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Abstract 

Characterization of Chondrocytic Differentiation and Optimization of a Self-
Assembling Process for Tissue Engineering of Articular Cartilage 

by 

Christopher Morton Revell 

Articular cartilage degeneration, which occurs due to trauma or disease, 

results in the formation of tissue with inferior structural and mechanical 

properties. Tissue engineering has been proposed as a method to aid in the 

repair of damaged tissue. This thesis describes advancements in our 

laboratory's articular cartilage tissue engineering approach performed in three 

specific aims. 

One major limitation in cartilage tissue engineering is the paucity of donor 

tissue. To address this concern, dermal fibroblasts were investigated for their 

potential use in cartilage tissue engineering. Specifically, cartilage-specific 

proteins were examined for their ability to modulate the morphological 

characteristics of dermal fibroblasts toward the characteristically spherical 

morphology of articular chondrocytes. Optimal coating conditions were identified 

for stimulating fibroblasts into a more chondrocytic morphology with significantly 

increased cell height and lower surface area-volume ratios. 

Another limitation of cartilage tissue engineering is the production of tissue 

with sufficient biochemical and biomechanical properties. To this end, a self-

assembling process was used to engineer neotissue with articular chondrocytes. 



Optimization of various parameters of this process was performed to increase 

this method's functionality toward clinical applicability and translatability. Three 

studies were performed: 1) Removal of serum was achieved, an essential 

requirement toward translatability, with a concomitant increase in functionality as 

evidenced by a 5-fold increase in compressive stiffness over serum-containing 

controls. 2) Temporal assessment identified 4 wks as an optimal time for both in 

vitro culture and the application of external stimuli to assist in enhancing 

functional properties. 3) Optimized parameters were then combined to examine 

the minimum quantity of cells required for the production of self-assembled 

constructs. It was found that the number of cells could be reduced by 32% while 

maintaining construct salient properties. 

To increase the functionality of self-assembled constructs, exogenous 

stimulation was investigated in this aim. Treatment of developing constructs with 

Chondroitinase ABC resulted in a more functional biochemical network which led 

to a 50% increase in tensile stiffness. Finally, a direct compression bioreactor 

was used to examine the effects of mechanical stimulation on self-assembled 

constructs. Properties of self-assembled constructs indicated that certain 

compression regimens imparted an immediate increase in GAG which 

contributed to increased compressive properties. Ultimately, direct compression 

with 17% strain applied at 0.1 Hz allowed constructs to reach 12% GAG/ww and 

an aggregate modulus of 290 kPa. 

The results of this thesis in toto advance the field of articular cartilage 

tissue engineering through optimizing conditions toward the use of an alternative 



cell source and its significant contributions to the understanding and progression 

of the self-assembling process. Moreover, successes of this thesis have led to 

the production of neocartilage constructs with ECM and compressive stiffness 

values elevated above native immature bovine cartilage. 



Acknowledgements 

I would like to thank the support from the National Institute of Arthritis and 

Musculoskeletal and Skin Diseases, grant # R01 AR053286 toward completion of 

this thesis. Additionally, I would like to recognize and thank Dr. Eric Darling and 

Dr. Jerry Hu for their diligent work in the genesis of cartilage tissue engineering in 

the Musculoskeletal Laboratory at Rice University. Specifically, I want to thank 

Dr. Hu for his work with the self-assembling project. His expansive knowledge 

base and giving spirit have made it a pleasure to work under his tutelage. Mr. 

Ben Elder has now joined the cartilage group and contributed mightily to the 

advancement of the self-assembling process, and I thank him for his assistance. 

I would also like to thank those who have provided assistance toward the 

completion of this project over the last 5 years. Namely, I would thank Dr. 

Margaret French and Dr. Daisy Deng for their help and assistance with imparting 

chondrocytic morphology to fibroblasts with protein-coatings and Dr. C. Corey 

Scott and Dr. Luttge for their assistance with vertical scanning interferometry. Dr. 

Grande-Allen, Dr. David Allison, and Mr. Gidon Ofek were instrumental in 

evaluating the matrix development within the self-assembling process. I would 

also like to thank Mr. Roman Natoli for his drive and intuitive nature that 

constantly challenged my intellect and for his unending desire for increased 

understanding. I can only hope that this rubbed off on me just a little. Additional 

thanks go to Dr. Adam AufderHeide who developed the direct compression 



vi 

stimulator by which mechanical stimulation of cartilage constructs was made 

possible. 

Thanks also go to Mr. Bryan DiCarlo for his expertise in biochemistry, Dr. 

Mark Sweigart, Dr. Adrian Shieh, Dr. Gwendolyn Hoben, and Dr. Deirdre Johns 

for their support and assistance through many brainstorming sessions, Dr. Scott 

Baggett, Dr. Kyle Allen, and Dr. Eugene Koay for their willingness to discuss 

statistical conundrums, as well as the other members of the Musculoskeletal 

Bioengineering Laboratory for their continual flow of ideas and support 

throughout this process. 

A special thanks goes to the students with whom I have worked during the 

course of this thesis. Thanks to Jeff Dietrich for his hard work, determination, 

and dependability; the morphological characterization would not have happened 

without him. Thanks to Catie Reynolds for her intelligence, laughter, and 

contributions toward the optimization of construct seeding density. It was a true 

pleasure to watch a future researcher in the making. 

I would also like to acknowledge Dr. John Schroeter for his support of 

underfunded science, true care of graduate students, and undying devotion to 

the vision of Valhalla. His eternal energy, positive spirit, and selfless attitude 

have had a profound effect on me. I will always remember those multi-colored 

Converse All-stars! Many people are indebted to John and though he is gone, 

will never be forgotten. 

I would also like to thank my committee members - Drs. Athanasiou, 

Gustin, and Liebschner - for their guidance and mentorship along this arduous 



vii 

journey. A very special thanks goes to Dr. Kyriacos Athanasiou, my advisor, for 

unwavering support, encouragement, and guidance that has truly made this work 

possible. I have learned much from his leadership of this laboratory and without 

his insistence upon an open, collegiate environment in which to work, this 

experience could not have been as positive and rewarding as it has been. 

Additionally, I would like to acknowledge the students of Hanszen College 

along with Dr. Wesley and Barbara Morris, Henny Halliburton, and Joyce Bald 

(the "H-team"). The students of Hanszen, both past and present, have been a 

stabilizing part of my graduate tenure and it is with extreme pleasure that I have 

had the opportunity to serve as your Resident Associate for the past 2 14 years. I 

hope you know how much of an impact you have had on me. The H-team has 

continuously been a rock of support and I thank each of you very much. 

Finally, I would like to thank my friends and family who have offered their 

continual support in all of my endeavors. I would especially like to thank my 

fiancee, Dr. Sally Merryman, for her eternal love and support, listening ear, 

encouragement, and for keeping me grounded during both successes and 

failures throughout the ride that is graduate school. Thank you also to my 

parents, Doug and Suzy Revell, and to my brother and sister-in-law, Carson and 

Amanda Revell, for being involved in this process from afar. I truly could not 

have done this without the love, support, and encouragement that you all have 

always given to me. 



Table of Contents 

Abstract ii 

Acknowledgements v 

Table of Contents viii 

List of Tables xii 

List of Figures xiii 

Introduction 1 

Chapter 1: Success rates and immunologic responses of autogenic, 
allogenic, and xenogenic treatments to repair articular cartilage defects 7 

Abstract 7 
Introduction 8 
Autogenic 10 

Autografts 10 
Autologous chondrocyte implantation 13 
Tissue engineered constructs 19 
Mesenchymal stem cells 21 

Allogenic 24 
Allografts 24 
Chondrocyte implantation 30 
Tissue engineered constructs 31 

Xenogenic 39 
Discussion 43 

Chapter 2: Characterization of fibroblast morphology on bioactive surfaces 
using vertical scanning interferometry 52 

Abstract 52 
Introduction 53 
Materials and methods 57 

Protein Coatings 57 
Fibroblast seeding 58 
Vertical scanning interferometry 59 
Coated surface characterization 60 
Cell height, surface area, and volume measurement 61 
Scanning electron microscopy 62 
Statistics 62 

Results 62 
Height map 62 
Coating thickness 63 
Fibroblast heights 64 
Surface area-volume ratio 65 



ix 

Scanning electron microscopy 66 
Discussion 66 

Chapter 3: Defined medium for the self-assembling process: Enhancing 
functionality of tissue engineered articular cartilage 82 

Abstract 82 
Introduction 83 
Materials and methods 85 

Chondrocyte isolation and seeding 85 
Media formulations 86 
Chondrocyte self-assembly 86 
Histology 87 
Quantitative biochemistry 87 
Creep indentation analysis 88 
Statistical analysis 88 

Results 89 
Gross morphology and histology 89 
Quantitative biochemistry 90 
Biomechanical evaluation 91 

Discussion 92 

Chapter 4: Temporal culture effects for tissue engineering articular 
cartilage in self-assembly: a long-term study 104 

Abstract 104 
Introduction 105 
Materials and methods 107 

Chondrocyte isolation 107 
Chondrocyte self-assembly 108 
Histology 709 
Quantitative biochemistry 109 
Creep indentation 110 
Statistical analysis 110 

Results 111 
Gross morphology and histology 777 
Quantitative biochemistry 772 
Biomechanical evaluation 773 

Discussion 114 

Chapter 5: Seeding density optimization in self assembly of articular 
cartilage 125 

Abstract 125 
Introduction 126 
Materials and methods 129 

Chondrocyte isolation and seeding 729 
Chondrocyte self-assembly 729 
Histology 730 
Quantitative biochemistry 737 



X 

Creep indentation analysis 131 
Statistical analysis 132 

Results 132 
Study 1: Lowest seeding density identification 132 
Study 2: Expanded seeding density investigation 133 

Gross appearance and histology 133 
Quantitative biochemistry 134 
Biomechanical evaluation 136 

Discussion 136 

Chapter 6: The effects of TGF-P3 dosing regimen on developing self-
assembled articular cartilage constructs 145 

Abstract 145 
Introduction 146 
Materials and methods 147 

Experimental design 147 
Chondrocyte isolation 148 
Chondrocyte self-assembly 148 
Histology 149 
Quantitative biochemistry 149 
Creep indentation analysis 150 
Statistical analysis 151 

Results 151 
Gross morphology and histology 151 
Quantitative biochemistry 752 
Biomechanical evaluation 753 

Discussion 154 

Chapter 7: Chondroitinase ABC treatment results in increased tensile 
properties of self-assembled tissue engineered articular cartilage 162 

Abstract 162 
Introduction 163 
Materials and methods 165 

Chondrocyte isolation, self-assembly, and culture 7 65 
Gross morphology, histology, and immunohistochemistry 7 66 
Biochemical analysis 767 
Creep indentation testing 768 
Tensile testing 769 
Statistical analysis 769 

Results 169 
Gross characteristics 769 
Histology and IHC 770 
Total collagen and collagen type IIELISA 770 
Biomechanics 777 

Discussion 172 



XI 

Chapter 8: Direct compression enhances functional biochemical and 
biomechanical properties of self-assembled articular cartilage constructs 

181 
Abstract 181 
Introduction 182 
Materials and methods 184 

Chondrocyte isolation 184 
Chondrocyte self-assembly 184 
Mechanical loading protocol 185 
Histology 187 
Quantitative biochemistry 187 
Creep indentation analysis 187 
Tensile testing 188 
Statistical analysis 188 

Results 189 
Gross morphology and histology 189 
Quantitative biochemistry 190 
Biomechanical evaluation 192 

Discussion 194 

Conclusions 208 

Synopsis of major findings 217 

References 219 

Appendix 250 



List of Tables 

Table 1-1: Outcomes of clinical osteochondral allograft procedures 48 
Table 1-11: Tissue engineered transplants with allogenic chondrocytes 49 
Table 1-111: Limitations associated with current cartilage repair techniques 50 
Table 2-I: Coating thickness for each treatment 74 
Table 3-I: Gross morphological properties 99 
Table 4-I: Gross morphological properties 120 
Table 6-I: Gross morphological properties 157 



List of Figures 

Figure 1-1: Successful approaches to articular cartilage defect repair 51 
Figure 2-1: Height map visualization 75 
Figure 2-2: Fibroblast visualization 76 
Figure 2-3: Depiction of z-axis exaggeration 77 
Figure 2-4: Cell peak height data 78 
Figure 2-5: Surface area-volume ratio data 79 
Figure 2-6: Visualization of glass and tissue culture plastic 80 
Figure 2-7: Scanning electron micrographs 81 
Figure 3-1: Gross morphology and histology 100 
Figure 3-2: Extracellular matrix production 101 
Figure 3-3: Collagen type II production 102 
Figure 3-4: Biomechanical properties 103 
Figure 4-1: Gross morphology and histology 121 
Figure 4-2: Biochemical properties 122 
Figure 4-3: Collagen type II production 123 
Figure 4-4: Aggregate modulus 124 
Figure 5-1: Pilot study morphology 141 
Figure 5-2: Gross morphology and histology 142 
Figure 5-3: Biochemical properties 143 
Figure 5-4: Aggregate modulus 144 
Figure 6-1: Gross morphology and histology 158 
Figure 6-2: Biochemical properties 159 
Figure 6-3: Collagen type II production 160 
Figure 6-4: Aggregate modulus 161 
Figure 7-1: Gross morphology and histology 177 
Figure 7-2: Collagen production 178 
Figure 7-3: Compressive properties 179 
Figure 7-4: Tensile properties 180 
Figure 8-1: Gross morphology and histology 202 
Figure 8-2: GAG per construct 203 
Figure 8-3: GAG per wet weight 204 
Figure 8-4: Construct cellularity 205 
Figure 8-5: Aggregate modulus 206 
Figure 8-6: Ultimate tensile strength 207 



1 

Introduction 

Articular cartilage is a specialized form of hyaline cartilage that covers the 

articulating ends of bones and serves as a lubricating, wear resistant, friction-

reducing surface that evenly distributes forces. Upon injury, articular cartilage is 

not able to restore itself naturally to a functional state. The formation of 

mechanically inferior tissue occurs in the place of previous healthy tissue and a 

cascade leading to osteoarthritis can occur. This intrinsic inability to self-repair, 

coupled with a scarcity of native tissue to be used for transplantation, has led to 

an interest in utilizing alternate cell therapies and tissue engineering strategies to 

aid in tissue restoration. The crux of a successful tissue engineering approach, 

however, is to produce neotissue with biochemical and biomechanical 

functionality mirroring that of native tissue. As such, the overall objectives and 

specific aims of this project were developed with this ultimate goal in mind and 

were based upon tissue engineering strategies of the Musculoskeletal 

Bioengineering Laboratory at Rice University. 

The two distinct objectives of this thesis are a) to investigate the potential 

use of dermal fibroblasts as an alternative cell source and b) to increase the 

translatability and functionality of a novel self-assembling method developed in 

our laboratory toward in vitro tissue engineering of articular cartilage. In the first 

objective, the ability of various bioactive surfaces to affect fibroblast morphology 

is assessed for use as an alternative for chondrocytes in future cartilage tissue 

engineering methodologies. In the second objective, it is aimed to increase the 
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functional characteristics of engineered neocartilage constructs toward native 

values while also enhancing the translatability of the self-assembling process. 

The governing hypotheses of this thesis motivated by these objectives are: 1) 

fibroblast morphology can be altered toward a more chondrocyte morphology 

through seeding on cartilage-specific proteins; and 2) the self-assembling 

process can be optimized with proper biochemical and biomechanical stimuli to 

produce constructs with functional properties approaching those of native 

cartilage. Three specific aims were employed to test this overall hypothesis: 

1) To determine optimal surface coating conditions for chondro-

induction of fibroblasts. The work of this aim seeks to utilize vertical 

scanning interferometry to analyze fibroblast-seeded surfaces that have 

been modified with different cartilage-specific surface coatings. Within this 

aim are several defined goals. First, changes in surface topography are 

assessed following coating with cartilage-specific proteins (aggrecan, 

decorin, and collagen type II). This is achieved by image capture with 

vertical scanning interferometry, which allows for the assessment of 

nanometer scale changes in surface topography. Second, differences in 

fibroblast morphology, after seeding upon these modified surfaces, are 

investigated and compared to chondrocyte morphology. This is 

accomplished via determination of cell height, surface area, and volume 

measurements obtained through interferometry. The hypothesis of this 

aim is that fibroblasts seeded on aggrecan-modified surfaces will be the 

most chondrocyte in morphology. 
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2) To further develop the self-assembling process toward enhanced 

translatability. This aim seeks to optimize various parameters of the self-

assembling process toward future in vivo studies. First, an investigation 

into reducing the amount of fetal bovine serum (FBS) contained in the 

culture medium is pursued. This is accomplished by examining the 

biochemical and biomechanical properties of self-assembled constructs 

following culture in various serum-containing media in addition to a 

defined, serum-free medium. Second, an optimal culture time is selected. 

