissue region and clearly interdigitated collagen fibers into the bony region 

(Figure 3.2d). 

 

Figure 3.2. Picrosirius red staining imaged under polarized light for a) High, b) Low, 
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and c) Bioreactor after 30 days of culture and d) native enthesis. 

Immunohistochemical analysis. In the native enthesis, different types of 

collagen are observed depending on the regions: Type I collagen in the ligamentous 

region, types I, II, and III collagen in the unmineralized fibrocartilage region, types II 

and X collagen in the mineralized fibrocartilage region, and mineralized type I collagen 

in the bony region. Therefore, immunohistochemical staining for types II and X collagen 

was performed to investigate how different media applications influence the production 

of these collagen types. Type II collagen stained positive in all three groups at the 

interface between the bony and collagen regions (Figure 3.3), similar to native tissue23. 

The High group exhibited a higher degree of type X collagen staining across the 

construct (Figure 3.4a), indicating the presence of hypertrophy. Interestingly, the Low 

and Bioreactor groups showed more localized type X collagen staining at the interface 

and the bony region to some extent (Figure 3.4b,c). 
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Figure 3.3. Immunohistochemical staining for type II collagen of a) High, b) Low, and 

c) Bioreactor at three different regions: bone, interface, and collagen. 
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Figure 3.4. Immunohistochemical staining for type X collagen of a) High, b) Low, and 

c) Bioreactor at three different regions: bone, interface, and collagen. 

 Fluorescence elastography analysis. In order to investigate how the structural 

differences observed via picrosirius red staining affect the tissue-engineered enthesis 

constructs under tensile loading, confocal fluorescent elastography was performed3. At 

10% bulk strain, the High group showed highly concentrated local strain, mostly at the 

interface between the bone plug and the soft tissue (Figure 3.5a, left). Similarly, the 

Low group also showed the concentrated local strain at the interface (Figure 3.5a, 

middle). Interestingly, the Bioreactor group showed less concentrated local strain 

compared to the High and Low groups (Figure 3.5a, right). Quantitative analysis of local 

strain maps revealed that the High and Low groups had peak strains within 2 mm from 

the interface and 3 to 4 times greater peak strain levels compared to the bulk strain 

(10%) (Figure 3.5b). Interestingly, the Bioreactor group showed a peak strain further 

away from the interface and a smaller peak strain level compared to the High and Low 

groups, indicating the Bioreactor group has a smoother local strain distribution further 

into the soft tissue region. This observation was consistent with lower bulk strain levels, 

3% and 5% (Figure 3.S1). 
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Figure 3.5. Local strain distributions of tissue-engineered enthesis constructs at 10% 

bulk strain. (a) Representative local strain maps of tissue-engineered constructs cultured 

in either a single chamber bioreactor or a multi-chamber bioreactor at 10% bulk strain. 

Fluorescence images were superimposed with local strain maps. (b) Averaged local 
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strains of tissue-engineered enthesis constructs at 10% bulk strain as a function of 

distance from the mineralized interface (n = 2-4). 

 

Figure 3.S1. Local strain distributions of tissue-engineered enthesis constructs at 3% 

and 5% bulk strain. (a) Representative local strain maps of tissue-engineered constructs 

cultured in either a single chamber bioreactor or a multi-chamber bioreactor at 3% (top) 

and 5% (bottom) bulk strains. Fluorescence images were superimposed with local strain 

maps. (b) Averaged local strains of tissue-engineered enthesis constructs at 3% (top) 

and 5% (bottom) bulk strains as a function of distance from the mineralized interface (n 

= 2-4). 

 Construct Contraction. Given that native entheses possess a gradient in 

mineral contents, we utilized partially demineralized bone plugs18 to investigate how 

the native tissue-like mineral gradient influences tissue-engineered enthesis constructs 

compared to the non-demineralized bone plug. Tissue-engineered enthesis constructs 

with either non-demineralized bone plugs or partially demineralized bone plugs were 
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cultured in a tri-chamber bioreactor with High (for bony region) and Low (for collagen) 

media for 30 days. First, we examined construct contraction of non-demineralized and 

partially demineralized bone plug tissue-engineered enthesis constructs after 30 days in 

culture. Contraction analysis showed that both groups maintained their initial shape, 

~94-95%, over time in culture (Figure 3.6). Furthermore, partial demineralization 

appeared to result in an increased contraction; however, the difference between the two 

groups was not significant. 

 

Figure 3.6. Contraction of non-demineralized and partially demineralized tissue-

engineered enthesis constructs over 30 days of culture. (a) Photographs of non-

demineralized and partially demineralized bone plug enthesis constructs after 30 days 

of culture in a multi-chamber bioreactor (b) Ratio of enthesis construct area over initial 

projected area (A/Ao) at day 30 (n = 6). 

 Collagen fiber development in bony regions. Next, picrosirius red staining 

was performed to examine the changes in collagen fiber organization depending on 

mineralization of bone plugs. Both groups showed that trabecular bone pores were filled 

with collagen to a similar extent. Notably, compared to the non-demineralized bone 

plugs in tissue-engineered enthesis constructs, partially demineralized bone plugs 
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showed more robust collagen fiber formation in the demineralized bony region 

(indicated by white arrows in Figure 3.7). 

 

Figure 3.7. Picrosirius red staining imaged under brightfield (top) and polarized light 

(bottom) for the non-demineralized and partially demineralized bone plug tissue-

engineered enthesis constructs after 30 days of culture. Arrows indicate regions of 

prominent collagen fiber formation. 

 Local Strain Distribution. In order to investigate how the changes in collagen 

fiber development in bony regions influence biomechanics of tissue-engineered enthesis 

constructs, confocal fluorescent elastography was performed under the same settings as 

Figure 3.5. At 15% bulk strain, non-demineralized enthesis constructs displayed a 

localized strain at the interface. In contrast, partially demineralized constructs showed 

a less concentrated, broader local strain distribution (Figure 3.8a). Quantitative analysis 

showed that significantly greater local strains were observed in the bony region of the 

partially demineralized bone plug enthesis constructs compared to the non-
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demineralized bone plug constructs, indicating smoother, less concentrated local strain 

distributions across the construct (Figure 3.8b). A similar trend was also observed at 5% 

bulk strain (Figure 3.S2). 
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Figure 3.8. Local strain distributions of non-demineralized and partially demineralized 

bone plug tissue-engineered enthesis constructs at 15% bulk strain. (a) Representative 

local strain maps of tissue-engineered constructs cultured in a tri-chamber bioreactor at 

15% bulk strain. Fluorescence images were superimposed with local strain maps. (b) 

Averaged local strains of tissue-engineered enthesis constructs at 15% bulk strain as a 

function of distance from the mineralized or demineralized interface (n = 3-6). 
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Figure 3.S2. Local strain distributions of non-demineralized and partially 

demineralized bone plug tissue-engineered enthesis constructs at 5% bulk strain. (a) 

Representative local strain maps of tissue-engineered constructs cultured in a tri-

chamber bioreactor at 5% bulk strain. Fluorescence images were superimposed with 

local strain maps. (b) Averaged local strains of tissue-engineered enthesis constructs at 

5% bulk strain as a function of distance from the mineralized or demineralized interface 

(n = 3-6). 

Uniaxial Tensile Testing. Last, we performed uniaxial tensile tests to examine 

how these structural and micro-biomechanical differences affect bulk mechanical 

properties of tissue-engineered constructs. Although non-demineralized bone plug 

constructs appeared to have greater ultimate tensile stress and tensile modulus, 20.50 ± 

5.91 kPa and 118.74 ± 66.04 kPa, respectively, compared to the partially demineralized 

bone plug constructs, 19.53 ± 7.36 kPa and 74.26 ± 31.23 kPa, respectively, there were 

no statistical differences between the groups (Figure 3.9a,b). Intriguingly, significantly 

higher toughness and strain at failure were observed in the partially demineralized bone 

plug enthesis constructs, 5.97 ± 2.14 J/m3 vs. 4.03 ± 0.82 J/m3 and 0.67 ± 0.16 vs. 0.47 
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± 0.11, respectively. 