This is achieved by assessing functional properties of self-assembled 

constructs from 2 wks out to 24 wks in culture. Third, an optimal seeding 

density is identified. Construct properties are assessed over a range of 

seeding densities to identify the lowest possible seeding density to form 

functional cartilage constructs. The hypotheses of this aim are that 1) a 

serum-free medium formulation can be identified that will produce 

functional properties of engineered constructs on par with serum-

containing media, 2) an optimal culture time and seeding density will be 

identified that will reduce the need for long-term culture and reduce the 

cell requirement of the self-assembling process. 

3) To enhance the functionality of self-assembled tissue engineered 

articular cartilage. The objective of this aim is to enhance the 

functionality of self-assembled cartilage constructs through the application 

of exogenous biochemical and biomechanical stimuli during construct 

development. First, effects of biochemical stimuli are examined. This is 
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achieved by examining construct functionality after exposure to 

transforming growth factor-beta 3 (TGF-(33) and Chondroitinase ABC (C-

ABC). Second, effects of direct compression are examined. This is 

accomplished by stimulating developing constructs to a range of 

compressive regimens and determining their immediate and delayed 

effects on construct functional properties. The hypothesis of this aim is 

that the application of exogenous biochemical and biomechanical stimuli 

to developing constructs will result in enhanced functionality. 

Chapter 1 sets out to define current treatments available for the repair of 

articular cartilage defects and illustrates the need for improved treatment 

modalities, while chapters 2 through 8 focus on experiments designed to fulfill the 

previously defined aims and progress the field of cartilage tissue engineering. 

Chapter 1 is a review of clinical and experimental approaches to articular 

cartilage defect repair, specifically focusing on the rates of successful tissue 

repair and the immunologic responses associated with each approach. This 

review especially highlights recent literature that allows for the consideration of 

allogenic and xenogenic tissue grafts and tissue engineered constructs in 

successful defect treatment. This first chapter serves as motivation for the 

investigation into multiple tissue engineering strategies to address the problems 

associated with current articular cartilage repair techniques. 

Chapter 2 describes work toward completion of Specific Aim 1. Within this 

chapter, dermal fibroblasts are investigated for their potential to solve the 

problem in cartilage tissue engineering of tissue donor scarcity. Vertical 



5 

scanning interferometry and scanning electron microscopy are utilized to assess 

the change in fibroblast morphology imparted after seeding upon cartilage-

specific matrix proteins. The effects of several matrix proteins, including 

aggrecan, decorin, and collagen type II, and the application techniques of these 

proteins, including static drying, airbrush, and painting, are assessed in their 

ability to alter fibroblast morphology including cell height, surface area, and 

volume. 

Chapters 3, 4, and 5 present work conducted toward the completion of 

Specific Aim 2. These chapters focus on improving upon the cartilage self-

assembling process, developed in our laboratory, specifically toward 

translatability. Chapter 3 begins by investigating the effects of FBS on functional 

properties of tissue engineered constructs and attempting to reduce the amount 

of serum contained in culture medium, so as to reduce the possibility of future 

immunologic and inflammatory reactions. Based upon construct functional 

properties, a culture medium is selected from this work and is carried forward in 

all subsequent tissue engineering studies. Chapter 4 investigates the temporal 

changes in self-assembled constructs during culture to identify an optimal time of 

in vitro culture and to identify an intervention window for the application of 

exogenous stimulation for Specific Aim 3. This work is extended by examining 

the development of tissue engineered constructs compared with native cartilage 

development, with specific emphasis on relative collagen types, chondroitin 

sulfate types, and mechanisms of cellular aggregation during early stages of 

neotissue development (Appendix). Chapter 5 examines the seeding density 
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necessary for the production of functional cartilage constructs. As a large 

number of cells are currently required in the self-assembling process, this 

optimization is performed to reduce cell requirements without compromising 

essential tissue properties. 

Chapters 6, 7, and 8 discuss work conducted toward the completion of 

Specific Aim 3. The focus of these chapters is on the functional enhancement of 

cartilage constructs through the application of exogenous biochemical and 

biomechanical stimuli. Chapter 6 investigates the potential of TGF-(33 as a 

biochemical stimulus capable of enhancing functional biochemical and 

biomechanical properties through application in two dosage frequencies. 

Chapter 7 examines the ability of C-ABC to enhance tensile properties of 

cartilage constructs by altering the biochemical environment and growth 

mechanism of developing constructs. Chapter 8 then describes the application 

of direct compression as a means of imparting a mechanotranductive increase in 

matrix production and biomechanical properties of tissue engineered articular 

cartilage constructs. 
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Chapter 1: Success rates and immunologic responses 
of autogenic, allogenic, and xenogenic treatments to 

repair articular cartilage defects* 

Abstract 

This review examines current approaches available for articular cartilage 

repair, not only in terms of their regeneration potential, but also as a function of 

immunologic response. Autogenic repair techniques, including osteochondral 

plug transplantation, chondrocyte implantation, and microfracture, are the most 

widely accepted clinical treatment options due to the lack of immunogenic 

reactions, but only moderate graft success rates have been reported. Although 

suspended allogenic chondrocytes are shown to evoke an immune response 

upon implantation, allogenic osteochondral plugs and tissue engineered grafts 

using allogenic chondrocytes exhibit a tolerable immunogenic response. 

Additionally, these repair techniques produce neotissue on par with currently 

available autogenic repair techniques, while simultaneously obviating their major 

hindrance of donor tissue scarcity. To date, limited research has been performed 

with xenogenic tissue, although several studies demonstrate the potential for its 

long-term success. This article focuses on the various treatment options for 

cartilage repair and their associated success rates and immunologic responses. 

Chapter submitted to Tissue Eng, Part B as Revell CM and Athanasiou KA, "Success rates and 
immunologic responses of autogenic, allogenic, and xenogenic treatments to repair articular 
cartilage defects," March 2008. 
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Introduction 

Articular cartilage degeneration onset by either acute traumatic injury or a 

degenerative joint disease such as osteoarthritis results in the formation of 

unhealthy tissue with inferior structural and mechanical properties.35 Hyaline 

articular cartilage is a differentiated tissue distinct from most tissues because of 

its vascular deficiency and has only limited self regenerative ability.207,250 This 

ability to self-repair has been shown to be somewhat modulated by the size, 

location, and depth of cartilage lesions.199 Pure chondral lesions which do not 

penetrate the underlying subchondral bone have been shown unable to self-

repair spontaneously while full-thickness defects have been shown to undergo 

only a transient healing response.142,199 Analogously, some researchers believe 

cartilage lesions less than 3 mm in diameter self-repair with hyaline-like 

cartilage.127,129,204 In contrast, it is widely accepted that larger defects are 

replaced with fibrous cartilage possessing different structure and composition 

compared to normal cartilage with accompanying inferior mechanical 

properties.55,144 

Numerous strategies have been employed to repair cartilage defects with 

an end goal of filling the defect with tissue having biochemical and biomechanical 

properties approximating surrounding native tissue. Such clinical and 

experimental efforts include subchondral drilling (e.g., microfracture technique),24 

osteochondral graft transplantation,9,37,130,200,213,298 suspended chondrocyte 

implantation,33,256 and tissue engineered grafting.85,97,151 A number of studies 

have investigated these treatment options and varying degrees of efficacy and 
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immune responses in clinical trials and in vivo animal experiments have been 

reported. Though several methodological variations may be attributed to these 

differences, controversy and uncertainty remain with respect to the best available 

treatment option. 

Articular cartilage's avascularity has led to an assertion that the tissue is 

immuno-privileged, whereby a body's immune system is limited in its ability to 

detect and reject implanted tissue. However, many researchers have shown that 

both chondrocytes and their embedded extracellular matrix (ECM) contain 

antigens that can be immunogenic.25,217 Chondrocytes have been found to 

contain major histocompatibility complex (MHC) class II antigens, which during 

transplantation could react with T-cells and elicit a cell-mediated immune 

response.169,256 Additionally, chondrocytes are known to be susceptible to attack 

by natural killer cells.192,194,327 Additionally, various components of the matrix 

itself have been shown to have antigenic properties including collagens type II, 

IX, and XI and proteoglycan core proteins.36,65,107,288,325 However, when cartilage 

tissue is intact, chondrocytes are protected and separated from contact with both 

natural killer and T-cells by the ECM. Thus, an efferent and afferent block to the 

immune system is believed to impart the immuno-privileged nature of intact 

cartilage.25 

The objective of this review is to illustrate the vast array of articular 

cartilage repair techniques, both clinical and experimental, and their respective 

immunological, histological, biochemical, and biomechanical efficacies and 

responses. This review includes a description of autogenic, allogenic, and 
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xenogenic approaches to tissue repair and tissue repair strategies available for 

each tissue source (Fig. 1-1). Throughout this review, the term autogenic and 

autologous are used interchangeably to denote tissue originating from the same 

individual. Additionally, cartilage defects are defined as follows: 1) a partial-

thickness cartilage defect is a defect that does not fully penetrate through the 

cartilage layer, 2) a full-thickness defect penetrates through the entire cartilage 

thickness but not into the underlying subchondral bone, and 3) an osteochondral 

defect penetrates through the entire cartilage thickness and into the underlying 

bone. 

Autogenic 

Autogenic tissue has been used to repair cartilage defects using several 

techniques. Such tissue transplantation options include osteochondral plug 

transplantation and single cell suspensions of either terminally-differentiated 

chondrocytes or undifferentiated bone marrow-derived mesenchymal stem cells 

(MSCs). Though these techniques afford repair advantages insofar as the lack 

of disease transmission or elicitation of an immune response, severe limitations 

exist, such as tissue scarcity and requirement of additional invasive surgeries 

that lead to donor site morbidity, thus preventing their widespread usage. 

Autografts 

Osteochondral autografts used experimentally and clinically in the repair 

of damaged articular cartilage have historically been harvested from non-weight 
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bearing locations and transplanted into defect sites. One clinical study monitored 

13 patients who received autografts for treatment of osteochondral defects.200 Of 

the 13 patients examined in this long-term (mean follow-up of 61.5 months) 

study, 12 reported satisfactory clinical results, as defined by resumption of 

normal pre-injury activity levels. In one case, however, the defect repair was 

rated as poor. Additionally, radiographic evaluation of the autografts revealed 

good graft-host integration at the subchondral bone interface. Though the 

authors suggested the results are encouraging and that this technique is reliable, 

the major drawbacks make this technique a last-resort solution when other 

techniques are too complex or prove inadequate. 

Several approaches to circumvent the limitations of donor tissue 

availability required to fill large osteochondral defects have been implemented. 

Recently, a 6 mm diameter autologous osteochondral plug was transplanted into 

a 10 mm diameter defect in an adult sheep model to assess the ability of large 

lesions to be treated using a plug not completely filling the defect.37 

Morphological and histological scoring 6 and 12 months post-transplant 

demonstrated the small plug's superior ability to regenerate tissue ingrowth 

compared to untreated defects or defects treated solely with an autologous 

cancellous bone graft. The undersized transplant contributed to a more uniform 

contour of the repaired condyle, but adversely contributed to a fibrocartilage 

interface with surrounding tissue. This could be attributed to the lack of contact 

between graft and surrounding native cartilage, which causes additional stresses 

to be imparted to an undersized graft upon weight bearing. 
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Similar treatment options that have been employed to thwart issues of 

contour nonuniformity and tissue scarcity involve tissue mosaicplasty. 

Autologous chondrocyte mosaicplasty involves the use of multiple, small-sized 

cylindrical osteochondral grafts harvested from non-weight bearing areas 

transplanted in a mosaic-like fashion into a large osteochondral defect.128 

Advantages of this procedure include the survival of transplanted tissue, better 

repair of donor sites, as smaller donor sites are thought to be more capable of a 

natural healing response, and a smoother, flowing contour imparted to the 

transplantation site. Hangody et al.128'130 reviewed various studies comparing 

mosaicplasty to other cartilage resurfacing techniques including Pridie drilling, 

abrasion arthroplasty, and microfracture repair. These studies, involving 413 

human patients, report that after three, four, and five years, mosaicplasty 

provided significantly better clinical results than each of the other repair 

techniques. Clinical trials have shown the effectiveness of this technique in 

comparison to autologous chondrocyte implantation.71 Evaluation of patients 

revealed that a complete clinical recovery, as assessed by the Lysholm Knee 

Scoring Scale,191 was detected in 88% of patients treated with mosaicplasty 

while only a 68% success rate was seen in patients with autologous chondrocyte 

implantation. This technique has shown marked improvement in smoother 

contours matching surrounding tissue, but requires more surgical sites and better 

technical dexterity than a single, osteochondral autograft. Long-term 

examination of the mosaicplasty technique revealed good-excellent scores for 

resurfacing treatment of the femoral condyle (92%), tibia (87%), patella and/or 
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trochlea (79%), and talus (94%).287 However, morbidity was observed in 3% of 

donor sites, which were consistently filled with fibrocartilage in all patients of the 

study. Though it has been postulated that small cartilage defects can self-repair 

with hyaline-like cartilage, the intentional removal of healthy native tissue could 

be a long-term concern for this technique as fibrocartilage tissue possesses 

inferior properties that can degenerate into a permanent defect. 

Autologous chondrocyte implantation 

First described by Peterson et al. in 1984,242 autologous chondrocyte 

implantation (ACI) is a widely-used repair technique in both the United States 

and Europe. Known as the Carticel® procedure by Genzyme Corporation, it was 

the first cell-based articular cartilage repair technique to be granted approval by 

the United States Food and Drug Administration (FDA) for clinical use in the 

U.S.324 ACI is a repair technique that harvests thin slices of cartilage from minor 

weight bearing areas of the knee arthroscopically. Chondrocytes are 

subsequently obtained through enzymatic digestion and expanded in vitro in 

monolayer culture for several weeks to provide a sufficient number of cells to fill 

an articular cartilage defect. Following culture, chondrocytes are suspended in 

media, implanted into the cartilage defect, and covered by a periosteal patch.31 

Though this is an attractive treatment due to the chondrocytes being autologous 

in nature as no immune responses have been reported in ACI treatment of focal 

defects in either animal or clinical usage, its success remains inconclusive. 

Clinical use of ACI began in 1987 in Sweden and has been described 

extensively in several reports.31,33,106,198 In the first clinical study evaluating the 
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ACI procedure, 101 patients with varying degrees of clinical problems were 

treated, including single femoral condylar lesions, multiple condylar lesions, and 

patellar lesions with anterior cruciate ligament reconstruction.243 ACI resulted in 

clinical scores of good to excellent based on the Brittberg Clinical Score30 in 92% 

of repaired isolated condylar lesions on the femur. This scale includes depth of 

defect repair, integration with surrounding tissue, and macroscopic appearance 

as parameters for repair assessment. Additionally, 56% of patients showed 

successful filling of repair tissue associated with good adherence to both 

underlying bone and adjacent cartilage tissue. In a more recent clinical study, 61 

patients received ACI treatment for femoral condylar lesions, and progress was 

monitored over 11 years post-treatment.244 Results showed that 89% of patients 

scored a good or excellent clinical score after 2 years and grafts were 100% 

durable during the remaining 9 years. Furthermore, mechanical assessment of 

repair tissue 5 years post-implantation indicated indentation stiffness values 

measuring 90% of the surrounding native tissue and 66% of graft biopsy samples 

were consistent with hyaline tissue. Here, mechanical properties were assessed 

with an electromechanical indentation probe under arthroscopy. A similar study 

assessed mechanical integrity of ACI grafts in 30 patients and found indentation 

stiffness reached 62% of the surrounding native tissue.295 However, only 53% of 

patients graded their repair as good or excellent 1 year post-treatment. MRI 

results showed proteoglycan replenishment, but the lower stiffness values 

indicated fibrous tissue repair, suggesting the conflicting appropriateness of 

various endpoint analyses. The versatility of the ACI technique was 
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demonstrated by repairing trochlear lesions in addition to condylar lesions, where 

in a multi-center study, 40 patients received ACI treatment for a single trochlear 

lesion.197 At the conclusion of the 5 year study, none of the grafts had failed and 

patients reported improvement in overall joint condition coupled with lower pain 

and swelling scores. 