 

Figure 3.9. Tensile Mechanical properties of non-demineralized and partially 

demineralized enthesis constructs. (a) Ultimate tensile stress (n = 8). (b) Tensile 

modulus (n = 8). (c) Toughness (n = 8 and *, p < 0.05). (d) Strain to failure (n = 8 and 

*, p < 0.05). 

 

Discussion  

We have demonstrated that native enthesis-like collagen fiber structure and 

mechanics can be recapitulated in tissue-engineered entheses using biochemical and 

 
a b

dc
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biomechanical stimuli, which can be further enhanced by the incorporation of native-

like mineral gradients in bone plugs. We utilized two different culture media, 1) 4500 

mg/L glucose and 5 ng/mL TGF-β1 which is known to induce densely packed collagen 

fiber formation and 2) 500 mg/L glucose and 0.5 ng/mL TGF-β1 which is known to 

result in thick, nicely aligned collagen fibers16, to mimic dense collagen fiber structure 

at the interface between the bone plug and collagen gel and longitudinally aligned 

collagen fiber structure in the soft tissue region. The spatial application of these two 

media in addition to mechanical anchoring was accomplished using a tri-chamber 

bioreactor, as previously reported17. These combined spatial biochemical and 

biomechanical stimuli resulted in gradients in collagen fiber organization within tissue-

engineered enthesis constructs, resembling those of native enthesis. We show that these 

native tissue-like gradients in collagen fiber structure leads to native tissue-like 

mechanics, broad local strain distribution with alleviated local peak. 

All the constructs cultured in single- or tri-chamber bioreactors showed nominal 

construct contraction (Figure 3.1a,b). It has been reported that anatomical accuracy of 

allografts is critical for clinical success and that a meniscal implant with a size tolerance 

of 5% should be employed24,25. Nominal construct contraction is likely attributed to 

mechanical anchoring imposed by the bioreactor, consistent with previous studies 

showing the mechanical boundary conditions prevent construct contraction19,26. The 

observed construct contraction in this study ranged from 1% to 6%, matching closely to 

the range of the graft size tolerance. This minimal contraction is likely to reduce the risk 

of graft failure, as larger shrinkage of grafts is associated with graft extrusion, a common 

issue in current graft applications. 
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Gradients in collagen fiber organization of native enthesis play an important role 

in transferring loads from the soft tissue to the underlying bone while reducing stress 

concentrations between these two mechanically dissimilar biomaterials27. Picrosirius 

red staining images under cross-sectional polarized light revealed that biochemical 

stimuli have a profound effect on collagen fiber organization within tissue-engineered 

constructs (Figure 3.2). Tissue-engineered constructs cultured in a single-chamber 

bioreactor with 4500 mg/L glucose and 5 ng/mL TGF-β1 lacked the gradients in 

collagen fiber organization, rather showing homogenous collagen fiber structure, 

parallel to the interface, across the construct. Conversely, the constructs cultured in a 

single chamber bioreactor with 500 mg/L glucose and 0.5 ng/mL TGF-β1 showed the 

less robust gradients, some interconnected collagen fibers at the interface and some 

longitudinally aligned collagen fibers in the soft tissue region. This observation is 

consistent with our previous study, showing that relatively low concentrations of 

glucose and TGF-β1 produce robust, aligned collagen fibers along the direction of the 

imposed tension while relatively high concentrations result in dense collagen fiber 

structure regardless of external mechanical stimuli16. The bioreactor-mediated gradients 

in biochemical stimuli appeared to augment the spatial heterogeneity of collagen fiber 

organization. The soft tissue-to-bone interface and collagen region exhibited their 

distinct regional collagen organization when region-specific biochemical stimuli were 

applied using a tri-chamber bioreactor, suggesting that spatially controlled biochemical 

stimuli is necessary to mimic native tissue-like collagen fiber structure. 

Local biochemical cues and ECM components have profound effects on cellular 

behavior. Previous studies have shown that chondrogenic or osteogenic differentiation 
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of MSCs can be induced controlling composition of scaffold materials28,29. All the 

constructs showed types II and X collagen staining at the interface, which is likely due 

to the local environment, particularly the effects of bone plugs and TGF-β1 (Figures 3.3 

and 3.4). Notably, type X collagen stained across the constructs cultured in 4500 mg/L 

glucose and 5 ng/mL TGF-β1, which is not observed in native entheses (Figure 3.4). 

This suggests that excessive biochemical stimuli could have adverse effects and thus 

optimization of biochemical stimuli should be performed. 

The differences in the organization and spatial distribution of collagen led to 

changes in local strain distribution across the constructs under tensile loading. The 

bioreactor group showed smoother local strain distribution with the peak strain farther 

from the interface compared to the High and Low groups, which showed more 

concentrated local strain distribution with the peak strain closer the interface (Figure 

3.5). Interestingly, the High and Low groups displayed similar local strain distributions 

although they showed different collagen fiber structures. This might suggest that the 

Low group is likely to contain longitudinally aligned collagen fibers in the soft tissue 

region but less integrated collagen fibers at the interface compared to the Bioreactor 

group, which showed more densely packed collagen fibers at the interface. 

We also demonstrate that partial demineralization of bone plugs, mimicking the 

mineral gradients observed in native enthesis, enhances collagen fiber formation within 

the demineralized region and integration with the collagen fibers extending from the 

soft tissue region, eventually leading to a smoother local strain distribution. Partial 

demineralization appeared to slightly increase construct contraction, from 4% to 6% 

without statistical significance (Figure 3.6). However, partial demineralization appeared 
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to enhance collagen fiber formation in the partially demineralized region (Figure 3.7). 

The demineralized region showed more prominent, organized collagen fibers observed 

in both brightfield and polarized light, consistent with our previous study showing the 

newly deposited thicker, aligned collagen fibers in the demineralized region by MSCs 

but not in the mineralized region26. This enhancement in collagen fiber development in 

the demineralized region of the bone plug is likely to improve the integration between 

the bony region and collagen gel region. The exact mechanism by which the 

demineralized bony region enhances collagen fiber formation remains unclear; 

however, it can be speculated that 1) demineralization of bone plugs recover binding 

sites for collagen molecules which are otherwise blocked by minerals or 2) 

demineralization removes bone-residing proteoglycans which inhibit fiber formation in 

the surrounding environment. These speculations should be investigated in future 

studies. 

Partially demineralized bone plug enthesis constructs exhibited a smoother local 

strain distribution with greater local strains in the bony region compared to the non-

demineralized constructs (Figure 3.8). Just as mineralization increases the stiffness of 

collagen, partial demineralization reduces the stiffness of the demineralized bony 

region. This partially decreased stiffness in the bony region likely allows for reducing 

stress and strain concentrations, leading to a smooth local strain distribution. 

Additionally, the better integration of the collagen matrix with the bone plug resulting 

from the partial demineralization contributes to the smooth local strain distribution. 

These findings support the recapitulation of continuous gradients in collagen fiber 

organization within tissue-engineered interfaces for the physiological functions. 
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Uniaxial tension tests revealed that the toughness and strain at failure of the 

partially demineralized constructs increased by 48% and 42%, respectively, as 

compared to constructs made with fully mineralized bone plugs (Figure 3.9). These 

improved toughness and strain at failure are attributed to the enhanced integration of 

collagen fibers, consistent with the microscale local strain distribution (Figure 3.6). 

However, although the differences were not significant, the ultimate tensile stress and 

tensile modulus appeared to be greater in the non-demineralized enthesis constructs, 

suggesting the need of additional biochemical or biomechanical stimuli or prolonged 

maturation of the constructs. 