In spite of its success, the ACI technique is not without its 

skeptics.115,143,166 Horas et al.134 compared ACI with autologous osteochondral 

graft transplantation in 40 patients monitored over a 2 year period. At the 

conclusion of the clinical trial, tissue recovery with chondrocyte implantation 

occurred at a slower rate than osteochondral transplantation. Additionally, 

biopsy specimens of chondrocyte implantation grafts consisted primarily of 

fibrocartilage with small, localized hyaline-like regions near the subchondral 

bone. These repair tissues were in stark contrast to the homogeneous hyaline 

appearance of transplanted osteochondral grafts. Another study compared ACI 

with microfracture surgery for treatment of a single femoral condyle defect on 80 

patients.161 At 2 years post-treatment, only one failure was observed for 

microfracture treatment and two failures for ACI. However, neither graft 

remained stable whereby nine failures occurred in each treatment 5 years post

operatively. Further investigation into matrix repair following ACI treatment 

revealed that 10-15 months after treatment, repair tissue underwent proteoglycan 

replenishment but lacked the preferential collagen alignment seen in normal 

cartilage essential to maintaining the tissue's functional mechanical properties.166 

Finally, a recent study reviewed adverse events involving 294 patients who 
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received the Carticel® procedure between 1996 and 2003.324 In this report, the 

most common adverse events reported were graft: failure (25%), graft 

delamination (22%), and tissue hypertrophy (18%), occurring at a median time 

point of 240 days. These data agree with previous reports of adverse events 

occurring in approximately 3.5% of administered Carticel® procedures,101 as 285 

of the adverse events studied occurred in an overall population of 7500 

operations (3.8%).324 

Chondrocyte implantation has also been studied extensively in many 

animal models with varying rates of success. In rabbits, expanded autologous 

chondrocytes were implanted into full-thickness patellar defects.32,113 At 52 

weeks post-transplantation, tissue morphology and histological staining showed 

graft tissue resembling hyaline cartilage. In dogs, however, long-term studies of 

this procedure showed that degenerative changes at the implant site contributed 

to limited success compared to untreated defects.28,29 A horse model was also 

employed to investigate the ACI procedure in a well-accepted experimental 

model for human-sized cartilage defects.185 One and two year post-treatment 

assessments demonstrated that defects were completely filled with matrix that 

exhibited enhanced presence of collagen type II and sulfated 

glycosaminoglycans (GAGs). Moreover, repaired tissue integrated extremely 

well with surrounding tissue and exhibited signs of enhanced matrix maturation. 

The use of a periosteal flap to cover implanted chondrocytes has both 

biological and logistical advantages and disadvantages. Biologically, the 

periosteum is known to contain cambium cells known to possess chondrogenic 
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factors and believed to impart a degree of healing in the ACI technique.33 

However, this stimulatory effect might be restricted to treatment in younger 

patients as the chondrogenic potential of the periosteum has been shown to 

decrease substantially with age.231 Additionally, periosteum use has shown a 

propensity to impart hypertrophy in smaller joints.33 These disadvantages have 

led researchers to begin modifying the ACI procedure with biomaterials in lieu of 

the periosteum to both secure the implanted cells in the defect site and 

potentially enhance their chondrogenic potential. Bartlett et al.20 studied 

variations of the original periosteum-cover technique of ACI, instead using a 

porcine-derived type l/type III collagen as a cover as well as ACI combined with a 

collagen bilayer scaffold. Both treatments showed improved clinical scores 1 

year post-operatively accompanied by hyaline-like cartilage or hyaline-like 

cartilage accompanied by fibrocartilage in biopsies of 44% of the collagen-

covered grafts and 36% of the bilayer constructs. Another recent study 

evaluated equine chondrocytes seeded onto a collagen membrane that were 

confined to the defect with absorbable staples in lieu of the periosteal flap.95 

Histological and immunohistochemical staining revealed increased collagen type 

II and aggrecan compared to controls with minimal inflammatory cell infiltration 

18 months post-operatively. 

Other researchers have turned to incorporating scaffold materials to serve 

as a delivery system. One such study employed ACI combined with a gelatin 

bead/collagen type I gel delivery system in 4 month old mini-pigs out to 6 months 

post-surgery.51 Results indicated that combining chondrocytes with this delivery 
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system outperformed traditional implantation methods with regard to cartilage-

specific matrix production (collagen type II), cell distribution within the graft, 

characteristic chondrocyte morphology, and the absence of bone mineralization. 

Tensile stress-relaxation assessments, however, revealed significantly weaker 

neocartilage formation with this delivery system compared to both repair tissue 

from suspended chondrocytes and native cartilage, indicating more than just 

matrix content quantification is required to adequately assess graft performance. 

In a separate goat model, ACI combined either with hyaluronic acid or with press-

fit osteochondral plugs resulted in repair tissue that possessed inferior stiffness 

values compared to native articular cartilage 8 months after treatment.103 While 

some of these improvements to ACI are technically attractive in addressing 

logistical and biological concerns associated with this treatment, further long-term 

studies are required before such techniques are widely adopted as preferred 

treatment options. 

The apparent large variability and disparity displayed in ACI treatment 

studies can possibly be explained by several limitations in study designs that 

have been well documented to influence treatment outcomes. These include the 

use of controlled rehabilitation regimens,125,251 patient age,104 joint alignment 

post-operatively,243 and surgical history.214 It is also worth noting that most 

clinical trials have used the original techniques of Peterson and Brittberg31,242 

employing the patient's own serum as part of the culture medium for expansion 

of chondrocytes in the ACI procedure. However, the Carticel® procedure utilizes 

fetal bovine serum in lieu of the patient's own serum for chondrocyte proliferation. 
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Genzyme Corp. reports that trace amounts of bovine-derived proteins may be 

present in the Carticel® product and that this procedure should not be employed 

in patients with a hypersensitivity to materials of bovine origin.102 In animal 

studies, there are no consistencies in serum usage between studies as some 

utilize autologous serum, while others use bovine-derived serum. In future ACI 

studies, as well as for all in vivo cartilage repair studies, physicians should 

control these design factors as they have major influences on graft success and 

can severely impact the implicit power of study conclusions. 

Tissue engineered constructs 

Expanded autologous chondrocytes have also shown an ability to repair 

cartilage defects when combined with scaffolds in in vivo animal studies.66'147 

Jiang et al.151 utilized autologous porcine chondrocytes seeded into a biphasic 

scaffold of poly-lactide-co-glycolide (PLGA) and a mixture of PLGA and |3-

tricalcium phosphate for treatment of induced osteochondral defects of the 

femoral condyle of skeletally mature mini-pigs. Six months following 

transplantation, results showed that the autologous cell-seeded biphasic 

construct had significantly higher mean scores for the gross morphological 

grading scale (percent tissue coverage, neocartilage color, visible defect margin, 

and surface smoothness) and histological scoring (surface morphology, matrix 

production, cell distribution, and cell viability) compared with implanted unseeded 

constructs. Furthermore, under creep indentation seeded constructs achieved 

similar stiffness values but larger permeability values compared to native tissue, 

while inferior stiffness and permeability values were reported for unseeded 
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controls. The increased permeability of seeded constructs is representative of 

the inability of matrix to trap fluid within the construct. Therefore, while similar 

equilibrium stiffness is attained, inferior matrix remains compared to native 

tissue. 

Another study implanted polylactic acid (PLA) grafts seeded with 

autogenic perichondrium cells into femoral condyle defects and compared this 

treatment to contralateral unfilled defects.70 One year post-treatment, gross 

morphologic inspection revealed high rates of repair acceptance in both 

treatment and control groups (92% and 88%, respectively) and defects filled with 

stiff cartilaginous tissue similar to the surrounding native tissue. Histological and 

biochemical analyses showed differences in matrix production, with grafted 

defects exhibiting higher Safranin-0 staining, characteristic of higher GAG 

production, and a higher percentage of collagen type II (74%) compared to 

nongrafted controls (22%). Creep compression indicated lower aggregate 

modulus values for both grafted and ungrafted treatment groups compared with 

native tissue. Some of the results indicate autologous perichondrium cell 

implantation as a potential technique for cartilage regeneration, but future studies 

must be pursued to improve the technique and the graft's resulting biochemical 

and biomechanical properties. However, results of the various endpoint analyses 

indicate that one assessment, from gross morphology to histology to biochemical 

and biomechanical evaluation, cannot exist alone in examining graft success. 

Several patented products for cartilage regeneration exist which utilize 

autologous chondrocytes seeded onto various polymer matrices. BioSeed®-C 
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(Biotissue Technologies) is a tissue engineered cartilage graft available for use in 

Europe that is formed by seeding autologous chondrocytes in fibrin and a 

polymer-based scaffold of polylactic/polyglycolic acid (PLGA) and polydioxanone. 

A recent 40 patient, 2 year clinical study reported that the implantation of 

BioSeed®-C into osteochondral defects led to good integration with surrounding 

tissue, significant improvement in clinical scores resulting from the formation of 

both fibrocartilage and hyaline-like cartilage, and improved knee-related quality of 

life.237 NeoCart® (Histogenics, Inc.) is another autogenic implant currently 

undergoing Phase I FDA trials that uses a patient's own chondrocytes seeded in 

a collagen matrix. Neotissue is formed through in vitro culture in a patented, high 

pressure bioreactor and re-implanted into the defect site. Other patented 

autogenic cartilage repair products such as CaReS® (Arthro Kinetics, Inc.), 

Chondrokin® (Orthogen, Inc.), and ChondroCelect® (Tigenix) are used clinically in 

Europe. These three products are all similar to the ACI procedure in that small 

biopsies of healthy tissue are needed in combination with other materials, such 

as a gel-like collagen matrix (CaReS®) or collagen fleece (Chondrokin®), to grow 

replacement tissue. 

Mesenchymal stem cells 

Bone marrow-derived mesenchymal stem cells offer another possible 

solution toward articular cartilage defect repair. In a procedure known as 

microfracture surgery, these pluripotent, autologous cells are believed to be 

recruited to the defect site by making multiple holes in the subchondral bone with 

an arthroscopic awl to elicit the formation of a blood clot and stimulate the body's 
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natural healing cascade.24'105'160'280281'283 After migration and filling of the defect 

site, bone marrow stromal cells differentiate into fibrocartilage cells. Presently, 

this surgical procedure is now the most commonly used clinical treatment of 

articular cartilage condylar lesions,161 with long-term results indicating reduced 

pain and statistically significant improvements in joint function.282 However, 

results of this technique have been mixed as reports suggest neotissue growth 

occurs without collagen type II, and the surrounding matrix can be damaged by 

mesenchymal stem cell expression of nitric oxide synthase.254 Furthermore, 

histological evaluation of failed microfracture surgical grafts show fibroblastic 

cells and fibrocartilaginous tissue formation with a moderate detection of collagen 

type I and only a weak presence of collagen type II and proteoglycans.225 

Despite this procedure's clinical results, its use has been hindered further by the 

plethora of limitations for candidates of microfracture surgery. These limitations 

include partial-thickness defects, axial misalignment in the knee, requirement of a 

rigorous rehabilitation program, an inability to use the opposite leg for weight 

bearing up to 12 weeks post-treatment, and age greater than 45 years.281 

Collectively, microfracture surgery may represent a moderately successful 

cartilage repair technique for a small population of individuals with cartilage 

defects, thereby creating the need for other more widely applicable repair 

techniques with higher success rates. 

Mesenchymal stem cells have also been used in methods similar to the 

ACI procedure. A recent clinical study evaluated the implantation of a collagen 

gel seeded with expanded undifferentiated autologous MSCs into a full-thickness 
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cartilage defect in the medial femoral condyle (20 x 30 mm) of a young, healthy 

athlete.167 Arthroscopy and histological observations revealed hyaline-like tissue 

formation 1 year post-implantation with improved clinical conditions. This 

exciting finding was followed up with another clinical study in which similar 

collagen-MSC constructs were implanted into more complicated full-thickness 

cartilage defects, specifically defects of the patello-femoral groove and patella of 

older patients, with a history of attempted repair procedures.306 Results of this 

study noted that 1 year post-treatment, defects were filled completely but the 

neotissue was fibrocartilaginous in nature. However, clinical symptoms were 

dramatically reduced over the entire observation time course. 

Animal studies have also been performed with autologous MSCs in 

conjunction with biodegradable scaffolds.153,235,329 One noteworthy study by 

Zhou et al.332 investigated the implantation of a PGA/PLA scaffold seeded with 

autologous chondrogenically-differentiated porcine MSCs into non-weight 

bearing osteochondral defects of hybrid pigs. After six months, neotissue 

contained hyaline-like cartilage atop cancellous bone with a compressive 

modulus 80% of native values and GAG composition similar to surrounding 

native tissue. Furthermore, the defect was found to contain implanted MSCs 

present in both the engineered tissue and underlying subchondral bone, 

illustrating the ability of these cells to further differentiate into chondrocytes and 

osteoblasts in an articular cartilage microenvironment. Similar autologous MSC 

results have been demonstrated for cell-seeded collagen gels implanted in a 

rabbit model in which large, full-thickness defects of weight bearing regions of the 
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knee were repaired with hyaline-like cartilage and underlying subchondral 

bone.305 The use of MSCs in this manner has advantages over ACI due to 1) a 

less invasive procedure is required to obtain mesenchymal stem cells compared 

to native chondrocytes, 2) limited or reduced donor site morbidity is associated 

with cell acquisition, 3) only one surgical procedure on the damaged joint is 

required, and 4) mesenchymal stem cells have a greater proliferative capacity 

than chondrocytes.302'304'306 

Allogenic 

Due to the many practical limitations associated with autogenic tissue use 

in cartilage defect repair, investigators have turned to allogenic tissue as a 

possible means to generate successful tissue grafts. It has long been thought 

that the lack of vasculature in articular cartilage contributes to an immunologically 

privileged transplantation site that would allow implantation of cells from various 

sources without the risk of rejection.112 For this reason, allogenic tissue has 

been investigated for use in cartilage defect repair under the hypothesis that 

allogenic grafts can approximate autogenic graft success. Allogenic grafts, then, 

would be preferable due to the need for only one surgical procedure and their 

ready availability to satisfy the growing clinical demand. 

Allografts 

Osteochondral allograft transplantation is similar to the autologous 

approach in that it involves transplanting a bilayer bone-cartilage graft, but here 
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the tissue is of cadaveric origin. The superficial layer of the graft is composed of 

healthy, mature hyaline articular cartilage possessing viable chondrocytes that 

have survived tissue harvest and preparation which remain embedded in the 

accompanying collagen and proteoglycan matrix.112,131 The second part of this 

composite graft is nonliving underlying subchondral bone, which acts as a 

support structure for the cartilage. The implanted bilayer graft can be customized 

to be depth-, size-, and location-specific to treat individual defects and must be 

tailored by surgeons to allow a tight press-fit. 

Clinical results of osteochondral allograft transplantation have 

demonstrated a high success rate (60% - 95%) as defined by graft survival and 

good to excellent patient evaluations (Table 1-1). In early clinical trials examining 

the usefulness of fresh osteochondral allografts, Meyers et al.213 reported a 

clinical success rate of 78% in 40 osteochondral allograft transplantations at 

various locations within the knee (range 2 - 1 0 years). Success was defined by 

a lack of joint pain, unlimited joint function, and large joint range of motion. 

Although this treatment was successful for a variety of cartilage defect indications 

such as lesions of the femoral condyle and osteochondritis dissecans, the 

authors found that patients with unicompartmental traumatic arthritis had a 

success rate of only 30%. Other clinical trials demonstrated that allograft 

implantation was unsuitable for both bipolar lesion repairs, with 50% of grafts 

failing 6 years following treatment compared to an 84% success rate for unipolar 

grafts.52,333 Here, a bipolar graft is defined as the transplantation of tissue on 

both articulating surfaces within a joint compartment (e.g., resurfacing the patella 
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and trochlea). Long-term follow-ups of patients receiving fresh osteochondral 

allografts revealed allograft survival rates of 95%, 80%, and 65% at 5, 10, and 15 

years, respectively. While a considerable number of these patients also 

underwent concurrent treatments including meniscus allografting, these 

additional procedures were not found to have significant effects on failure rates of 

allografts.119 Similarly, allograft survival rates of 75%, 64%, and 63% have been 

reported in large allograft studies at 5, 10, and 14 years, respectively, following 

transplantation and that the failure rate of allografts was increased in bipolar 

lesions as well as older patients (age 60 years and above).22 Smaller clinical 

assessments of fresh osteochondral allografts have revealed similar positive 

results over a relatively short assessment time. A 2 year study of 17 patients and 

a separate 12 patient study lasting 5 years had similar clinical results whereby 

successful grafts were reported in 71% and 67% of patients, respectively.56 

Analogously, a 20 patient study revealed 75% of transplanted allografts resulted 

in good to excellent scores and minimal arthrosis out to 7 years.150 While 

allografting of condylar lesions has met with fair success, it has shown to be a 

salvage operation aimed at young, active patients with isolated patellofemoral 

articular cartilage disease in whom previous procedures have failed. 

Due to limited availability of fresh cadaveric tissue, several clinical studies 

have been performed assessing the efficacy and viability of frozen and 

cryopreserved osteochondral allografts.18,62,82,94 In one study, 70% of patients 

reported good to excellent results with no infections or wound complications 

present in any of the frozen transplants after a mean follow-up time of 4 years.82 
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In another clinical study, good to excellent scoring of allografts was reported in 

67% of patients receiving cryoprotected-cryopreserved allografts, which had 

been stored at -100°C immediately after harvest until transplantation. As 

observed in other studies, grafts with poor and fair ratings were observed in 

patients above 45 years old or with bipolar allografts.18 Frozen allografts offer 

many advantages over fresh allografts including greater tissue availability, a 

longer time period for infectious disease testing, easier size matching, and a 

reduction in graft immunogenicity.18,82 It is believed that the decreased 

immunogenicity due to the lack of cell viability as a result of the freezing 

procedure, as nonviable transplanted cells have been shown to have an inability 

to sensitize a recipient.75,93 Specifically, the freezing process has been shown to 

reduce the viability of chondrocytes, eliminating more than 95% from the articular 

cartilage portion of osteochondral grafts, with higher cell death occurring in the 

superficial zone.112 The loss of viable chondrocytes subsequently leads to 

deterioration of cartilage matrix molecules, which has been hypothesized to be a 

result of a disruption in tissue homeostasis due to a dearth of surviving cells.76,112 

Freezing may also have detrimental effects on cells that survive the freezing 

process, such as long-term chondrocyte function and metabolism.82 Therefore, 

the very attribute that contributes to decreased immunogenicity can also 

contribute matrix depletion. Much more investigation is needed to assess the 

lasting effects that freezing and cryopreservation has on resulting cellular, 

biochemical, and biomechanical characteristics of osteochondral allografts before 

these methods can be readily adopted for large-scale tissue repair. 
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Animal studies investigating the use of osteochondral allografts with 

various animal models have reported varying degrees of success. Early work by 

Langer et al.172 reported on the immunogenicity of chondrocytes maintained 

within their extracellular matrix (ECM) in the subcutaneous dorsum of both inbred 

rat and in unrelated rabbit models. Specifically, recipients of intact cartilage 

grafts did not experience significant leukocyte migration into the defect site, a 

characteristic closely attributed to a cell-mediated immune response, nor did they 

possess any cytotoxic humoral antibodies associated with the allograft. These 

results indicate that cartilage allografts, with chondrocytes maintained within the 

matrix, are relatively non-immunogenic, and that the articular cartilage 

component of osteochondral grafts may not be susceptible to an immune 

response and can potentially survive transplantation. Other animal studies 

showed host-allograft integration though no immunological responses were 

assessed. Briefly, fresh, full-thickness articular/growth plate cartilage allografts 

were transplanted in rabbits and an 80% success rate, as assessed by complete 

filling of the defect with cartilaginous ECM, was observed.9 Additionally, a study 

in adult dogs demonstrated that fresh allografts were similar in performance to 

fresh autografts and surrounding native tissue with respect to bone incorporation, 

cartilage matrix composition, and biomechanical properties 6 months following 

implantation.108 Though no immune responses were reported, these results 

mirror other work in which minimal, if any, immune responses were observed. 

Stevenson et al.285 report potentially conflicting results when leukocyte 

antigen-matched and mismatched allografts were transplanted in a dog model. 



29 

After 11 months, antigen-mismatched allografts contained significantly less 

articular cartilage than either sham operations or antigen-matched allografts. 

Accompanying this loss of cartilage was the increased presence of inflammatory 

pannus and mononuclear cells in antigen-mismatched allografts, indicative of a 

host antigen-dependent immune response against the allograft. This immune 

response was mitigated by cryopreserving allografts between harvest and 

implantation versus the use of fresh allografts, but this process led to significant 

cell death and biochemically and histologically inferior grafts. 

Special care and treatment of allografts have been shown to be of 

paramount importance in limiting immunogenic reactions to osteochondral 

allografts. Specifically, antibody responses to implanted allografts have been 

shown to be initiated by membrane-associated histocompatibility antigens 

located in blood and marrow cells of the implanted subchondral bone.285 Hence, 

a common preparation step for osteochondral allografts is a high-pressure wash 

between harvest and transplantation to remove these problematic cells. It is 

worth noting that in all the above clinical studies, pressure washes were 

administered to allografts prior to implantation and no tissue typing, blood 

grouping, or immunosuppressive therapies were used. In studies with fresh 

allografts, transplantation occurred 2 to 7 days after the death of the donor to 

permit a sufficient testing time of antibodies to human immunodeficiency virus 

(HIV) and other diseases, such as hepatitis and syphilis, while frozen allografts 

provided ample testing time for potential disease transmission. 
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Chondrocyte implantation 

In addition to osteochondral replacement, allogenic chondrocytes have 

been used in a procedure similar to autologous chondrocyte implantation to 

repair cartilage defects. A wide body of evidence exists demonstrating that 

allogenic transplantation of isolated chondrocytes elicits an immune response. 

Moreover, this immune response is responsible for gradually destroying the 

resulting cartilage tissue.155,164,193,195 Specifically, it has been shown in a rabbit 

model that cytotoxic humoral antibodies were identified in animals that received 

transplanted chondrocytes.172 These grafts were immunogenic as assessed by 

leukocyte migration assays, indicating the presence of a cell-mediated 

immunologic reaction. A separate study involved the transplantation of isolated 

rabbit chondrocytes into the anterior tibial compartment, resulting in a rapid 

immune response after only 10 days.114 In contrast, when these same 

chondrocytes were allowed to produce a matrix atop decalcified bone prior to 

implantation, the genesis of tissue repair was observed at 10 days and only a 

minimal immune response was detected out to 6 months. 

Other work has investigated the role the immune system plays toward 

detection and rejection of allogenic chondrocytes. To ensure detection of 

implanted chondrocytes by the host's immune system, Romaniuk et al.256 

implanted allogenic chondrocytes into posterior tibial muscles immediately after 

enzymatic digestion and assessed repair tissue out to 12 weeks. Cartilage 

neotissue nodules formed immediately, but they were slowly destroyed over time 

by large infiltrations of mononuclear lymphoid cells. Specifically, macrophages 
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accumulated around the chondrocytes immediately following transplantation, 

while later stages of cartilage destruction showed large populations of natural 

killer and cytotoxic/suppressor T cells. 

Tissue engineered constructs 

Due to the relative success of transplanted osteochondral allografts and 

the simultaneous failure of transplanted isolated allogenic chondrocytes, tissue 

engineering of neocartilage using allogenic chondrocytes with natural and 

synthetic scaffolds has been investigated as an alternative for the repair of 

cartilage defects (Table 1-11). DeNovo® ET (ISTO Technologies, Inc.) is a 

scaffold-free allogenic neocartilage produced from human juvenile chondrocytes 

that has been shown to have biochemical properties similar to hyaline cartilage of 

young, healthy joints following in vitro culture.1 It is thought that the use of 

juvenile cells promote better neotissue growth than adult cells and in an animal 

study, this product has shown the ability to integrate well with surrounding native 

cartilage and bone and remain hyaline-like throughout the time of repair.186 

These data have led to the pursuance of a Phase l/ll clinical trial using DeNovo® 

ET implants. 

To date, most in vivo experimental studies have been performed in small 

animal models; i.e., rabbit and rat. In one of the first of these experiments, 

articular chondrocytes from immature Japanese white rabbits were suspended in 

a type I collagen gel for 10 minutes and transplanted into osteochondral defects 

of adult rabbits.301 Gross inspection revealed that new cartilage filled the 

treatment group defects while noncellular controls and empty defects were both 
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filled with tissue possessing an inferior fibrocartilage matrix. Histological and 

biochemical evaluation, performed periodically out to 24 weeks, showed all cell-

seeded implants contained a majority of collagen type II and had a success rate 

of 80%. More importantly, immunologic reactions were monitored out to 8 weeks 

at which point no enhanced sensitivity or presence of peripheral blood 

monocytes were observed, indicating the non-immunogenicity of collagen gels 

embedded with allogenic chondrocytes. A follow-up study was conducted to 

assess the biomechanical functionality of this repair tissue.303 Microindentation 

assessment showed that repaired cartilage had similar stiffness values to native 

tissue after 12 weeks of implantation, and this similarity in stiffness persisted out 

to 48 weeks. In contrast, empty defects healed with tissue characterized by very 

low stiffness values. Thus, neotissue with stiffness values approaching native 

values accompanied by hyaline-like histological scores indicated successful 

repair of the induced cartilage defects. 

A separate study utilized a similar collagen gel and compared 

osteochondral defect repair after 2 weeks of in vitro growth using both allogenic 

and isogenic rat chondrocytes.230 Two weeks after implantation, both groups 

were filled with hyaline neocartilage, and there was a small degree of 

inflammatory cell infiltration in both groups, with a slightly higher presence in the 

allogenic group. This infiltration had almost disappeared by 12 weeks, and no 

signs of inflammatory infiltration were present at 1 year post-transplantation in 

either group. Additionally, the articular surfaces of all cases of both treatment 

groups were covered by hyaline cartilage with underlying osseous subchondral 
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bone at later time points. These indistinguishable differences between isogenic 

and allogenic neotissue are exciting results as they indicate the long-term 

potential of using allogenic chondrocytes for defect repair. Masuoka et al.203 

used allogenic chondrocytes cultured in a variant of a type I collagen scaffold, 

known as an atelocollagen honeycomb sponge, for treatment of osteochondral 

defects in the rabbit. Analysis at 3 months revealed hyaline cartilage neotissue 

exhibiting collagen type II staining with no signs of tissue degeneration or 

immunologic rejection. In both studies, the authors postulated that the three-

dimensional in vitro growth led to chondrocyte phenotype maintenance and 

matrix production that shielded chondrocytes from a host-mediated immune 

response. 

Reported successes of collagen gels led Tanaka et al.289 to form a 

biphasic construct composed of a type I collagen gel seeded with articular 

chondrocytes from the New Zealand white rabbit overlying a resorbable porous 

(3-tricalcium phosphate block. Briefly, isolated allogenic chondrocytes were 

embedded in the collagen gel and the embedded gel was placed on the block to 

form the biphasic construct. This construct was allowed to incubate for 3-6 hours 

before transplantation into adult rabbits. At 8 weeks post-transplantation, new 

cartilage matrix containing type II collagen and GAGs had formed in the 

chondrocyte/collagen layer, while 30-50% of the tricalcium phosphate block had 

been resorbed and replaced by subchondral bone. Bone resorbtion continued 

out to 30 weeks, at which point the block was completely replaced by bone. 

However, the percentage of fibrocartilage significantly increased in repair tissue, 
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reaching a final composition of 24% hyaline-like, 46% fibrocartilage, and 30% 

fibrous tissue. The authors concluded that impaired bone-cartilage bonding may 

have caused the degeneration of tissue observed at 30 weeks. 

Agarose and alginate gels have also been employed for articular 

chondrocyte culture and subsequent tissue replacement toward repair of 

cartilage defects. After isolation, primary chondrocytes from immature Chinchilla 

bastard rabbits were combined in an agarose gel, maintained in culture until the 

production of a pericellular matrix was observed (~2 weeks), and transplanted 

into osteochondral defects of adult rabbits.248 After 18 months, 47% of the grafts 

revealed a neotissue that had morphology approximating native tissue; no graft 

rejections or immune cell infiltrations were observed. The authors claim the 

preculture of embedded agarose gels allowed the production of a pericellular 

matrix surrounding the chondrocytes, as well as provided a suitable environment 

for phenotype maintenance and the proper scaffold for hyaline matrix deposition 

after implantation. Moreover, this matrix prevented the known immunogenicity of 

allogenic chondrocytes from imparting a graft-host immunological rejection of the 

replacement tissue. In another approach, chondrocytes from New Zealand white 

rabbits were suspended in alginate and this ungelled suspension was injected 

into osteochondral defects.85 Gellation of alginate was quickly achieved by 

adding a gelling agent (calcium ions) directly inside the defect. Repair tissue 6 

months post-transplant revealed neocartilage that had recovered a normal tissue 

structure, was very close to a complete defect repair, and lacked any immune 

response. 
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The use of synthetic biomaterials as scaffolds combined with allogenic 

chondrocytes has also been explored for tissue repair with considerable success. 

Freed et al.87 used New Zealand white rabbit chondrocytes seeded onto PGA 

scaffolds for transplantation into full-thickness defects. Prior to implantation, cell-

seeded scaffolds were cultured for 3-4 weeks to allow the formation of a small 

amount of neotissue. At 1 month post-transplant, a moderate number of 

lymphocytes were present in transplanted joints, mostly localized in the bone 

marrow beneath the defect. However, after 6 months, these cells were not 

present and the regenerated tissue was characterized as hyaline cartilage. The 

authors attributed the non-immunogenicity of the implanted construct to the 

surface antigens of allogenic chondrocytes being shielded and sequestered by 

cartilage matrix deposited during in vitro culture. 

In a similar study, allogenic rabbit chondrocytes were seeded and cultured 

hydrodynamically in PGA meshes prior to implantation in osteochondral 

defects.268 Similarly, a low level of mononuclear cells was detected in regions of 

the underlying bone of treated defects. These cells, however, did not disappear 

over time as this cell infiltration was maintained throughout the 24 month study. 

This persistence of mononuclear cells was attributed to the allogenic cell 

population since lymphocytes were absent from defects treated with unseeded 

scaffolds. It is worth noting that this mild immune response appeared to be 

benign, as no evidence of graft resorption or rejection was observed and 

neotissue maintenance was preserved over the entire 2 year observation period. 
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Other studies combining natural and synthetic scaffolds with allogenic 

chondrocytes affirm previous successes of allogenic cartilage tissue engineering. 

In one study, rabbit chondrocyte-fibrin gels were embedded within a PGA-lactic 

acid polymer fleece.241 Following 2 weeks of in vitro culture, constructs were 

implanted into osteochondral defects. Treated defects were filled with hyaline

like cartilage tissue, and while a large number of mononuclear cells were 

observed around the defect 4 weeks after surgery, none of these cells infiltrated 

into the newly formed cartilage. These mononuclear cells were not observed, 

however, 12 weeks post-implantation. The authors attribute the mild immune 

response at 4 weeks to polymer scaffold resorption, which was complete by 12 

weeks at which time no immune response was observed. Additional evidence of 

successful allogenic cartilage tissue engineering was provided in a study in which 

the effectiveness of allogenic transplantation of silk fibroin sponges seeded with 

rabbit chondrocytes following bioreactor culture was investigated.276 Results 

indicated that 12 weeks following transplantation, hyaline-like tissue ingrowth had 

occurred with no signs of an immune response. 