One of the limitations of this study is that bone plugs were not seeded with either 

osteoblasts or mesenchymal stem cells. We have previously demonstrated that the local 

mineral contents have a profound effect on the osteogenic differentiation of 

mesenchymal stem cells and that these osteogenic effects can be further enhanced using 

media with osteogenic biochemical molecules29. Moreover, we also showed that 

chemical and cellular gradients allow for mimicking spatial distribution of collagen 

molecules and enhancing tensile modulus, ultimate tensile stress, and toughness of 

tissue-engineered enthesis constructs20. As such, we anticipate that the incorporation of 

mesenchymal stem cells with osteogenic media will result in better integration and 

further improve mechanical properties of tissue-engineered enthesis constructs to a 

native tissue-like level, which can further improve this body of work. 

This work investigated the influences of biochemical and biomechanical stimuli 

on structure and mechanics of tissue-engineered enthesis constructs along with the 

incorporation of mineral gradients. In this study, we demonstrate that appropriate 
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biochemical and biomechanical stimuli and scaffold materials are critical for 

recapitulating native tissue-like structure and mechanics in tissue-engineered enthesis 

constructs. These findings can be further applied to other interfacial tissue engineering 

fields. 
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CHAPTER 4 
 

Controlling Collagen Gelation pH to Enhance Biochemical, Structural, and 
Biomechanical Properties of Tissue-Engineered Menisci 

 
Abstract 

Collagen-based hydrogels have been widely used in biomedical applications due 

to their biocompatibility. Enhancing mechanical properties of collagen gels remains 

challenging while maintaining biocompatibility. Here, we demonstrate that gelation pH 

has profound effects on cellular activity, collagen fibril structure, and mechanical 

properties of the fibrochondrocyte-seeded collagen gels in both short- and long-terms. 

Acidic and basic gelation pH, below pH 7.0 and above 8.5, resulted in dramatic cell 

death. Gelation pH ranging from 7.0 to 8.5 showed a relatively high cell viability. 

Further, physiologic gelation pH 7.5 showed the greatest hydroxyproline deposition 

while glycosaminoglycan deposition appeared independent of gelation pH. Scanning 

electron microscopy showed that neutral and physiologic gelation pH, 7.0 and 7.5, 

exhibited well-aligned collagen fibril structure on day 0 and enhanced collagen fibril 

structure with laterally joined fibrils on day 30. However, basic pH, 8.0 and 8.5, 

displayed a densely packed collagen fibril structure on day 0, which was also persistent 

on day 30. Initial equilibrium modulus increased with increasing gelation pH. Notably, 

after 30 days of culture, gelation pH of 7.5 and 8.0 showed the highest equilibrium 

modulus, reaching 150-160 kPa. While controlling gelation pH is simply achieved 

compared to other strategies to improve mechanical properties, its influences on 

biochemical and biomechanical properties of the collagen gel are vigorous and long-

lasting. As such, gelation pH is a useful means to modulate both biochemical and 
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biomechanical properties of the collagen-based hydrogels and can be utilized for diverse 

types of tissue engineering due to its simple application. 
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Introduction 

Collagen is the major structural component of connective tissues in vertebrates, 

such as bones, tendons, ligaments, cartilage, skin, blood vessels, and menisci.1 Thus, 

collagen has been widely used as a scaffold material for diverse tissue engineering 

applications.2 Although collagen-based biomaterials have shown promising outcomes 

due to their excellent biocompatibility, several drawbacks including inferior mechanical 

properties compared to native tissue pose limitations in their clinical application.3 

There have been significant efforts to enhance the mechanical properties of 

collagen-based biomaterials. A variety of strategies using chemical or photochemical 

cross-linking agents or incorporating other stiff materials have been investigated.4–7 

Additionally, gelation factors, such as collagen concentration,8,9 temperature,8,10,11 ionic 

strength,8,12,13 and pH,9–11,14 have been reported to affect collagen fibrillogenesis, which 

is directly related to the mechanical properties of collagen gels. Among these factors, 

gelation pH influences hydrophobic and electrostatic interactions,15 major driving 

forces of collagen self-assembly, and kinetics of fibrillogenesis.11,16 These influences 

subsequently affect fibril size and morphology of the collagen gels.11,16,17 Notably, 

optimal pH for mechanical properties has been observed to be in the range of basic 

pH,11,18,19 which is higher than is typically used for formulating collagen-based 

hydrogels.7,20,21 Given that changes in collagen fibril architecture result in changes in 

mechanical properties, gelation pH can be a useful tool to tune mechanical properties of 

collagen-based biomaterials. 

Although the aforementioned studies have demonstrated the effects of gelation 

pH on collagen fibrillogenesis and resultant mechanical properties, these studies mainly 
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focused on initial collagen fibril structure and mechanical properties upon gelation and 

also used relatively low concentrations of collagen compared to native tissue. 

Furthermore, it is unclear whether gelation pH has long-lasting biological effects on 

cells seeded in a collagen gel. Thus, the influences of gelation pH on structural, 

biochemical, and biomechanical properties of high-density collagen constructs in long-

term culture have not yet been elucidated. 

Menisci play an important role in biomechanical functions in the knee joint and 

are mainly composed of collagen. In multiple previous studies, we have developed 

tissue-engineered menisci using a fibrochondrocyte-seeded high-density collagen gel 

and cultured them up to 8 weeks.22–25 We have also showed that collagen fiber structure 

can be remodeled by seeded fibrochondrocytes, leading to changes in mechanical 

properties. Therefore, tissue-engineered menisci represent a useful platform to 

investigate the short- and long-term effects of gelation pH on cellular activities of 

fibrochondrocytes, cell-mediated remodeling, and mechanical properties of collagen 

gels. 

In this study, we investigated the effects of gelation pH on cell viability, 

fibrochondrocyte proliferation, glycosaminoglycan (GAG) and collagen deposition, 

collagen microstructure, and mechanical properties of tissue-engineered menisci. We 

hypothesize that gelation pH regulates biochemical, structural, and mechanical 

properties of tissue-engineered menisci, and that there exists an optimal gelation pH that 

results in both increased extracellular matrix production and improved mechanical 

properties of tissue-engineered menisci after extended culture. These results are useful 

for developing an optimal culture condition for enhancing functionality of tissue-
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engineered menisci and facilitating the transition of tissue-engineered menisci to 

clinical use. 

 
Materials and Methods 

Cell Isolation. Fibrochondrocytes were harvested from the menisci of 1-3 day 

old bovids using a 0.3% (wt/vol) collagenase (Worthington Biochemical Corporation, 

Lakewood, NJ) in Dulbecco's Modified Eagle Medium (DMEM) with 100 μg/mL 

penicillin and 100 μg/mL streptomycin for 18 hours as previously described.26 After 

digestion, the cells were filtered through a 100 μm cell strainer, washed, counted, and 

suspended to a concentration of 150 X 106 cells/mL. Harvested fibrochondrocytes were 

pooled from all 8 menisci to minimize zone-dependent phenotypic variation. 

Construct Fabrication. Collagen was extracted from Sprague-Dawley rat tails 

(Pel-Freez Biologicals, Rogers, AZ), solubilized, lyophilized, and reconstituted in 0.1% 

(vol/vol) acetic acid at a 30 mg/mL concentration as previously described.4,27,28 The 

stock collagen solution was mixed with a working solution composed of 1N NaOH, 

10X phosphate-buffered saline (PBS), and 1X PBS using a syringe stopcock. To achieve 

desired gelation pH of 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0, the amounts of 1M NaOH and 1X 

PBS were adjusted accordingly. Subsequently, harvested fibrochondrocytes were mixed 

with the collagen solution to a final concentration of 25 x 106 cells/mL and 20 mg/mL 

collagen gel and injected into meniscal molds.22 The meniscal molds were allowed to 

gel for 30 min at 37 °C. Constructs were cultured in DMEM at a 500 mg/L glucose 

concentration, which was found to be an optimal glucose concentration for collagen 

organization,24 with 10% (vol/vol) fetal bovine serum (FBS), 100 μg/mL penicillin, 100 
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μg/mL streptomycin, 0.1 mM non-essential amino acids, 50 μg/mL ascorbic acid, and 

0.4 mM L-proline at 37 °C and 5% CO2 for up to 30 days. Culture media were collected 

and replenished every third day. Photographs of each 30-day cultured construct were 

obtained on days 0 and 30 to calculate contraction using ImageJ software (NIH, 

Bethesda, MD).  