While an overwhelming number of studies have indicated that allogenic 

chondrocytes used in conjunction with a wide variety of natural and synthetic 

scaffolds are effective in treating articular cartilage defects without eliciting an 

immune response, one study by Kawabe and Yoshionao156 have put forth 

conflicting evidence. In this study, rabbit growth plate chondrocytes were 

cultured for 10 days in a scaffold-free system, eventually generating 200 urn thick 

neotissue discs. Following in vitro culture, these constructs were implanted with 
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a fibrin clot for attachment in the defect site. These grafts produced satisfactory 

articular cartilage tissue out to 3 weeks, but all grafts were replaced by fibrous 

tissue by 24 weeks. Moreover, this fibrous tissue replacement coincided with an 

increase in mononuclear cells throughout the graft, including an accumulation of 

lymphocytes around chondrocytes from 2 to 12 weeks, with a peak at 3 weeks; 

authors concluded that the observed immune response was both cell-mediated 

and humoral. It remains unclear the quantity of matrix accumulation present after 

10 days of culture prior to implantation, as only slight Safranin-0 staining was 

observed immediately after implantation. The low accumulation may be an 

indicator for the observed chronic cell infiltration, and had more time been given 

during in vitro culture for the accumulation of additional ECM, the immune 

response may have been mitigated. Nevertheless, even when chondrocytes 

were surrounded by a small amount of ECM when implanted, a vigorous immune 

response occurred. 

Although most animal studies have been performed in the rabbit model, 

there exists a small body of evidence of allogenic cartilage tissue engineering in 

other animal models with moderate success. Itay et al.146 implanted thrombin 

scaffold constructs seeded with embryonic chondrocytes into osteochondral 

defects of White Leghorn roosters. Resulting neocartilage integrated well with 

surrounding matrix out to 6 months post-transplant, while no signs of 

immunogenic rejection were observed. Here, results were attributed to the 

implantation of chondrocytes with a high proliferative capacity at an early 

developmental stage. In another animal model, Sams et al.261,262 employed 
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chondrocytes from foals seeded in a collagen scaffold for use in large (15 mm) 

cartilage defects in horses. Results showed grafts contained significant 

aggrecan deposition 8 months following transplantation but only a small amount 

of collagen type II. Additionally, no cellular infiltrates were present indicating the 

absence of an immune response. 

Another technique utilized allogenic chondrocytes derived from bone 

marrow MSCs and investigated their feasibility and endpoint functionality in 

resurfaced caprine articular cartilage.43 Briefly, autogenic and allogenic bone 

marrow-derived MSCs were isolated, chondrogenically-induced in micromass 

culture, seeded in a 2% hyaluronic acid-based gel, and implanted in goats. 

Results showed that implants of allogenic chondrogenically-induced MSCs 

produced fibrocartilaginous tissue repair 3 months following implantation that 

contained blood cell infiltrates and signs of mild immunologic rejection. In 

contrast, autogenic MSC-derived chondrocytes produced hyaline cartilage 

neotissue without any signs of an immunologic reaction. The authors indicate 

that the inherent heterogeneity of chondrogenically-induced MSC-derived cells 

may contain a small subpopulation of noncartilage cells which do not produce a 

cartilage ECM coat. Without the ECM imparting immuno-privileged protection, 

the allogenic cells are subject to eliciting an immunogenic reaction. 

The fate of transplanted allografts has been investigated for over three 

decades and remains a matter of debate. Though a few animal studies indicate 

that there may be a host immune response after implantation of an 

osteochondral allograft causing tissue rejection, overwhelming clinical evidence 
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exists to the contrary. Allogenic chondrocytes that have been isolated from their 

native surrounding matrix are immunogenic and contribute to an inflammatory 

immune response and tissue resorption, but this immunogenicity is tempered and 

chondrocytes remain viable when transplanted within their dense surrounding 

matrix of a tissue graft or engineered construct. More specifically, the presence 

of ECM is believed to form a protective barrier around the chondrocytes which 

seems to block both the infiltration of host immune cells into the graft as well as 

the escape of immunogenic chondrocytes out of the graft.25,87'172 

Xenogenic 

Another option in addressing limitations of autogenic tissue use in 

cartilage repair involves the use of xenogenic chondrocytes. To date, only a 

small number of researchers have explored these cells as a viable alternative to 

traditional repair techniques, but successes with allogenic chondrocytes 

surrounded by ECM have quelled original fears from researchers regarding major 

immunologic tissue rejection. The highly limited availability of healthy human 

cartilage for allogenic use bolsters the potential excitement and keen interest 

associated with xenogenic chondrocyte usage. 

Osiecka-lwan et al.236 investigated the implantation of rat chondrocytes in 

intramuscular rabbit tissue to assess the humoral immune response of xenogenic 

chondrocyte implantation. Cartilage transplants were rejected when assessed 2 

weeks post-implantation, and the implant site was marked by the presence of 
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nonviable chondrocytes and a matrix devoid of proteoglycans. Additionally, the 

implant site was completely invaded by macrophages and a small number of 

giant foreign body cells. The implantation of xenogenic chondrocytes in this 

model differs dramatically from implantation into a joint defect, as the 

intramuscular implant site is strongly vascularized. This major difference 

guarantees the detection of xenogenic cells by the host's immune system, and 

while a primarily humoral response was observed in this model, the authors 

concede that implantation into a joint surface defect would likely elicit a different 

host immune response. However, this finding indicates a potential inflammatory 

reaction should a vascularized source be subjected to unshielded cells of a 

xenogenic origin. 

Xenotransplantation of chondrocytes into a cartilage defect is a more 

realistic model for assessing immune responses and the neotissue growth 

potential, but only a few studies have investigated this method to date. One such 

study examined pig chondrocyte implantation into human cartilage defects in an 

in vitro model.97 Briefly, isolated pig chondrocytes were implanted into induced 

cartilage defects of human cadaver explants and cultured 12 weeks in in vitro 

culture. Immunohistochemical analysis of neotissue, which filled 36% of the 

induced defect, indicated the presence of proteoglycans, specifically chondroitin-

4-sulfate, chondroitin-6-sulfate, and keratin sulfate. Additionally, both collagen 

types I and II were found throughout the tissue graft. While this model illustrates 

xenogenic chondrocytes' ability to regenerate a neotissue of hyaline-like 

biochemical properties, a major limitation of this study was that in the in vitro 
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model, no assessment of an immune response was possible for the isolated 

xenogenic chondrocytes and resulting xenotransplant. An improvement in this 

method was performed by Ramallal et al.,250 whereby they implanted pig 

chondrocytes into osteochondral defects of adult rabbits in vivo. Results 24 

weeks after surgery revealed the presence of hyaline-like repair tissue. 

Moreover, this neotissue was found to have been produced by the 

xenotransplanted pig chondrocytes and not the native rabbit tissue, as pig cells 

were distributed throughout the newly synthesized cartilage. The absence of 

inflammatory cells or other external inflammatory signs at the defect site indicate 

the lack of a host immune response against the implanted graft. These results 

indicate a potential role for xenotransplantation, though a complete battery of 

immunogenicity parameters was not investigated, including specific antibody 

reactivity against pig cells. 

In another experimental model, Yan and Yu328 compared osteochondral 

repair tissue in rabbits using a PLA scaffold seeded with allogenic chondrocytes, 

MSCs, and fibroblasts from rabbit and undifferentiated human umbilical cord 

blood (hUCB) stem cells. After 12 weeks, all four groups produced repair tissue 

of varying hyaline and fibrous tissue characteristics. Allogenic chondrocytes and 

MSCs produced hyaline-like tissue, allogenic fibroblasts produced complete 

fibrous tissue, while xenogenic hUCB cells produced a predominant amount of 

fibrous tissue with scattered chondrocytes and a thin layer of hyaline-like 

cartilage. In terms of an immunologic response, no lymphocyte infiltration was 

observed in the repaired graft tissue for any treatment group, but lymphocyte 
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infiltration was observed in the synovial tissue for only the hUCB cell group. This 

infiltration is most likely associated with the difference in species, such that 

further investigation would be needed before hUCB stem cells are a possibility 

for cartilage xenotransplantation. 

Xenogenic transplants of rabbit chondrocytes embedded in a fibrin glue 

scaffold were implanted in goats and formed a cartilage matrix 52 weeks post

transplantation with a matrix consisting of 75% collagen type II.292 At the 

conclusion of the study, xenotransplants produced fibrous tissue similar to tissue 

produced in control, unfilled defects. Mild signs of synovitis were observed in 

some specimens and were also observed in several sham operations, indicating 

that an inflammatory response could be attributed to the transplantation 

procedure, and not the presence of xenogenic chondrocytes. 

Decelluarization of osteochondral xenografts has been hypothesized as a 

means of repairing cartilage defects while avoiding a potential immune response 

associated with xenogenic chondrocytes, von Rechenberg et al.298 reported 

exciting results using a photo-oxidation technique for decellularization of bovine 

osteochondral grafts with subsequent xenotransplantation into osteochondral 

ovine defects. Previous in vitro studies demonstrated that photo-oxidation of 

cartilage produced a tissue containing only nonviable chondrocytes and a 

mechanically stronger ECM, due to the photo-oxidation's ability to affect the 

aromatic and sulfur-containing amino acids of cartilage's collagen fibrils.2,3 When 

implanted in vivo into a sheep model, photo-oxidized bovine transplants 

outperformed untreated xenotransplants, untreated autografts, and both treated 
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and untreated allografts as assessed by histological and gross morphological 

scoring. Additionally, fewer cystic lesions were observed for photo-oxidized 

xenografts than in all other groups, indicating a tight fit between host and graft 

tissue. A simultaneous reduction in mononuclear and plasma cell infiltration was 

observed in the treated xenotransplant group after 6 months. It is of note that 

while native chondrocyte recruitment occurred in treated xenografts, the middle 

zone remained acellular even out to 6 months. This photo-oxidation process was 

demonstrated to reduce the immunogenic properties of osteochondral grafts and 

inhibit graft bone resorption, thus yielding a possible treatment that may enable 

nonviable osteochondral xenotransplants or engineered xenografts to be used 

clinically in cartilage defect repairs. 

Discussion 

Attempts to bypass articular cartilage's limited ability to self-repair have 

led researchers to consider a wide array of tissue sources and repair techniques 

to achieve tissue similar to native surrounding tissue. These approaches exhibit 

technical complexities of varying degree that must be overcome before 

acceptance as the best clinical treatment option (Table 1-111). Autogenic tissue 

has been thoroughly investigated because it avoids any potential for immune 

rejection or disease transmission, but results have proved inconsistent. 

Beneficial results have been obtained using autogenic osteochondral plug 

replacement and mosaicplasty, with success rates of >70% occurring for each 

treatment modality. The ACI technique is FDA-approved for clinical use and has 
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contributed to moderately successful short-term graft repair, while long-term 

results may be less promising. These autogenic treatments, however, have 

many limitations preventing widespread use, chief among which is the 

requirement of a cartilage donor site from a non-weight bearing portion of the 

knee. As stated previously, it has been suggested that a "critical-size" defect 

exists for cartilage (generally accepted as a defect measuring less than 3 mm in 

diameter) below which a natural healing response occurs whereby the defect is 

filled with normal, hyaline tissue. Mounting evidence has arisen counter to this 

argument, stating that any size defect, especially one penetrating into the 

subchondral bone, repairs with a fibrous tissue that is inferior to normal 

cartilage.77 With time, this fibrocartilage repair tissue degenerates and the defect 

becomes permanent, frequently hastening further degeneration at the site of 

injury.85,248'268 Mesenchymal stem cell usage, while advantageous over other 

autogenic treatments due to the reduced donor site morbidity, contributes to a 

large amount of fibrocartilaginous tissue with inferior properties. Evidence, 

therefore, indicates that all current autogenic treatment techniques have major 

practical and functional hurdles associated with them, leading researchers to 

consider alternate tissue sources and strategies. 

Many of the same treatment strategies have been employed with allogenic 

and to a lesser degree, xenogenic tissue. These investigations have led to 

exciting results. Specifically, osteochondral allografts and a wide range of 

engineered cartilage grafts using allogenic chondrocytes have shown high 

success rates in clinical and experimental studies. An original concern in using 



45 

allogenic tissue was an immune response to the graft by the host, but this issue 

has been thoroughly investigated and very few immune responses and their 

associated setbacks have been documented. On the contrary, implantation of 

suspended allogenic chondrocytes has led to rapid immune responses in host 

tissue with subsequent graft rejection and resorption. Together, these findings 

lead to the theory that allogenic chondrocytes are indeed immunogenic, but an 

ECM acts to form a protective barrier around the chondrocytes, thereby shielding 

this immunogenicity and enabling grafts with sufficient matrix accumulation to 

resist immune rejection. Nonetheless, future studies are needed to fully 

understand and optimize exactly how much and what type of matrix accumulation 

is necessary to impede this immunogenicity. These results are exciting in that 

allogenic tissue can be used to produce cartilage repair tissue, either as 

osteochondral plugs or through various tissue engineering strategies, with similar 

success rates as autogenic therapies and similar biochemical and biomechanical 

functionality as native tissue. 

While results of experimental studies presented in Table 1-11 reveal a 

muted immune response using allogenic chondrocytes with natural and synthetic 

scaffolds, we would be remiss to not comment on a potential implicit bias and 

confounding effect in using small animal models for immune response studies, 

particularly the rabbit. These results may be due to some degree of inbreeding 

present in many species of rabbits and hens used as laboratory study animals.217 

Should allograft transplants be performed between closely related animals, an 

absence of monocyte cell infiltration, and accompanying downstream 
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immunologic response, may be inaccurately attributed to an immuno-privileged 

response. This explanation can be challenged since it is known that skin 

transplants exchanged between members of a specific rabbit colony are 

immunologically rejected.50 Additional evidence supporting this position is the 

overarching success of allografted osteochondral plugs in both human clinical 

experience and a multitude of animal trials. Nevertheless, further experimental 

investigations into potential cartilage repair techniques should focus on a wider 

range of larger animal models with more clinical relevance, such as the 

goat.148'170 

A wide range of treatment techniques are available for the treatment of 

articular cartilage defects. In vivo clinical and experimental studies coupled with 

in vitro animal studies have made great strides toward providing improved 

treatment techniques. Furthermore, this research has defined the immunologic 

response against chondrocytes when implanted in the joint space and have 

illustrated various modalities to mitigate this response. Though many strides in 

tissue grafting have been achieved, certain limitations remain. Most investigated 

techniques are still only successful in a younger patient (< 45 years), and are 

only successful in unipolar graft replacement. Therefore, further research should 

continue along both the allogenic and xenogenic path, pursuing the techniques 

that best reproduce neotissue similar to healthy, native tissue. The breadth of 

endpoint analyses should also be widened and more emphasis should be placed 

on graft biomechanical and biochemical functionality in conjunction with 

histology, immunogenicity, and clinical scoring. 
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As autologous repair techniques avoid immunological concerns, they 

possess logistical and biological limitations that impede their widespread use. 

The major concern in implementing alternate sources for transplantation has 

been the associated immunogenicity inherent in allogenic and xenogenic cells 

and tissue. As shown here, however, an immune response is only elicited when 

isolated allogenic and xenogenic cells are implanted into cartilage defects in the 

absence of any ECM. When chondrocytes are implanted while contained within 

their ECM, no immune response is elicited. The ECM protects and shields the 

antigenicity of the cells and prevents the host's immune response from mounting 

an attack for rejection. This exciting finding opens the door for an increase in 

research toward allogenic and xenogenic repair techniques that can finally aid in 

solving the major clinical problem of defective articular cartilage. 
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Table 1-1: Outcomes of clinical osteochondral allograft 
procedures 

Author 
Meyers et al. 
Convery et al. 
Convery et al. 
Beaver et al. 

Garrett 

Flynn et al. 
Ghazavi et al. 
Bakay et al. 
Chu et al. 
Friedlaender et al. 
Gross et al. 

Jamali et al. 
Emmerson et al. 

Year 
1989 
1991 
1991 
1992 

1994 

1994 
1997 
1998 
1999 
1999 
2005 

2005 
2007 

Site of defect 
Knee 
Knee 
Knee 
Knee 

Femoral condyle 

Femoral condyle 
Knee 
Knee 
Knee 
Knee/elbow 
Knee 

Patellofemoral 
Femoral condyle 

Number of 
Datients 
31 
12 
17 
92 

17 

17 
126 
33 
55 
29 
60 

20 
65 

Preservation 
Fresh 
Fresh 
Fresh 
Fresh 

Fresh 

Fresh-frozen 
Fresh 
Cryopreserved 
Fresh 
Cryopreserved 
Fresh 

Fresh 
Fresh 

Mean follow-up 
time <vrs) 
i& 
5.3 
2 
5 
10 
14 
3.5 

4.2 
7.5 
1.6 
6.2 
10.6 
5 
10 
15 
7.8 
7.7 

Success rate 
78% good/excellent scores 
67% good/excellent scores 
7 1 % good/excellent scores 
75% survival 
64% survival 
63% survival 
94% good/excellent scores 

70% good/excellent scores 
85% survival 
67% good/excellent scores 
76% good/excellent scores 
79% good/excellent scores 
95% survival 
80% survival 
65% survival 
75% good/excellent scores 
72.3% good/excellent scores 
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Table 1-11: Tissue engineered transplants with allogenic 
chondrocytes 

Author 
Itay et al. 
Wakitani et al. 
Kawabe and 

Yoshinao 
Noguchi et al. 
Freed et al. 
Sams et al. 
Wakitani et al. 
Rahfoth et al. 
Schreiber et al. 
Perka et al. 

Fragonas et al. 
Tanaka et al. 

Masuoka et al. 

Shangkai et al. 

Year 
1987 
1989 
1991 

1994 
1994 
1995 
1998 
1998 
1999 
2000 

2000 
2005 

2005 

2007 

Species 
Rooster 
Rabbit 
Rabbit 

Rat 
Rabbit 
Horse 
Rabbit 
Rabbit 
Rabbit 
Rabbit 

Rabbit 
Rabbit 

Rabbit 

Rabbit 

Tissue engineering 
modality 
Thrombin scaffold 
Collagen gel 
Cell disc w/ fibrin clot 

Collagen gel 
PGA scaffold 
Collagen scaffold 
Collagen gel 
Agarose gel 
PGA mesh 
PGA-PLA scaffold 

Alginate gel 
Collagen gel + B-tricalcium 
phosphate biphasic graft 
Atelocollagen honeycomb 
sponge 
Silk fibroin sponge 

Follow-up time 
(months) 
6 
5.5 

12 
6 
8 
11 
18 
24 
2.8 

6 
6.9 

3 

2.8 

Imrnunoaenic results 
No signs of rejection 
No monocytes detected out to 8 weeks 
Rejected due to cell-mediated toxicity 
and humoral response 
After 3 months, no signs of rejection 
No signs of rejection 
No signs of rejection 
Stiffness similar to native after 12 weeks 
No immune cells discovered 
Low level of mononuclear cells detected 
Mononuclear cells present at 4 weeks, 
disapppeared out to 12 weeks 
No signs of rejection 
No immune response assessed 

No signs of rejection 

No signs of rejection 



50 

Table "1 -111: Limitations associated with current cartilage repair 
techniques 

Hindrance to technique 

Autogenic 
Osteochondral plug transplantation 
Mosaicplasty 
Chondrocyte implantation (ACI) 
Chondrocyte-seeded scaffolds 
Microfracture 
Mesenchymal stem cell implantation 
Allogenic 
Allograft transplantation 
Chondrocyte implantation 
Tissue engineered constructs 
Xenogenic 
Chondrocyte implantation 
Chondrocyte-seeded scaffolds 

Donor site 
morbidity 

+++ 
++ 
++ 
++ 
-
+ 

-
-
-

-
-

Multiple 
suraeries 

+++ 
+++ 
++ 
++ 
-
+ 

-
-
-

-
-

Tissue 
scarcity 

+++ 
++ 
++ 
++ 
-
+ 

++ 
++ 
++ 

-
-

Immune 
response 

-
-
-
-
-
-

-
+++ 

+ 

++ 
++ 

Disease 
transmission 

-
-
-
-
-
-

+ 
+ 
+ 

++ 
++ 
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Figure 1-1: Successful approaches to articular cartilage defect 
repair 

Allogenic 
Native tissue 
Tissue engineered constructs 

Xenogenic* 
Native tissue 
Tissue engineered constructs 

Autogenic 
Cells 
Native tissue 
Tissue engineered constructs 

Figure 1-1. Successful approaches to articular cartilage defect repair. Autogenic sources have 

shown success using isolated chondrocytes, native tissue autografts, and tissue engineered 

constructs. Clinically, allogenic cell sources have only been successful when surrounded by an 

extracellular matrix in native tissue grafts and tissue engineered construct. While xenogenic 

tissue has yet to be used clinically, based on this review of animal studies there exists a 

possibility to successfully repair cartilage defects using tissue grafts or tissue engineered 

constructs but not isolated cells. Asterisk (*) denotes approaches not currently used in clinical 

practice. 
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Chapter 2: Characterization of fibroblast morphology on 
bioactive surfaces using vertical scanning 

interferometry* 

Abstract 

Tissue donor scarcity is a major hindrance to articular cartilage tissue 

engineering. Previous research shows that dermal fibroblasts express 

chondrocytic markers after seeding on aggrecan-coated surfaces. Since cell 

roundness appears to correlate with chondrocytic behavior of dermal fibroblasts, 

this study quantified roundness by measuring cell height and surface area-

volume ratio. In addition to aggrecan as a surface coating, collagen type II and 

decorin, two other major extracellular matrix components of articular cartilage, 

were examined. Aggrecan, collagen type II, and decorin were coated onto a 

glass substrate using three application techniques: static drying, airbrush, and 

painting. Vertical scanning interferometry (VSI) is a novel technique that allows 

for the expedient morphological determination of single cells. Interferometry was 

used for the characterization of protein-coated surfaces in addition to 

characterizing the morphology of single dermal fibroblasts after 24 h of seeding. 

Fibroblast height was found to vary from 1.0 to 4.0 u,m and protein coating, 

application technique, and seeding position were significant factors (p < 0.002). 

The largest cell heights were observed on aggrecan and collagen type II coated 

surfaces using the air brush and static applications. Additionally, variations were 

observed for surface area-volume ratio, ranging from 1.75 to 11.94 u.m"1 with 

* Chapter published as Revell CM, Dietrich JA, Scott CC, Luttge A, Baggett LS, and Athanasiou 
KA, "Characterization of fibroblast morphology on bioactive surfaces using vertical scanning 
interferometry," Matrix Biol, 25(8): 523-33, 2006. 
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decorin resulting in the lowest ratio, followed by collagen type II and aggrecan. 

This study identifies optimal coating conditions for stimulating morphology in 

dermal fibroblasts that is characteristic of the chondrocyte phenotype. These 

conditions can be employed to attempt articular cartilage regeneration and 

bypass difficulties due to a paucity of donor tissue. 

Introduction 

Shortage of tissue for clinical application of tissue engineering of articular 

cartilage presents a serious problem, as chondrocytes have a low capacity for 

proliferation and long-term culture causes a loss of functionality.267 Previous 

work has shown chondrocytes, in vivo, maintain a spherical morphology. These 

cells, when moved from the in vivo environment to an in vitro culture 

environment, begin to change both morphologically as well as phenotypically. It 

has been shown that chondrocytes, after only one or two passages in vitro, lose 

all of their phenotypic markers, mainly a severe down-regulation of collagen type 

II and aggrecan and a severe up-regulation of collagen type I.60 One approach to 

address this dedifferentiation and tissue scarcity in the field of cartilage 

regeneration is focused on initiating phenotypic changes in cells from non-

traditional tissues using protein-coated surfaces. Modification of surfaces is a 

widely employed technique for controlling cell attachment, proliferation, and 

differentiation.19,45,211 One method utilizes protein coatings to modify the surface 

and investigate the ability of dermal fibroblasts to effectively serve as an alternate 

cell source to chondrocytes.91 
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Dermal fibroblasts seeded on surfaces coated with various proteoglycans 

native to articular cartilage have been examined for their ability to differentiate 

into a chondrocytic phenotype.90,91 Briefly, perlecan and aggrecan (which are 

proteoglycans present in articular cartilage) have been used to modify the 

surface of tissue culture treated plastic to grow both adult rabbit dermal 

fibroblasts and mouse embryonic fibroblasts. When seeded on the coated 

surfaces, fibroblasts become round, aggregate into nodules, and stain positively 

with Alcian Blue, indicating the presence of glycosaminoglycans. In contrast, 

fibroblasts cultured on uncoated tissue culture plastic stain negatively and 

maintain a fibroblastic phenotype.90 Additionally, cells on protein-coated surfaces 

demonstrate higher amounts of collagen type II and aggrecan gene expression, 

both phenotypic markers of chondrocytes.91 Though these studies were 

performed using perlecan and aggrecan as substrates, the results suggest that 

additional proteins found in cartilage extracellular matrix may be able to promote 

differentiation. 

A common and simple method to coat surfaces with proteins is protein 

adsorption.19 Protein adsorption occurs by applying an aqueous solution of 

proteins to a surface and allowing the proteins to adhere to the substrate over 

several hours. Protein adsorption for cellular studies and applications depends 

on many variables, including protein surface density, differences in adsorption 

between material surfaces, protein conformation on the surface, surface 

roughness, and retention of biological activity post-adsorption.19'100,135,275'290 The 
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characteristics of the surface coating can potentially be varied by altering the 

method of protein application. 

Several techniques are currently used for the characterization of protein-

coated surfaces as well as characterization of the geometry of a single cell. 

Previous studies have used atomic force microscopy,19'126,216,279,296 X-ray 

photoelectron spectroscopy,109,216,279 attenuated total reflectance-infrared, 

19,126,216 t o t a | j n t e r n a | reflection microscopy,72 and scanning electron 

microscopy19,109,126,291 to characterize protein-coated surfaces. These techniques 

have been used to gain information about surface roughness, surface density, 

cell adhesion, and average protein height.100,165,279 These same techniques, 

along with confocal microscopy, have been used to gather information about cell 

surface area, volume, and the overall shape of a cell.4,122,181,249 Some results 

suggest a model where collagen coating density induces a qualitative transition 

in the fundamental way that fibroblasts interact with the coated substrate.100 

These findings suggest the applied concentration of a surface coating may alter 

the morphology of fibroblasts once seeded. Additionally, the spread area of 

fibroblasts seeded on fibronectin and RGD-modified substrata has been 

investigated and the data reveal that cellular interaction with modified surfaces 

can greatly change a cell's ability to spread, migration speed, and generated 

traction force.249 It has also been shown that fibroblasts seeded onto 

proteoglycans show different adherences, with some cartilage extracellular 

matrix proteins causing inhibition of cellular binding.98,320,321 Recently, it was 

illustrated that integrin binding to extracellular matrix proteins is time dependent 
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and integrin specific.98 Several members of the p i integrin family (ai(3i, a2(3i, 

a3(3i, and avPi) have been shown to play a major role in collagen type II binding. 

Specifically, 0C2P1 is involved in cellular binding to decorin, while the exact integrin 

binding with aggrecan is currently unknown.121,183,265 It is clear that seeding cells 

on modified surfaces can change many characteristics, including morphology 

and adhesive properties. 

Vertical scanning interferometry is an imaging technique employed mainly 

in the field of geology and Earth sciences to study crystal growth kinetics and 

mineral dissolution.80,173,187,189,190 Recently, VSI has been introduced as an 

alternative technique for imaging cells and calculating their respective height, 

surface area, volume, and curvature.270 Essentially, interferometry relies upon 

the interference patterns created between light reflected off the surface and a 

reference beam. The height of the surface is changed with nanometer precision 

during scanning, and analyzing the interference patterns creates a surface 

topography map.190 Previously, it has been demonstrated that VSI can be used 

to visualize the three-dimensional geometries of individual cells.270 

Interferometry results are a mathematical matrix of heights, which allows flexible 

processing of the data to obtain metrics of single cells or to accurately 

characterize a surface. 

This study utilizes VSI as a tool for analyzing mouse embryonic fibroblasts 

seeded on protein-coated surfaces to deduce the degree of chondrocytic 

morphology imparted by the surface coating. To our knowledge, this technique 

has not yet been developed for the characterization of protein-coated surfaces 
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and has only recently been used to image cells; therefore scanning electron 

microscopy is utilized to verify this method. The purpose of this study is to 

analyze protein-coated surfaces both prior to and following seeding of fibroblasts 

on glass substrates and to determine optimal surface coating conditions based 

on the induction of chondrocytic morphology. The proteins applied to the 

substrate in this study include aggrecan, decorin, and collagen type II. Several 

application techniques were used to administer the proteins onto the surfaces, 

including air brushing, painting, and static drying. All proteins were applied to 

glass coverslips. Morphological data of individual cells, including cell height, 

surface area, and volume, were obtained to assess the induction of chondrocytic 

morphology upon seeding on the protein-coated surfaces. 

Materials and methods 

Protein Coatings 

Protein solutions were prepared using aggrecan and decorin from bovine 

articular cartilage, and collagen type II from chicken sternal cartilage (Sigma, St. 

Louis, MO). Protein solutions were made with a stock concentration of 1 mg/ml 

in filtered, deionized, distilled water. The resulting solutions were passed through 

a 0.22-|a,m filter (Millipore, Billerica, MA). Surface coatings were applied using 

one of three methods: air brushing, painting, or static drying. In all cases, 2.6 

jag/cm2 of protein was coated on 12 mm diameter glass coverslips (Fisher, 

Pittsburgh, PA) and diluted to appropriate final volumes using filtered, deionized, 



58 

distilled water. Prior to use, coverslips were cleaned with 70% isopropanol and 

allowed to dry inside a laminar flow hood under sterile conditions for 24 h. To 

maintain cleanliness and sterile conditions of the coverslip, sterile, powder-free 

latex gloves were employed during all handling of samples. For air brushing, 200 

|J of protein solution was applied to a dry coverslip using an air brush kit (Central 

Pneumatic, Camarillo, CA). Painting of the protein was performed by applying 

the appropriate volume of stock solution to the coverslip and distributed by 

brushing manually using a fine brush (Staedtler, Chatsworth, CA). All brush 

strokes were applied in a uniform direction, with 20 strokes used per coverslip. 

For static drying, 200 jo.f of protein solution was placed on the surface of a 

coverslip, creating a small liquid meniscus covering the entire surface of the 

coverslip. All coated coverslips were placed in individual 35 mm x 10 mm cell 

culture dishes (Corning, Corning, NY), face up, and dried for 18 h in a laminar 

flow hood. Following complete evaporation of the solution, the culture dishes 

containing the coated glass coverslips were covered until either imaging or being 

seeded with fibroblasts. 

Fibroblast seeding 

Murine 10T1/2 cells (ATCC) were cultured in vitro in tissue culture flasks 

with Dulbecco's modified eagle's medium (Invitrogen, Carlsbad, CA) containing 

10% fetal bovine serum (Gemini, Woodland, CA), 1% 

penicillin/streptomycin/fungizone (Cambrex, Walkersville, MD), and 1% non

essential amino acids (Invitrogen). Passage three 10T1/2 cells were seeded at 

40,000 cells/coverslip in 200 (aL medium. At 24 h after seeding, each surface 
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was rinsed several times with fresh medium to remove all unattached cells and 

the fibroblasts were then fixed using a 0.3% solution of glutaraldehyde (Sigma) 

containing 80 mM Kpipes (Sigma), 5 mM EGTA (Sigma), and 2 mM MgCI2 

(Fisher, Fairlawn, NJ) for 20 min. Following fixation with glutaraldehyde, the 

fibroblasts were dehydrated using serial ethanol dilutions. Phosphate-buffered 

saline solutions of ethanol were made in which the coverslips were fully 

immersed for 5 min and dilutions were applied in the following order: 10, 25, 50, 

75, 85, 95, 100, and 100% ethanol. The ethanol was allowed to evaporate 

immediately prior to data acquisition. 

Vertical scanning interferometry 

Images were obtained using a scanning white light phase shift MicroXAM 

interferometer (ADE Phase Shift, Tucson, AZ). This optical vertical scanning 

interferometry system consisted of a light microscope, CCD camera, motorized 

stage, white light source, and Mirau interferometer.270 Previous studies have 

described the detailed surface analysis from this technique in which a height map 

is obtained with a horizontal resolution of 500 nm and a vertical resolution of less 

than 2 nm.188 Briefly, the system uses the interference patterns created between 

a sample and reference beam of light. The sample beam is reflected off the 

surface while the reference beam is reflected off the Mirau objective. The 

resulting interference pattern, or interferogram, is used along with the wavelength 

of light to determine height differences between points.188 To produce different 

interference patterns, a piezoelectric stage is used to vertically adjust the sample 

to change the pathlength of the sample beam with nanometer precision. Coated 
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surfaces and seeded cells were analyzed at the center of the coverslip as well as 

at various points around the periphery of the coverslip to observe if the location 

of the coverslip (region of protein aggregation due to drying) contributed to 

differences in coating thickness and protein concentration. Scans were acquired 

with a 10X interference objective for surface scans without cells and a 50X 

interference objective for scans on seeded surfaces. 