Cell Viability. Cell viability was assessed immediately after construct 

fabrication. Cross sections of each construct were harvested and stained for 30 min using 

4 μM of ethidium homodimer-1 and 8 μM of calcein AM (Sigma-Aldrich, MO, USA) 

according to the manufacturer's instruction. After staining, each portion of the constructs 

was rinsed with PBS for 5 min three times and subsequently imaged on a Zeiss LSM880 

confocal/multi-photon inverted microscope. Images were then imported into ImageJ to 

assess cell viability. 

Biochemical Analysis. Biochemical analysis was performed to measure 

contents of DNA via a Hoechst DNA assay,29 GAG via a modified 1,9-

dimethylmethylene blue (DMMB) assay,30 and collagen via a hydroxyproline (Hypro) 

assay,31 as previously documented. Prior to the assays, portions of each construct were 

measured for wet weight (w.w.), lyophilized, and then digested in 1.25 mg/mL papain 

digestion solution (Sigma-Aldrich, MO, USA).  

Histological Analysis. Circumferentially cross-sectioned samples were fixed, 

dehydrated, embedded in paraffin blocks, sectioned, and stained with picrosirius red. 

Images were taken under brightfield and polarized light with a Nikon Eclipse TE2000-

S microscope (Nikon Instruments, Melville, NY) with a SPOT RT camera (Diagnostic 

Instruments, Sterling Heights, MI) to investigate collagen fiber structure. 
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Scanning Electron Microscopy (SEM). Circumferentially cross-sectioned 

samples were fixed, stored in 100% ethanol, and then critical point dried. The dried 

samples were sputter-coated with gold at a target current of 20 mA. After coating, 

samples were scanned using a Zeiss Gemini 500 scanning electron microscope at an 

accelerating voltage of 1 kV.  

Mechanical Analysis. Confined compression stress relaxation test was 

performed using an Enduratec ElectroForce 5500 System (Bose, Eden Prairie, MN), as 

previously reported.4 Samples were prepared using 4 mm diameter biopsy punches. Six 

steps of 5% compression each with 10 min between steps to ensure full stress relaxation 

were imposed on the construct samples. The resulting loads were fitted to a poroelastic 

model using a custom MATLAB program to calculate the equilibrium modulus. 

Statistical Analysis. Normality testing was performed by Shapiro-Wilk’s test 

using GraphPad Prism (GraphPad Prism Software Inc., San Diego, CA). To compare 

multiple groups, we performed one-way or two-way analysis of variance (ANOVA) 

with Tukey’s Honestly Significant Difference (HSD) post hoc tests. All data are 

reported as mean ± standard deviation with at least n = 4 replicates. Significance was 

determined with p < 0.05. 

 

Results 

Cell Viability Analysis. Cells are known to be sensitive to their surrounding 

environment, such as stiffness and pH.32,33 Thus, in order to evaluate the effects of 

gelation pH on fibrochondrocyte viability, live/dead staining was performed on high-

density collagen constructs gelled at pH values ranging from 6.0 to 9.0 (Figure 4.1). 
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Neutral to slightly basic gelation pH from 7.0 to 8.5 showed high cell viability, ranging 

from 81% to 83%. In contrast, acidic pH and basic gelation pH, pH 6.5 and 9.0, resulted 

in significantly decreased cell viability, 67.7 ± 4.5% and 19.5 ± 4.2%, respectively. 

Interestingly, gelation pH 9.0 exhibited the lowest cell viability corresponding to one-

third of viability at gelation pH 6.5 and one-fourth of that at the rest. As cell viability is 

strongly associated with success of tissue engineering approaches, gelation pH ranging 

from 7.0 to 8.5 was chosen for further experiments. 

 

Figure 4.1. Cell viability of fibrochondrocytes seeded in high-density collagen 

constructs in response to various gelation pH. (A) Representative confocal fluorescent 

images of live/dead staining at indicated gelation pH. Live cells are stained green, and 

dead cells are stained red. (B) Viability of fibrochondrocytes at indicated gelation pH 

(n = 6-10). Different letters represent statistical significance between groups (p < 0.05). 

Scale bars are 200 µm. 

Meniscal Construct Contraction Analysis. Considering that anatomic 

accuracy of tissue-engineered constructs is a key for successful clinical applications, it 

is critical to prevent dramatic construct contraction. Therefore, we examined construct 
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contraction over the 30-day culture period. Construct contraction appeared to be reduced 

with increasing gelation pH (Figure 4.2). Gelation pH 7.0 led to the greatest construct 

contraction, decreasing 30% from the initial size. Conversely, gelation pH 7.5 to 8.5 

displayed a modest contraction to 2-20% from their initial size. 

 

Figure 4.2. Contraction of meniscal constructs after 30 days of culture. (A) Photograph 

of meniscal constructs on day 30 gelled at indicated pH. (B) Ratio of construct area on 

day 30 over initial area (n = 6). Different letters represent statistical significance 

between groups (p < 0.05). 

Cellular Activity Analysis. Next, we measured contents of DNA, GAG, and 

Hypro to determine the biological effects of gelation pH on fibrochondrocytes. 

Although gelation pH 8.5 appeared to reduce density of fibrochondrocytes over time in 

culture, no statistical difference was found in the DNA content between the groups 

(Figure 4.3A). Since constructs were made of purified type I collagen, all the constructs 

showed a minimal content of GAG on day 0 without significant difference between the 

groups (Figure 4.3B). After 30 days of culture, all meniscal constructs showed 

significantly increased GAG content compared to the day 0 constructs. However, 
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statistical difference in GAG content was not observed between the different pH 

conditions on day 30. Similar results were observed in GAG content normalized to dry 

weight and to DNA content, and total GAG content per construct (Figure 4.S1). 

Moreover, no statistical difference was observed in the release of GAG to media 

throughout the culture period (Figure 4.S2). Conversely, while Hypro content did not 

show significant difference between the day 0 constructs, gelation pH 7.5 resulted in the 

greatest Hypro content between the groups and significantly increased Hypro content 

compared to gelation pH 8.0 and 8.5 on day 30 (Figure 4.3C). However, gelation pH 

8.0 resulted in the significantly decreased Hypro content normalized to dry weight on 

day 30 compared to gelation pH 7.0 on day 0 while no statistical difference was found 

in the other groups (Figure 4.S3A). Further, there was no significant difference in the 

Hypro content normalized to the DNA content and per construct (Figure 4.S3B,C) and 

the release of Hypro to media over time in culture between the groups (Figure 4.S4). 

 

Figure 4.3. Contents of DNA, GAGs, and Hypro in high-density collagen constructs on 

days 0 (filled bar) and 30 (diagonal striped bar). (A) DNA content in meniscal constructs 

normalized to wet weight (n = 6). (B) GAG content in meniscal constructs normalized 

to wet weight (n = 6). (C) Hypro content in meniscal constructs normalized to wet 

weight (n = 6). Different letters represent statistical significance between groups (p < 

A B C
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0.05). 

 

Figure 4.S1. GAG content in meniscal construct normalized to (A) dry weight and (B) 

DNA content on days 0 and 30. (C) Total GAG content in meniscal constructs on days 

0 and 30. Different letters represent statistical significance between groups (p < 0.05; n 

= 6). 