Coated surface characterization 

Following 18 h of adsorption of the coating to the glass substrate, 

interferometry was performed to acquire images at the center of the coating area 

(position 1) and the periphery of the coating area (positions 2-5). For each 

protein coating condition, three coverslips were utilized to obtain coating 

thickness data. At each position on a coverslip, five linear scans were produced 

and coating thickness calculated. This process was repeated three times. A 

total of thirteen conditions were analyzed, three coverslips per condition, totaling 

39 coverslips for surface coating thicknesses. From each image obtained, a 

topographical map, or height map, was analyzed and height data collected for a 

specified area on the surface. Based on the obtained data, an x-y plot was 

constructed illustrating a height map of the imaged surface. From these plots, 

representative linear scans were obtained that were used to calculate the 

average height of each surface. Each linear scan returned maximum height 

values at each 1-|xm step across the surface and the scans were averaged to 

return an overall coating thickness for each linear scan. Specifically, the average 

height of each surface was calculated for comparison among the 13 treatment 
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groups. These data were used to extract the coating thickness of each surface 

coating as well as the surface roughness and the efficiency of coating of each 

application technique. 

Cell height, surface area, and volume measurement 

After 24 h of seeding, interferometry was performed to acquire images at 

the center of the coating area (position 1) and the periphery of the coating area 

(positions 2-5). From the height map of each image, three to five cells were 

selected at random and analyzed to obtain height as well as surface area-volume 

ratio data. Random selection of cells allows for an unbiased assessment of cell 

morphology. This resulted in 20-25 cells analyzed for each surface treatment. A 

cell's height measurement was taken as the difference in the largest vertical 

distance between the height map of the cell and its adjacent surface. The 

MapVUE software (ADE-Phase Shift) was utilized to calculate the surface area 

and volume data of each imaged cell. Following the scanning and acquisition of 

cell images, an adjacent surface of the cover slip was identified in an area 

unoccupied by cells. This location on the z-axis became the reference plane. 

The MAPVUE software then calculated the surface area and volume occupied by 

the cell above this reference plane, thereby encompassing the entire cell on the 

surface of interest. A normalized volume is computed by dividing the given 

volume by the surface area in order to obtain a quantitative value for assessing 

the degree of spreading. Surface area-volume ratios were calculated by taking 

the inverse of the normalized volume. 
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Scanning electron microscopy 

Following dehydration, all samples were dried, mounted on aluminum 

stages, sputter coated with gold for 25 sec, and examined with an FEI-XL 30 

Environmental Scanning Electron Microscope at an acceleration voltage of 20 

kV. Image analysis was performed on surface coatings and seeded cells using 

ImageJ analysis software. 

Statistics 

For each of the 13 treatment groups, 20-25 cells were analyzed at the five 

positions for calculation of peak height and surface area-volume ratio, resulting in 

a total of 304 cells that were analyzed by interferometry for morphological 

characterization. The coating thickness, cell height, surface area, and volume 

data were analyzed by analysis of variance (ANOVA), with p < 0.05 considered 

significant. When significance was obtained, a Tukey HSD post hoc analysis 

was performed. 

Results 

Height map 

To illustrate the change in cell shape due to seeding on surfaces coated 

with various proteins, fibroblasts were seeded on coated glass coverslips and 

VSI was used to obtain height maps of single cells at various locations on the 

glass coverslip. Interferometry was performed to acquire images at the center of 

the seeded area and the periphery of the seeded area. Surface scans of each 
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protein coating treatment group demonstrate the appearance of surfaces prior to 

seeding with fibroblasts and allow the calculation of the average coating 

thickness of each surface (Fig. 2-1). These images are all scaled identically, with 

a base of 500 urn x 500 urn and a height of 1.0 urn. Figure 2-2 depicts 

representative height maps for cells seeded on each of the 13 surface treatments 

24 h post seeding. The height maps for the seeded images are scaled the same 

with a base of 35 urn x 35 urn and a height of 3.0 urn. The diagram of the house 

in the lower right-hand corner of each image depicts the three-dimensional 

perspective of the cell. It is worth noting that the vertical axis is exaggerated 

when compared to the x- and y-axes (plane of cell seeding) and amplifies the cell 

and surface coating geometry. When these cells are viewed with all axes at the 

same scale, the cells reflect images obtained by other methods of cells in their 

native environment (Fig. 2-3). These visualizations show that cells seeded on 

protein-coated surfaces appear taller and have a lower degree of cell spreading, 

indicating a potential change in morphology when compared to cells seeded on 

surfaces coated with water and an uncoated glass substrate. To quantitatively 

determine this change in morphology, several aspects of cellular geometry are 

calculated, including peak height and surface area-volume ratio. 

Coating thickness 

The average coating thickness of each surface was calculated 18 h after 

coating with aggrecan, collagen type II, decorin, and distilled water with one of 

each of the application techniques using surface scans from each interferometry 

image. The data reveal that coating, application technique, and position are all 
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significant factors (p < 0.0001) in the average protein coating thickness. 

Surfaces coated with aggrecan, decorin, and collagen had significantly thicker 

coatings than those coated with water; aggrecan had the thickest overall coating. 

Additionally, static application resulted in a significantly thicker coating than air 

brushing or painting. The center of the coverslip (position 1) resulted in the 

thickest coating, being significantly thicker than any other positions. The average 

coating thicknesses and standard deviations for the 13 treatment groups for 

position 1 are shown in Table 2-I. The static aggrecan coating was 21 times 

thicker than a static water coating, six times thicker than aggrecan applied by 

painting or air brushing, and three times thicker than the next largest surface 

coating, decorin applied statically. 

Fibroblast heights 

The heights of the fibroblasts seeded on aggrecan- and collagen-coated 

surfaces for 24 h were significantly different (p < 0.0001) than those seeded on 

coverslips with either a decorin coating or only a water coating (Fig. 2-4a). 

Additionally, peak heights of fibroblasts on decorin were significantly different (p 

< 0.003) than those only coated with water. Application technique was a 

significant factor, with air brushing and static application resulting in significantly 

higher peak heights (p < 0.0001) than when the proteins were coated using a 

paintbrush (Fig. 2-4b). The position of the fibroblast on the coverslip was also 

significant, with cells at positions 2, 3, and 5 having significantly larger peak 

heights than at position 1 (p < 0.02) and 4 not being significantly different than 

any other position. The cells seeded on aggrecan via air brushing, painting, and 
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static application had peak heights of 2.33 + 0.58 fim, 1.61 ± 0.32 |am, and 2.06 + 

0.82 )am, respectively. Collagen type II coating yielded cells that were 2.50 ± 

0.78 |j,m, 1.47 ± 0.21 |4,m, and 2.43 ± 0.61 \xm in height for the three application 

techniques. The cells on decorin-coated glass possessed heights of 1.61 ± 0.35 

|im, 1.68 ± 0.28 |j,m, and 1.60 ± 0.32 jam for air brushing, painting, and static 

application. Cells seeded on the water-coated surfaces and on the uncoated 

surface had heights of 1.25 ± 0.15 urn, 1.26 ± 0.22 ^m, 1.56 ± 0.32 jam, and 1.62 

± 0.30 |am, respectively. 

Surface area-volume ratio 

Coating type was found to be the only significant factor (p < 0.0001) for 

cell surface area-volume ratio. Application technique and position had p-values 

of 0.17 and 0.50, respectively. The surface area-volume ratio of the cells was 

significantly different (p < 0.0001) between the cells seeded on protein-coated 

surfaces and those seeded on water-coated surfaces (Fig. 2-5a). Furthermore, 

cells seeded on decorin possessed significantly lower surface area-volume ratios 

than either the aggrecan or collagen coating (p < 0.025). There was no 

significant difference of surface area-volume ratios between application 

techniques (Fig. 2-5b) or position on the coverslip. Fibroblasts on the uncoated 

surfaces had a surface area-volume ratio of 7.62 ± 1.70 \xm'\ This control was 

not significantly different than cells seeded on water-coated surfaces, with ratios 

of 6.87 ± 1.07 urn"1, 6.20 ± 0.83 |xm"1, and 7.31 ± 1.73 ^m"1 for air brushing, 

painting, and static applications, respectively. The other nine treatment groups 

were significantly different than these controls, with static coatings possessing 
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the lowest surface area-volume ratio within each protein. For static application, 

the aggrecan, collagen, and decorin treatments yielded surface area-volume 

ratios of 3.62 ± 1.47 urn"1, 3.62 + 1.14 \m'\ and 3.43 ± 0.67 urn"1, respectively. 

Protein coating using the air brushing technique resulted in cells with ratios of 

4.28 ± 1.72 |am"1, 4.27 ± 1.02 nm"1, and 3.72 ± 0.72 |im"1 for aggrecan, collagen, 

and decorin, respectively. Finally, coating by the painting technique resulted in 

cells with ratios of 4.96 + 1.15 jam"1, 4.52 ± 0.80 urn"1, and 3.63 ± 0.62 jam"1 for 

aggrecan, collagen, and decorin, respectively. 

Scanning electron microscopy 

Fibroblasts seeded on aggrecan-coated surfaces were found to have a 

small degree of spreading, occupying a space of 30 ^m x 30 ^m. This is 

substantially different than fibroblasts seeded onto a water-coated surface which 

expands to cover an area 65 |j,m x 40 \xm. Analysis of aggrecan-coated surfaces 

revealed aggrecan chains attached to glass substrata with fiber diameter of 87 ± 

12 nm and extending to a height of 850 nm. 

Discussion 

Interferometry was used for the first time to characterize protein-coated 

surfaces and to assess the induction of chondrocytic morphology of fibroblasts 

seeded on these surfaces. The results of the surface characterization show that 

the deposition of proteins onto glass substrata changes the native environment 

cells are exposed to upon seeding. Previous work in our lab has utilized tissue 
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culture plastic for protein coating and fibroblast seeding, but the initial data 

acquired illustrated the roughness of tissue culture plastic when compared to 

glass (Fig. 2-6). At the nanometer scale, the peaks and valleys of the tissue 

culture plastic cause difficulty when studying the morphology of the cell. 

Additionally, previous studies measuring the cell behavior of fibroblasts seeded 

on fibronectin-coated surfaces have used glass coverslips successfully.19 

Varying thicknesses of coating occur and depend on the protein and application 

technique used. When mouse embryonic fibroblasts are seeded on these 

protein-coated surfaces, the cell morphology is altered from fibroblastic (spread) 

to chondrocytic (rounded). The degree to which the morphology changes, 

however, is again dependent on the protein and application technique. The data 

show that static application of aggrecan and decorin results in the most rounded 

(chondrocytic) morphology, which implies that decorin, like studies with 

aggrecan,90,91 may cause a phenotypic change from fibroblast to chondrocyte. 

The average coating thickness was measured 18 h after application of the 

coatings to understand the protein surface geometry on which cells would be 

seeded. Linear surface scans were analyzed and used to calculate the average 

coating thickness for each surface treatment at each coating position of interest. 

The position on the glass coverslip is a significant factor, with the center of the 

coverslip (position 1) having the largest coating thickness compared to the 

periphery (positions 2-5). The position was investigated because it has been 

observed with previous work with surface coatings that static drying can result in 

a non-uniform coating and lead to heterogeneous protein concentrations on the 
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substratum, which can further affect the morphology of cells seeded onto these 

surfaces. Additionally, application technique is a significant factor in coating 

thickness. As shown in data for position 1, coating aggrecan and decorin via 

static application resulted in significantly thicker coatings as compared to the 11 

other treatment groups (Table 2-I). These findings were also not surprising as 

the trend in average thickness follows the same trend of molecular weight, with 

aggrecan having the largest molecular weight (~2,500 kDa) followed by decorin 

(-100 kDa) 297 and finally collagen type II (-85 kDa) 139. Additionally, it appears 

that the static application provided the thickest overall coating within each protein 

type. 

Several aspects of cellular geometry were obtained through the use of 

vertical scanning interferometry, including peak height and surface area-volume 

ratio, for the characterization of chondrocyte-like morphology of fibroblasts. The 

cell heights were obtained for each treatment group and all three factors (coating, 

application technique, and position) were significant. These results clearly show 

marked differences in that cells seeded on aggrecan and collagen are taller than 

cells seeded on decorin or water. The cells on decorin are also significantly 

larger than those on only a water coating. These differences in height are likely 

the result of cell attachment and cytoskeletal rearrangement due to the surface 

coating. The application technique is significant for cellular peak height, with 

static and air brush applications inducing a larger peak height relative to painted 

surfaces. This is postulated to be a result of differences in protein coating (Fig. 

2-1). Also, some protein may adsorb on the brush, reducing the density on the 
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surface with the painting technique. As shown in the representative images of 

each coated surface, the static and air brushed surfaces have a higher coating 

density than the painted surfaces. The presence of the protein in higher 

abundance permits the cells to limit attachment, thus leading to an increase in 

cell peak height and the formation of a more rounded cell. Finally, position on 

the coverslip was a significant factor in cell height. This was expected based 

upon unpublished data from our lab that show that fibroblasts, when seeded onto 

coated surfaces, aggregate more in the center of the coated area and produce 

more chondrocytic markers than cells seeded on the periphery in addition to 

coating thickness data presented above. 

Chondrocytes in their native environment exhibit a rounded morphology as 

opposed to fibroblasts, which are flattened cells with many pseudopodia-like 

extensions on the substrate. Through the use of vertical scanning interferometry, 

the surface area and volumes of cells were acquired. The surface area-volume 

ratio is indicative of the degree of spreading a cell has undergone; thus it can be 

a marker for assessing chondrocytic dedifferentiation,270 or induction of 

chondrocytic morphology of fibroblasts. For comparison, a smaller surface area-

volume ratio is indicative of lower cell-substratum adhesion and of a smaller 

amount of cell spreading (typical of chondrocytes), while a higher ratio is 

indicative of more attachments and more spreading (typical of fibroblasts). In this 

study, fibroblasts cultured on decorin possessed the smallest surface area-

volume ratios and were significantly smaller than cells on collagen-, and 

aggrecan-, and water-coated surfaces. The cells on collagen- and aggrecan-
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coated surfaces were also significantly smaller than those on the water-coated 

surfaces. This finding was expected as fibroblasts cultured on these substrates 

have been shown to have a more chondrocytic morphology and to express 

higher amounts of extracellular matrix components of cartilage (collagen type II 

and aggrecan) than fibroblasts on uncoated surfaces.90,91 The exposure of 

fibroblasts to protein-modified surfaces has a dramatic impact on the surface 

area-volume ratio 24 h after seeding, causing cells to become more round and 

chondrocyte-like as opposed to fibroblast-like, with flattened, spread cells. 

To verify the interferometry technique, scanning electron microscopy 

(SEM) was performed and compared to interferometry results for fibroblasts 

seeded on aggrecan-coated surfaces as well as water-coated surfaces (Fig. 2-

7A, 2-7B). Because SEM is limited to obtaining planar scans, the spreading of 

cells on coated surfaces in the x-y plane only is compared to interferometry 

spreading data. Fibroblasts seeded onto a water-coated surface spread to cover 

a planar area of 65 urn x 40 urn, while cells seeded onto aggrecan only extended 

to an area of 30 urn x 30 urn. This data mirrors results garnered in interferometry 

(Fig. 2-2C, 2-2L) in which fibroblasts on aggrecan are contained within the 35 urn 

x 35 urn plane while those on the water-coated surface extend beyond this 

imaged area. Therefore, it was determined that fibroblasts seeded on aggrecan-

coated surfaces have a smaller degree of planar spreading than those seeded on 

water-coated surfaces. An additional confirmation of interferometry is observed 

in the SEM imaging of an aggrecan-coated surface, on which chains protruding 

as high as 850 nm off of the surface were observed (Fig. 2-7C). These data 
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compare favorably with surface coatings of aggrecan imaged by interferometry 

(as seen in Fig. 2-1C). The measurements obtained via SEM reinforce the data 

obtained from interferometry, with a decrease in spreading of cells on coated 

surfaces, indicative of a change towards a chondrocytic morphology. 