 

Figure 4.S2. GAG release to media over time in culture (n = 6). No statistical difference 

was observed between groups. 
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Figure 4.S3. Hypro content in meniscal construct normalized to (A) dry weight and (B) 

DNA content on days 0 and 30. (C) Total Hypro content in meniscal constructs on days 

0 and 30. Different letters represent statistical significance between groups (p < 0.05; n 

= 6). 

 

Figure 4.S4. Hypro release to media over time in culture (n = 6). No statistical 

difference was observed between groups. 

Collagen Microstructure Analysis. In order to investigate how gelation pH 

affects collagen microstructure of meniscal constructs in the short- and long-terms, 

scanning electron microscope imaging was performed on meniscal constructs on days 

0 and 30. Constructs gelled at basic gelation pH exhibited entangled collagen fibrils on 

day 0 (Figure 4.4). This collagen fibril structure was also persistent on day 30. However, 

A B C
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constructs gelled at pH of 7.0 and 7.5 showed aligned collagen fibrils on day 0 to some 

extent and more aligned collagen fibrils on day 30. Interestingly, bundles of collagen 

fibrils were observed at gelation pH 7.5 on day 30. Intriguingly, fibrochondrocytes were 

found in lacunae-like spaces surrounded by collagen fibrils at gelation pH 7.0 and 7.5 

on day 30. In contrast, fibrochondrocytes within constructs gelled at pH 8.0 and 8.5 

were found on the surface of collagen fibrils on day 30, similar to the day 0 groups. 

These observations might indicate that fibrochondrocytes were able to remodel collagen 

fibril structure gelled at pH 7.0 and 7.5 but not at pH 8.0 and 8.5. These findings were 

supported by picrosirius red staining images showing similar collagen fiber 

organization, enhanced collagen fiber structure at gelation pH 7.5 on day 30 compared 

to the other groups (Figure 4.5). 

 

Figure 4.4. Representative scanning electron microscope images of fibril organization 
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of meniscal constructs after 0 and 30 days of culture. Double-headed arrows indicate a 

direction of collagen fibril alignment. Brackets indicate a bundle of collagen fibrils. 

Scale bars are 4 μm. 

 

Figure 4.5. Picrosirius red stating images of collagen fiber organization of meniscal 

constructs under brightfield and polarized light on days 0 and 30. Scale bars are 200 

μm. 

Mechanical Property Analysis. It has been shown that collagen organization 

is critical for mechanical properties of native tissue and collagen-based biomaterials. 

Thus, we performed confined compression tests to obtain the equilibrium modulus, 

instantaneous modulus, and hydraulic permeability of meniscal constructs. For day 0 

groups, the equilibrium modulus increased with increasing gelation pH with the peak 
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observed at gelation pH 8.5 showing a 2-fold increase relative to that of gelation pH 7.0, 

111 kPa vs. 55 kPa respectively (Figure 4.6A). Interestingly, over time in culture, 

constructs gelled at pH 7.0 and 7.5 showed significantly enhanced equilibrium modulus 

compared to their day 0 groups while constructs gelled at pH 8.0 and 8.5 also showed 

an increase in equilibrium modulus but was not significant. The highest equilibrium 

modulus, ~162 kPa, was observed in gelation pH 7.5 on day 30. Instantaneous modulus 

also peaked at gelation pH 7.5 on day 30 while there was no difference between the 

other groups (Figure 4.S5). Gelation pH 7.0 and 7.5 showed significantly higher 

permeability than that of gelation pH 8.0 and 8.5 on day 0 but substantially decreased 

hydraulic permeability on day 30 comparable to that of gelation pH 8.0 and 8.5 (Figure 

4.6B). On the other hand, gelation pH 8.0 and 8.5 retained hydraulic permeability 

throughout the culture period. 

 

Figure 4.6. Mechanical properties of meniscal constructs on days 0 (filled bar) and 30 

(diagonal striped bar). (A) Equilibrium modulus of meniscal constructs (n = 4-6). (B) 

Hydraulic permeability of meniscal constructs (n = 4-6). Different letters represent 

A B
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statistical significance between groups (p < 0.05). 

 

Figure 4.S5. Instantaneous modulus of meniscal constructs on days 0 and 30. Different 

letters represent statistical significance between groups (p < 0.05; n = 4-6). 

 

Discussion 

The goal of this study was to investigate the biological, structural, and 

biomechanical effects of gelation pH on high-density collagen-based constructs. In this 

current study, we demonstrated that gelation pH affects the biological activity of 

fibrochondrocytes, initial collagen fibril structure, cell-mediated collagen remodeling, 

and mechanical properties of the collagen gel in both short- and long-terms. We showed 

that gelation pH of 7.5, a physiologic condition, is beneficial for both biological and 

mechanical properties of the meniscal constructs, supported by enhanced Hypro 

deposition and equilibrium modulus after 30 days of culture. 

Live/dead staining revealed that fibrochondrocytes retained a relatively high cell 

viability within the range of physiologic gelation pH (Figure 4.1). Interestingly, beyond 
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this range, substantial cytotoxicity was detected, indicating that there might exist a 

threshold of gelation pH that is suitable for fibrochondrocytes. Previous studies have 

shown that fibroblasts, keratinocytes, and stromal cells maintain a higher cell viability 

at physiologic pH compared to acidic and basic pH,34,35 while chondrocytes retain a high 

cell viability at acidic pH comparable to physiologic pH.36 Such data suggest that the 

effect of pH on cell viability is dependent on cell type and thus that the optimization of 

gelation pH should be taken into consideration for collagen-based biomaterials using 

diverse cell types. 

Significant construct contraction should be avoided due to the possibility of 

anatomical mismatching which can lead to failure after implantation.37 Contraction 

analysis demonstrated that gelation pH of 7.0 resulted in a significant contraction 

compared to the other groups although there was no statistical difference in cell viability 

between these groups (Figure 4.2). Contraction of collagen gels is attributed to weak 

mechanical properties and/or cell-mediated remodeling,38 which is consistent with our 

findings in this study that increasing initial equilibrium modulus resulted in decreasing 

construct contraction (Figure 4.2B and 4.6A). These data underscore the importance of 

initial construct mechanics in achieving sufficient shape fidelity of implants. 

It is well known that collagen and GAGs are major components of native 

meniscus and also give rise to the biomechanical functions of native menisci.39,40 Cell 

proliferation and extracellular matrix production by cells have been shown to change in 

response to the surrounding environment, such as dimensionality (2D vs. 3D) or 

stiffness.41,42 Biochemical analysis revealed that maintenance of cell content throughout 

the culture was independent of gelation pH. GAG content also did not show any 



 

117 

significant difference between groups on day 30. However, only gelation pH of 7.5 

showed the significantly increased Hypro content compared to the day 0 groups and the 

groups of gelation pH of 8.0 and 8.5 on day 30. This result was consistent with increased 

picrosirius red staining observed at gelation pH 7.5 (Figure 4.5). These findings suggest 

that physiologic gelation pH is not only beneficial for cell viability but also biosynthetic 

activity. 

Many studies have shown that collagen fibrillogenesis is mainly driven by 

hydrophobic and electrostatic interactions and influenced by various factors including 

the presence or absence of telopeptide, ionic strength, temperature, and gelation pH.11,43 

These parameters affect the kinetics of fibrillogenesis and also fibril formation. 

Scanning electron microscope images demonstrated that gelation pH affects collagen 

fibril organization of high-density collagen constructs. Whereas basic gelation pH, 8.0 

and 8.5, appeared to generate compact, entangled collagen fibril structures, gelation pH 

of 7.0 and 7.5 resulted in focal collagen microstructures (Figure 4.5 and 4.6, top panels). 

This structural difference became more apparent in the constructs cultured for 30 days 

(Figure 4.5 and 4.6, bottom panels). Constructs gelled at pH 7.0 and 7.5 showed a lateral 

growth of collagen fibrils after 30 days of culture, which was not observed in those 

gelled at pH 8.0 and 8.5. It has been shown that gelation pH ranging from 8.5 to 10 leads 

to randomly interconnected collagen fibril structure due to enhanced hydrophobic 

interaction, while physiologic pH leads to organized collagen fibril formation mediated 

by thermodynamically preferred interactions.11,16,19 Interestingly, in 12 mM NaCl or in 

the absence of salts, the isoelectronic point of collagen is reported to be ~9.3,16,44 which 

could have a strong effect on association of fibrils. Furthermore, flexibility of collagen 
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molecules has been found to be greater at pH 7.4 than at pH 4.0, and such flexibility 

might aid in assembly of organized collagen fibril networks.45 The exact mechanism of 

this structural difference is not clear, but it can be speculated that entangled and 

interconnected collagen fibril structure is not favorable for cell-mediated remodeling 

due to sterically hindered binding sites for cells or limited space between collagen 

fibrils. This phenomenon could explain why fibrochondrocytes were found in lacunae-

like spaces only at gelation pH 7.0 and 7.5, but not at higher pH. 

Confined compression testing revealed that initial equilibrium and instantaneous 

moduli of meniscal constructs are dependent on gelation pH since higher gelation pH 

led to an increasing trend of both moduli. However, equilibrium modulus on day 30 

appeared to result from the interplay between collagen content and collagen fibril/fiber 

structure, which is consistent with previous studies showing that increased extracellular 

matrix molecules and enhanced collagen fiber organization are correlated with 

mechanical properties of collagen-based constructs.4,22 On day 0, gelation pH 7.0 and 

7.5 showed higher hydraulic permeability than the groups of gelation pH 8.0 and 8.5, 

suggesting collagen fibril structure determines initial permeability of the constructs. 

However, on day 30, all constructs presented similar permeability although they showed 

differing collagen fibril/fiber structure. Notably, these conditions had similar GAG 

content, which is known to have a strong influence on hydraulic permeability.46,47 As 

such, initial mechanical properties are not likely to be a good indicator of eventual 

mechanical properties of collagen-based scaffolds after time in culture, which are rather 

accumulative effects of extracellular matrix molecule production and collagen fiber 

structure.  
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Ionic strength, as well as the types of electrolytes, has profound effects on 

collagen fibrillogenesis.9,11,12 In this context, it should be noted that gelation pH was 

regulated by adjusting the amounts of 1M NaOH and 1X PBS, which also resulted in 

different ionic strength. However, the difference in ionic strength between the groups is 

less than 0.1%, and thus the effects of ionic strength might be negligible compared to 

those of gelation pH in this study. 

A number of strategies have been investigated to enhance mechanical properties 

of collagen-based biomaterials. Chemical or photochemical crosslinking methods have 

been shown to increase the mechanical properties of collagen constructs5,6. However, 

these methods have several limitations, such as cytotoxicity or pigment production. 

Although incorporation of synthetic or natural polymers to fabricate collagen-based 

composites also showed promising outcomes, these methods require additional 

processing steps, which might limit the clinical applications. Compared to these 

methods, controlling gelation pH is relatively simple since it does not require any 

additional steps while achieving significantly enhanced extracellular matrix production 

and mechanical properties. We previously showed that mechanical properties and 

printability of bioinks can be modulated by varying gelation pH.14 Thus, this approach 

can provide insight in diverse collagen-based scaffold fabrication using a mold or 

bioprinter. 

 

Conclusions 

Overall, this study demonstrated that gelation pH has profound effects on 

cellular activity, collagen fibril structure, and mechanical properties of collagen-based 
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hydrogels in both short- and long-terms. Notably, whereas slightly super-physiologic 

pH, 8.0 and 8.5, produced the highest equilibrium modulus on day 0, physiologic 

gelation pH showed the highest Hypro production and equilibrium modulus of the 

tissue-engineered constructs along with well-aligned, laterally joined fibrils after 30 

days of culture. Collectively, these data highlight the importance of controlling gelation 

pH for collagen-based hydrogels and the versatility of gelation pH as a means to regulate 

biological and biomechanical properties of the collagen hydrogels. 
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CHAPTER 5 
 

Conclusions and Future Directions 
 
Conclusions 

The objective of this dissertation was to investigate strategies using biochemical 

and biomechanical stimuli to enhance biochemical, structural, and mechanical 

properties of tissue-engineered menisci and entheses. The ultimate goal of this work is 

to generate a full-scale, functional meniscal replacement that can be used after 

meniscectomy instead of allografts. To achieve this goal, there still exist several 

challenges to overcome although the field of tissue engineering menisci has shown great 

advancements. A major persistent challenge faced by most tissue engineering fields is 

enhancing mechanical properties of tissue-engineered constructs. Native menisci and 

meniscal entheses display the complexity of composition and structure including cell 

phenotypes, extracellular matrix molecules, collagen fiber structure, and mineral 

gradients, resulting in their unique mechanical functions. As such, recapitulating the 

complexity of native tissue in tissue-engineered menisci and entheses will create a 

native tissue-like functional replacement. 

The complexity of native tissue is attributed to diverse interactions between 

cells, surrounding environments, and external stimuli, implying that a comprehensive 

understanding of these interactions will help generate fully functional tissue-engineered 

constructs. In order to recapitulate native tissue-like collagen fiber structure with 

physiological functions, this work employed biochemical stimuli (i.e., glucose and 

TGF-β1) and mechanical stimuli (i.e., mechanical anchoring). The effects of these 

stimuli have been investigated individually1–4; however, the combined effects of these 
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stimuli have not yet been studied. Given the complexity of native tissue and the interplay 

of biochemical and biomechanical cues during the development of native tissue, it is 

very important to understand the combined effects of these stimuli on biochemical, 

structural, and mechanical properties of tissue-engineered constructs. Furthermore, 

unlike synthetic polymers whose mechanical properties tend to become weaker over 

time in culture or upon implantation, mechanical properties of natural polymers, such 

as collagen, can be enhanced by cell-mediated remodeling due to their cell-binding 

sites5,6. Therefore, tuning appropriate conditions for cells to remodel collagen structure 

would be beneficial for various tissue-engineering fields using collagen-based scaffolds. 

In Chapter 2, the effects of glucose and TGF-β1 in the absence and presence of 

mechanical stimuli on tissue-engineered menisci were investigated. Previous studies in 

cartilage and meniscus tissue engineering have mostly focused on maximizing 

extracellular matrix production using relatively high concentrations of glucose and 

TGF-β17,8. In contrast, we aimed to enhance collagen fiber structure by optimizing 

concentrations of glucose and TGF-β1 resulting in balanced ECM production and cell-

mediated remodeling for improved mechanical properties of tissue-engineered menisci. 

Compared to the traditionally used concentrations of glucose and TGF-β1, relatively 

lower concentrations of glucose and TGF-β1 resulted in robust, aligned collagen fiber 

structure, similar to native collagen fiber structure. Additionally, this phenomenon was 

further enhanced via mechanical anchoring. Notably, the tensile mechanical properties 

were strongly correlated with collagen fiber alignment, diameter, and length, indicating 

the importance of mimicking native tissue-like collagen fiber structure. The data in 

Chapter 2 suggest that enhancing mechanical properties of collagen-based constructs 
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cannot be achieved by utilizing a single factor but involving the interplay of various 

factors. These findings point to the optimization of both biochemical and biomechanical 

signals in the culture environment for tissue-engineered constructs should be taken into 

consideration. 

In Chapter 3, we expanded our findings from Chapter 2 to recapitulate native 

enthesis collagen fiber structure. It is well-known that the interface between the soft 

tissue-to-bone region of native entheses contains densely interconnected collagen fibers 

and that the soft tissue region has nicely aligned, large collagen fibers9. Furthermore, 

the characteristic collagen fiber structure of native entheses plays a role in their 

mechanical functions. We know from Chapter 2 that relatively high concentrations of 

glucose and TGF-β1 results in dense, interconnected collagen fiber structure while 

relatively low concentrations of glucose and TGF-β1 lead to thicker, aligned collagen 

fiber structure. Therefore, we investigated the application of these two different media 

to corresponding regions using a tri-chamber bioreactor to recapitulate native enthesis-

like collagen fiber structure. The data presented in Chapter 3 and Appendix show that 

we can specifically deliver two different types of media to each region of the enthesis 

construct using a tri-chamber bioreactor. This bioreactor also provides constructs with 

mechanical stimuli by anchoring the bony regions of the constructs mimicking native 

mechanical boundary conditions. These region-specific biochemical and mechanical 

stimuli resulted in native enthesis-like collagen fiber structure and mechanics, 

particularly less concentrated strain peak and smooth local strain distributions. These 

enhancements were further improved using partially demineralized bone plugs 

mimicking native mineral gradients, leading to smoother local strain distributions and 
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enhanced toughness. These findings highlight the importance of spatially controlled 

biochemical and biomechanical stimuli to mimic native tissue-like structure and 

mechanics. 

In Chapter 4, the short- and long-term effects of gelation pH were investigated. 

Collagen-based hydrogels have gained a lot of attention due to their excellent 

biocompatibility. Their structure and mechanical properties can be remodeled and 

enhanced by cells. Moreover, it has been shown that collagen hydrogel mechanics can 

be modulated by collagen gelation factors, such as collagen concentration10, 

temperature11, ionic strength12, and pH13. Previous studies on the gelation pH have 

shown that the gelation pH affects kinetics of fibrillogenesis and consequently 

mechanical properties of collagen hydrogels14–16. However, these studies investigated 

the short-term changes in fibrillogenesis and mechanical properties of relatively low 

concentrations of collagen gels. Therefore, the long-term effects of the gelation pH on 

tissue-engineered menisci were evaluated. High cell viability of fibrochondrocytes was 

observed in constructs gelled at pH ranging from 7.0 to 8.5. While slightly basic gelation 

pH showed greater mechanical properties at day 0, after 30 days of culture, physiologic 

pH 7.5 showed the greatest mechanical properties in addition to native tissue-like 

collagen fiber structure. The findings in Chapter 4 suggest that gelation pH is a simple, 

useful means to regulate biochemical and biomechanical properties of collagen-based 

scaffolds given that tuning the gelation pH can be simply achieved adjusting the amount 

of NaOH in gelation solution without adding additional steps. 
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Future Directions 

The work presented in this dissertation investigated the combined effects of 

biochemical stimuli (i.e. glucose and TGF-β1) and gelation pH in combination with 

static mechanical stimuli on biological, structural, and mechanical properties of tissue-

engineered menisci and entheses, respectively. Given that native tissues are developed 

over a long period of time with diverse types of interactions between cells and growth 

factors, this work can be further expanded with these complex interactions to create a 

fully functional tissue-engineered construct. 

Incorporation of Stem Cells. One of the major concerns in the tissue 

engineering field is to find appropriate cell sources. Therefore, various cell sources have 

been investigated. Autologous cells, including fibrochondrocytes17 and chondrocytes18, 

produce sufficient glycosaminoglycans. However, requiring two surgical interventions 

and dedifferentiation of autologous cells during expansion has limited their potential as 

a cell source. Furthermore, obtaining enough cells for a tissue-engineered construct 

from autologous cell sources is unlikely to be possible due to their limited proliferative 

capacity. 

 Due to these limitations of autologous cell sources, stem cells have been 

considered as a promising cell source since they actively proliferate and differentiate 

into diverse terminally differentiated cells and show immunoregulatory effects which 

can facilitate the healing process19. Mesenchymal stem cells can be obtained from bone 

marrow, adipose tissue, synovium, and even urine20. As such, mesenchymal stem cells 

are attractive cell sources in tissue engineering menisci and entheses.  

There are several questions that need to be addressed before utilizing 
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mesenchymal stem cells to create a tissue-engineered construct. First, the mechanism of 

fibrochondrogenic differentiation of mesenchymal stem cells should be investigated. 

Compared to the chondrogenic and osteogenic differentiation of mesenchymal stem 

cells, much less is known about fibrochondrogenic differentiation. Our lab has 

demonstrated that co-culture of mesenchymal stem cells and fibrochondrocytes 

enhances fibrochondrogenic differentiation of mesenchymal stem cells and reduces 

hypertrophy by mesenchymal stem cells21. Second, mesenchymal stem cells might 

respond differently to growth factors, and thus optimization of growth factors should be 

performed. We previously showed that mesenchymal stem cells produce more 

glycosaminoglycans compared to fibrochondrocytes while fibrochondrocytes produce 

more aligned collagen fiber structure22. Thus, it is important to assess whether the 

optimal concentrations of glucose and TGF-β1 observed in Chapter 2 result in similar 

effects on structural and mechanical properties of tissue-engineered menisci when 

mesenchymal stem cells are employed instead of fibrochondrocytes. Furthermore, 

additional biochemical and biomechanical stimuli might need to be investigated. If these 

questions can be answered, mesenchymal stem cells will be outstanding cell sources in 

tissue engineering menisci and entheses. Native menisci and entheses contain various 

cell phenotypes which can be obtained utilizing different differentiation mechanisms of 

mesenchymal stem cells. 

Application of Additional Biochemical and Biomechanical Stimuli. A 

variety of growth factors, such as the TGF-β family, bone morphogenetic proteins 

(BMPs), basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF)-

AB, insulin-like growth factor-I (IGF-I), Connective tissue growth factor (CTGF), and 
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epithelial growth factor (EGF), have been widely used in tissue engineering meniscus 

to increase fibrochondrocyte proliferation and both collagen and glycosaminoglycan 

production23. The influences of growth factors on fibrochondrocytes depend on culture 

conditions and cell source regions. Interestingly, growth factors have synergistic effects 

which can be further enhanced through a combination of other growth factors. These 

synergistic effects were observed in the combination of TGF-β1 and IGF-124 or TGF-

β3 and CTGF25. In this context, the TGF-β1-mediated enhancement of structural and 

mechanical properties observed in Chapter 2 and 3 may be further amplified by a 

combination of other growth factors. It should also be noted that biochemical stimuli 

should be applied in a spatiotemporal manner in order to achieve a more native tissue-

like characteristics. The extracellular matrix components of the outer and inner regions 

of native meniscus are different, and cells from different regions respond differently to 

growth factors under same concentrations19. Additionally, during the development of 

native meniscus, the gene expression of modulators of TGF-β1 changes with age. These 

observations indicate that appropriate growth factors should be applied depending on 

the regions of tissue-engineered constructs and the stages of development. Future 

studies should include additional growth factors and evaluate their synergistic effects in 

a spatiotemporal manner. 

 In addition to growth factors, various types of mechanical stimuli have been 

applied to meniscus regeneration and tissue engineering. These stimuli include static 

and dynamic compressive loading, cyclic hydrostatic pressure, perfusion, or tensile 

loading. Similar to biochemical stimuli, mechanical stimuli can also have adverse 

effects if inappropriate loading regimens are applied. This suggests the importance of 
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optimization of the loading type and regimen. In this dissertation, static compressive 

loading was applied to tissue-engineered menisci and entheses. Previously, our lab has 

demonstrated that dynamic compressive loading significantly increases the collagen 

production and equilibrium modulus, compared to static compression26. Moreover, 

previous studies have shown that mechanical stimuli further increase positive effects of 

growth factors. Chondrogenic effects of TGF-β3 on mesenchymal stem cells are 

significantly enhanced in the presence of dynamic compression27. Similarly, the 

enhancement of collagen and glycosaminoglycan production and aggregate and 

Young’s moduli was further increased in combination with TGF-β1 treatement28, 

suggesting the synergistic effects of biochemical and biomechanical stimuli. As such, 

future studies should investigate the effects of dynamic compression or other types of 

mechanical stimuli on biochemical, structural, and mechanical properties of tissue-

engineered constructs in combination with other biochemical stimuli. 

Utilization of 3D Printing Techniques. Recapitulating microstructure and 

macrostructure of native menisci and entheses in tissue-engineered constructs are 

critical for the clinical application since these structures are closely related to 

physiologic functions. Native menisci and entheses exhibit zonal variations in cell 

phenotypes, extracellular matrix components, collagen fiber organization. 

Fibrochondrocytes harvested from inner zone of the meniscus are more chondrogenic 

than those from outer zone, supported by the greater production of type II collagen and 

glycosaminoglycans29. This dissertation utilized injection meniscal molds where zonal 

differences were omitted due to the limitation of the injection molding techniques. 

These concerns can be addressed using 3D printing techniques. 3D printing techniques 
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can provide two important approaches: 1) fabrication of scaffolds with native-like 

heterogeneity and 2) development of bioreactors enabling multiple biochemical and 

biomechanical stimuli. Furthermore, the findings in this dissertation can be 

simultaneously employed using the 3D bioprinting techniques, which are likely to be a 

potential next step of tissue engineering menisci and entheses. Aforementioned zonal 

differences in cell phenotypes, ECM compositions, and collagen fiber structure could 

be easily obtained using a bioprinter. For example, a bioprinter equipped with multiple 

syringes containing fibrochondrocytes from inner or outer zones can generate native 

tissue-like cell distribution within tissue-engineered menisci, which can be further used 

as a model to investigate the development of menisci or the effects of diverse growth 

factors in a zone dependent manner. Moreover, the bioprinter can be used to recapitulate 

gradients of native collagen fiber structure within meniscal entheses. With multiple 

syringes of a bioprinter, collagen solution mixed with chondrocyte-like cells at slightly 

basic pH can be utilized for creating the interface while collagen solution mixed with 

fibroblast-like cells at physiological pH for the ligamentous region. Additionally, a 

bioreactor capable of spatiotemporally applying biochemical stimuli (i.e. zone-specific 

growth factor treatment with multi-chambers) and biomechanical stimuli (i.e. 

compressive loading for a meniscal body and tensile loading for an enthesis) can be 

developed using the 3D printing technique. One of the drawbacks traditional bioreactors 

have is the reliance on simple diffusion of nutrients or growth factors. This drawback 

can be also addressed by incorporating microspheres containing specific growth factors 

of interest during the scaffold fabrication stage to avoid the limitation of simple 

diffusion. This advancement in fabrication of scaffolds and bioreactors might facilitate 
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clinical translation. It has also been shown that the print path of collagen influences the 

direction of collagen fiber alignment30. This would maximize the effects of biochemical 

and biomechanical stimuli on collagen fiber alignment and fasten the maturation of 

tissue-engineered constructs. Furthermore, 3D printing will enable the automation of 

the entire fabrication process, which is critical for scalable manufacturing of tissue-

engineered constructs. Considering the versatility of 3D printing techniques, the use of 

3D bioprinter will be imperative in the near future. 

 

Significance 

 Meniscal injuries affect more than millions of people in the United States 

annually. Treatment options for meniscal injuries are limited, especially for injuries 

requiring total meniscectomy. Meniscus allograft transplantation is the only treatment 

option for total meniscectomy. Therefore, there is a need for the development of tissue-

engineered menisci which can replace the entire damaged meniscus, including the 

enthesis. The work presented in this dissertation demonstrates that optimized 

biochemical and biomechanical stimuli result in native tissue-like biochemical, 

structural, and mechanical properties of tissue-engineered menisci and entheses. This 

dissertation furthers our understanding of meniscus and enthesis tissue engineering 

regarding biochemical, structural, and mechanical properties and eventually the 

translation of tissue-engineered menisci and entheses as a full-scale replacement. 
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APPENDIX A 
 

Diffusion of Biochemical Molecules in a Tri-chamber Bioreactor 
 
Introduction 

Bioreactors have been extensively used in the tissue engineering field as they 

allow for specific biochemical or biomechanical stimuli1–3. Since native entheses 

display gradients in cell phenotypes, biochemical components, and collagen fiber 

organization, bioreactors are imperative to mimic native enthesis gradients in tissue-

engineered enthesis constructs. In order to apply appropriate biochemical stimuli, the 

diffusion behavior of biochemical molecule within a bioreactor should be addressed. 

Reactive Orange 16 belongs to the class of azo dyes and reacts with primary and 

secondary amine of proteins under alkaline conditions, leading to colorimetric labeling 

of proteins4. Therefore, we conjugated trypsin inhibitor, whose molecular weight is 

similar to TGF-β1, with Reactive Orange 16 to mimic and investigate the diffusion 

behavior of TGF-β1 in a simple, cost-effective manner. 

 

Materials and Methods 

Trypsin Inhibitor Labeling. 2 mg of trypsin inhibitor (MilliporeSigma, St. 

Louis, MO) was mixed with 5 mg of Reactive Orange 16 (MilliporeSigma, St. Louis, 

MO) in 15 mL of HEPES buffer for 24 hours at 4 °C. After the conjugation, the mixture 

of trypsin inhibitor and Reactive Orange 16 was dialyzed using a Slide-a-Lyzer dialysis 

cassette (10K MWCO, MilliporeSigma, St. Louis, MO) in 2L of 1X PBS for 24 hours 

three times. 

Conjugation Efficiency. After three rounds of dialysis, conjugation efficiency 
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was assessed using QuickDrop Spectrophotometer (Molecular Devices, LLC., MA, 

USA). Known concentrations of trypsin inhibitor and Reactive Orange 16 were used as 

standards to calculate extinction coefficients at 230 and 494 nm. 

Diffusion of TGF-β1 in a Bioreactor. Acellular tissue-engineered enthesis 

constructs were fabricated and located in a tri-chamber bioreactor. 15 mL of dye 

solution was applied to the outer chambers of the bioreactor, and 30 mL of PBS was 

applied to the center chamber of the bioreactor. Then, the bioreactor with constructs was 

placed in an incubator for 3 days. After 3 days, constructs were removed from the 

bioreactor and axially cut in half. Cut plane of constructs was imaged and further 

analyzed using ImageJ software (NIH, Bethesda, MD). 

Results and Discussion 

First, the conjugation efficiency was measured to evaluate the effectiveness of 

this labeling method. After 1 day of conjugation and 3 days of dialysis, a 8.5% loss of 

trypsin inhibitor was detected. Furthermore, the ratio of Reactive Orange 16 to trypsin 

inhibitor was found to be ~0.6. 

Photographs of the bioreactor were taken upon the application of dye solution 

and 72 hours later. We were not able to see any noticeable leakage as each chamber 

appeared to maintain their initial colors of each solution, suggesting that different media 

components were specifically applied to each region and that molecular diffusion likely 

occurred mainly via bone-to-collagen interfaces (Figure A1 and A2a). Image analysis 

revealed the sigmoidal shape of dye intensity across the construct, following Fick’s 1st 

law (Figure A2b). These results indicate that we can specifically apply biochemical 

stimuli and mimic gradients in native enthesis using a tri-chamber bioreactor. 
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Figure A1. Photographs of a bioreactor upon and 72 hours after the application of dye 

solution and PBS. 

 

Figure A2. Diffusion of Reactive Orange 16 conjugated trypsin inhibitor across the 

enthesis construct. (a) Cross-sectional image of enthesis constructs 72 hours after 

incubation with dye-solution. (b) Quantitative analysis of dye intensity across the 

constructs. 
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