Several unexpected results from the cellular study were observed. In 

particular, a lack of significance in the surface area-volume ratios of seeded 

fibroblasts as a function of either the application technique (p = 0.17) or position 

(p = 0.50) was found. Though there is a trend in the application technique data 

that showed static application caused a smaller surface area-volume ratio than 

air brushing or painting, the difference is not significant. This trend agrees with 

the results found for peak height as well as coating thickness, with static 

application of protein producing the most chondrocytic morphology. As stated 

before, previous work with fibroblasts seeded on aggrecan-coated surfaces has 

indicated that Safranin-0 staining is more intense in the middle of the seeded 

area (analogous to position 1) and less intense on the periphery (analogous to 

positions 2-5). Additionally, cells appeared more aggregated and rounder in the 

middle of the seeded area and more spread and less densely populated on the 

periphery when viewed macroscopically. Due to these results, our hypothesis 

was that position 1 would have the lowest surface area-volume ratio. However, 

the data suggest that position does not have an effect on the degree of induction 

of chondrocytic morphology in terms of surface area-volume ratio. 

For comparison purposes, previous data using confocal microscopy report 

rabbit cartilage explants from the middle zone cultured for 30 min have a mean 
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chondrocyte height of 12.2 ^m and surface area-volume ratio of 0.60 urn"1.122 

Other data obtained using interferometry report middle/deep bovine 

chondrocytes seeded on glass have a peak height of 6.36 ± 0.44 îm after 4 h of 

seeding and 5.12 ± 0.26 jim after 18 h of seeding. Additionally, these 

chondrocytes possess a surface area-volume ratio of approximately 1.05 |im"1 

and 1.50 |j,m"1, for 4 h and 18 h of seeding, respectively.270 These data, coupled 

with the results of the current study, suggest the coating of surfaces imparts 

some degree of chondrocyte morphology to the fibroblasts. The significance of 

the surface coatings can be observed for both cell peak height (increase) and 

surface area-volume ratio (decrease), with cells attaining a more chondrocytic 

morphology on these surfaces. It has previously been shown that morphological 

changes occur that are potentially indicative of a phenotypic change; a native 

fibroblastic cell is flat and spread, while a cell undergoing chondrocytic 

differentiation exhibits a more rounded morphology.277 Moreover, decorin 

appears to have the most dramatic effect on the degree of spreading of 

fibroblasts with a 47% decrease in surface area-volume ratio while collagen and 

aggrecan have the largest effect on the overall cell's peak height, increasing 55% 

and 47%, respectively, when compared to cells seeded on water-coated 

surfaces. The static application seems to be the most uniform of coatings and 

does the most efficient job of transforming the fibroblasts into a more 

chondrocytic morphology. 

The data presented here correlate well with previous data assessing 

markers of chondrocytic differentiation of fibroblasts.90,91 Fibroblasts seeded 
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onto protein-coated surfaces undergo a change in morphology, becoming more 

round as measured by a significant increase in peak height and a decrease in 

surface area-volume ratio. Because there was not a dramatic reduction in the 

number of attached cells after rinsing seeded cells prior to fixation, inhibition of 

cellular attachment appears to be negligible. Therefore, the interaction of the 

cells with the extracellular matrix protein, and not their inhibition to binding, is 

what is inducing the change from a flattened, fibroblast morphology to a rounded, 

chondrocytic morphology. Thus, cell shape can be used as one tool to quantify 

the level of chondrocytic phenotype induction. The ability to more effectively 

drive fibroblasts to become more chondrocytic in terms of morphology and 

phenotype increases the potential of future articular cartilage tissue engineering 

studies in addressing the problem of donor tissue scarcity. 
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Table 2-1: Coating thickness for each treatment 

Treatment (Coating + Application) Coating thickness (nm) Significance 
Aggrecan + Static 
Decorin + Static 

Collagen + Static 
Collagen + Paint 

Collagen + Air brush 
Decorin + Paint 

Aggrecan + Paint 
Aggrecan + Air brush 

Water + Paint 
Decorin + Air brush 

No Coating 
Water + Air brush 

Water + Static 

Table 2-1. Height data for surfaces coated with each treatment at the center of the coverslip. 

Static application of each protein resulted in the largest average coating thickness. Levels not 

connected by the same letter are significantly different (p < 0.05). Data represent mean ± 

standard deviation. 

111 ±34 
34 + 8 

31 ±25 
30 + 6 
28 ± 9 
23 + 7 
19 ± 13 
19±7 
12 + 4 
9 ± 3 
8 + 3 
8 ± 3 
5 ± 2 

A 
B 

B,C 
B,C 
B,C 

B,C, D 
C,D, E 
C, D, E 

D, E 
D, E 
D,E 

E 
E 
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Figure 2-1: Height map visualization 
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Figure 2-1. Representative images of each of the 13 treatment groups of the protein coating on 

the glass coverslips illustrate the differences between protein and application technique at 

position 1. The scale of each image has a base of 500 urn x 500 urn, while the height is 1.0 urn. 

The height is exaggerated in these images to magnify surface detail. A diagram of the coverslip 

denotes the five positions examined for each coating treatment. 
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Figure 2-2: Fibroblast visualization 
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Figure 2-2. Representative height maps of fibroblasts seeded for each condition visually indicate 

differences in cell peak height as well as surface area-volume ratio due to different protein 

coatings and application techniques at position 1. Each image has a height of 3.0 urn while the x-

axis is 35 p:m. A diagram of the coverslip denotes the five positions examined for cells seeded on 

each coating treatment. 
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Figure 2-3: Depiction of z-axis exaggeration 
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Figure 2-3. Interferometry enables the visualization of small vertical changes by exaggerating the 

z-axis (A) compared to all axes being viewed at the same scale (B). 
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Figure 2-4: Cell peak height data 
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Figure 2-4. Cell peak height data in terms of surface coating (a) and application technique (b). 

Surface coating and application techniques have significant effects (p < 0.05) for the cell peak 

heights. Levels not connected by the same letter are significantly different. Data represent mean 

± standard deviation. 
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Figure 2-5: Surface area-volume ratio data 
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Figure 2-5. Surface area-volume ratio data by surface coating (a) and application technique (b). 

Surface coating has a significant effect (p < 0.05) whereas application does not (p = 0.17). 

Levels not connected by the same letter are significantly different. Data represent mean ± 

standard deviation. 
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Figure 2-6: Visualization of glass and tissue culture plastic 
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Figure 2-6. Visualization of glass and tissue culture plastic (TCP). Vertical scanning 

interferometry images show the differences between a glass coverslip on the left and TCP on the 

right. The non-uniformity of the TCP surface dictated the use of glass as the surface to be 

modified for this study. 
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Figure 2-7: Scanning electron micrographs 
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Figure 2-7. Scanning electron micrographs of seeded and unseeded surfaces. Fibroblast 

morphology becomes rounded and less spread when seeded onto aggrecan-coated surface (A) 

as compared to water-coated surface (B). Deposition of aggrecan (C) on coated surface up to 

850 nm in length compared to a water-coated surface (D). 
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Chapter 3: Defined medium for the self-assembling 
process: Enhancing functionality of tissue engineered 

articular cartilage* 

Abstract 

Optimization of in vitro culture conditions is paramount in producing tissue 

engineered articular cartilage for future in vivo studies. In this study, several 

culture media formulations were examined to elucidate the effects on 

biochemical and biomechanical properties imparted to tissue engineered articular 

cartilage constructs by self-assembly culture in various concentrations of fetal 

bovine serum. Additionally, a chemically-defined medium was investigated to 

assess effects of a serum-free formulation. Results showed that after 4 wks of 

self-assembly culture, defined medium increased constructs' sulfated 

glycosaminoglycan and collagen concentrations by at least 170% and 130%, 

respectively, over the any serum-containing media. A corresponding 5-fold 

increase in aggregate modulus was also observed, with constructs cultured in 

defined medium reaching 129 kPa. These results illustrate culture in defined 

medium resulted in enhanced functional properties and provide one step in the 

optimization of an in vitro tissue engineering system for producing neocartilage 

constructs approaching native tissue's functional properties. 

Chapter submitted to J Orthop Res as Revell CM and Athanasiou KA, "Defined medium for the 
self-assembling process: Enhancing functionality of tissue engineered constructs," March 2008. 
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Introduction 

Tissue engineering of articular cartilage aims to create neotissue for 

replacement of compromised native tissue. Upon injury, this tissue is 

compromised and is unable to repair itself,34 leading to the formation of 

mechanically inferior fibrocartilage, characterized by comparatively less 

extracellular matrix (ECM) components.159 One tissue engineering strategy that 

has been developed to produce tissue engineered articular cartilage constructs is 

a scaffoldless system known as the self-assembling process.138 This process 

circumvents problems potentially associated with scaffold use, including stress-

shielding, toxicity of degradation products, and an inflammatory response.13'14 

After 12 wks in culture, these constructs contained 23% each of sulfated 

glycosaminoglycans (sGAGs) and total collagen normalized to dry weight, 

correlating with a 66% increase over native tissue for GAG while only reaching 

33% of native values for total collagen. Compressive stiffness of these 

constructs (53 kPa) was at one-third of the native tissue value. 

One important limitation of this process is its use of 10% fetal bovine 

serum (FBS) as its base culture medium, a factor that makes these constructs 

less than desirable for cartilage replacement. Most work in articular cartilage 

tissue engineering has historically involved the use of an array of FBS 

concentrations, most frequently being around io%.202'207,208,293'299 Animal serum 

has been used as a source of nutritional growth factors and binding proteins 

beneficial for cell growth and matrix production.81 Its use with respect to clinical 

translation is associated with several risks, that include the transmission of 
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species-dependent diseases81 and the immunological and inflammatory reactions 

to xenogenic proteins.154 Additionally, there are large lot-to-lot inconsistencies, 

including presence of various growth factors at varying concentrations, which 

result in variations in biological activity and effectiveness.212,326 The following 

amounts of growth factors have been described in association with different 

serum formulations: insulin-like growth factor-l (50-350 ng/ml),314 transforming 

growth factor-betal (3-23 ng/ml),313 and fibroblast growth factor 2 (0-43 ng/ml).315 

These data are on the same order as, if not greater than, growth factor 

concentrations used in many cartilage tissue engineering studies to elucidate 

changes in biochemical and biomechanical properties.26'27'61'162'207'215258'259 

Recent work has shown promising results with a serum replacement, insulin-

transferrin-selenium-plus (ITS+), coupled with dexamethasone, a synthetic 

glucocorticoid. ITS+ was shown to induce chondrogenic differentiation, and 

increase cell proliferation209 and cartilage formation,53'81 while dexamethasone 

was found to promote chondrogenic differentiation and synthesis of cartilage 

matrix in stem cells.221 More specifically, such a defined medium was recently 

used in conjunction with the self-assembling process to engineer tissue with an 

aggregate modulus of 94 kPa and 5% GAG per wet weight.74 However no work 

has directly compared functional differences in tissue engineered cartilage as a 

result of culture in varying FBS concentrations and ITS usage. 

The primary objective of this study was to enhance the translatability of 

the self-assembling method by reducing the amount of FBS needed to maintain a 

tissue engineered construct's salient biochemical and biomechanical properties. 
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To this end, self-assembled constructs were exposed to varying amounts of FBS 

as well as a serum substitute. It was hypothesized that, among all FBS-based 

media formulations, 1% FBS medium would produce functional engineered 

constructs thereby reducing the amount of animal serum needed. We further 

hypothesized that constructs cultured with defined medium would result in 

biochemical and biomechanical properties on par with serum-containing medium. 

To assess these hypotheses, the biochemical and biomechanical properties in 

conjunction with gross morphological characteristics were utilized as selection 

criteria toward identifying the medium that produced the most functional 

neotissue. 

Materials and methods 

Chondrocyte isolation and seeding 

Chondrocytes were isolated from the distal femur of 1-wk-old male calves 

(Research 87, Boston, MA) less than 36 hours post-slaughter with 470 units/mL 

collagenase type II (Worthington Biochemical Corp., Lakewood, NJ) in base 

culture medium. Base medium was DMEM supplemented with 4.5 g/L D-glucose 

(Invitrogen, Carlsbad, CA), 10% FBS (Gemini Bioproducts, Woodland, CA), 1% 

penicillin/streptomycin/fungizone (PSF) (Cambrex, Walkersville, MD), 1% non

essential amino acids (Invitrogen), 10 mM HEPES (Sigma, St. Louis, MO), 0.4 

mM L-proline (Acros Organics, Geel, Belgium), and 50 ug/mL L-ascorbic acid 

(Acros). Cells from each donor leg were counted on a hemocytometer and 
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viability was assessed using the trypan blue exclusion test. Approximately 150 

million cells were isolated from each leg and viability was greater than 98%. 

After isolation and counting, chondrocytes from four donor legs were pooled 

together and frozen in culture medium supplemented with 20% FBS and 10% 

DMSO (Fisher Scientific, Pittsburgh, PA) at -80°C. Cell viability was again 

assessed after thawing prior to seeding and found to be greater than 90%. 

Media formulations 

Several media formulations were prepared using the base culture medium 

with the following levels of FBS: 0%, 1%, 10%, and 20% per volume. An 

additional medium was prepared, termed defined medium, to assess the effects 

of a serum-free medium consisting of DMEM supplemented with 4.5 g/L D-

glucose, 1% PSF, 1% ITS+ (BD Scientific, Franklin Lakes, NJ), 100 nM 

dexamethasone (Sigma), 50 ug/mL ascorbate-2-phosphate (Sigma), 40 ug/mL L-

proline, and 100 ug/mL sodium pyruvate (Fisher). Final concentrations of ITS+ 

additives were 6.25 ug/mL insulin, 6.25 ug/mL transferrin, 6.25 ng/mL selenous 

acid. 

Chondrocyte self-assembly 

Each well of a 48-well plate was coated with 1 ml_ of 2% molecular biology 

grade agarose (Fisher). A sterilized mold-making device was inserted into each 

well to form agarose wells 5 mm in diameter and 10 mm tall. Agarose was 

allowed to cool and set for 1 hr, at which point the mold-making device was 

removed. To each of these wells, 5.5 million chondrocytes were seeded in 150 

uL of respective culture media. After 4 hrs of culture, an additional 350 uL of 
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culture medium was added, being careful not to disrupt the forming construct. 

Each construct was allowed to sit undisturbed for the next 20 hrs, which allowed 

the cells to coalesce into free-floating constructs, at which point all 500 uL of 

media was changed. Full media changes continued for all treatment groups 

every 24 hrs. Constructs were maintained in these 48-well agarose molds for the 

entire 4-wk study. 

Histology 

Following culture, samples were frozen and cryosectioned at a thickness 

of 14 urn. GAG and collagen distributions throughout the tissue engineered 

constructs were analyzed via Safranin-O/fast green and picrosirius red staining, 

respectively. 

Quantitative biochemistry 

Biochemical samples were lyophilized, minced, and resuspended in 0.8 

ml_ of 0.05 M acetic acid containing 0.5 M sodium chloride. To this suspension, 

0.1 ml_ of a 10 mg/mL pepsin (Sigma) solution in 0.05 M acetic acid was added, 

and the suspension mixed at 4°C for 96 hrs. Next, 0.1 imL of 10x Tris-buffered 

saline (TBS) buffer was added along with 0.1 ml_ pancreatic elastase (1 mg/mL 

dissolved in 1x TBS buffer). This suspension was mixed at 4°C overnight. From 

this digest, total DNA content was assessed by the Picogreen Cell Proliferation 

Assay kit (Molecular Probes, Eugene, OR). Total sGAG content was measured 

using the Blyscan Glycosaminoglycan Assay kit (Biocolor, Belfast, Northern 

Ireland), derived from 1,9-dimethyl-methylene blue binding.245 Post hydrolyzation 

by 2 N NaOH for 20 min at 110°C, samples were assayed for total collagen 
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content using a chloramine-T hydroxyproline assay.322 The amount of type II 

collagen was quantified by a sandwich ELISA (Chondrex, Redmond, WA). A 

similar protocol was modified to detect the amount of collagen type I using a 

monoclonal mouse anti-human capture antibody (U.S. Biological, Swampscott, 

MA) and polyclonal rabbit anti-human detection antibody (U.S. Biological). 

Creep indentation analysis 

Biomechanical analysis was performed by evaluating samples with an 

indentation apparatus.11 Each specimen was adhered to the sample platen with 

cyanoacrylate glue and fully submerged in saline solution. The specimen was 

aligned so that the construct surface was orthogonal to the loading shaft. 

Following alignment, a tare mass of 0.5 g (0.005 N) was loaded onto the 

specimen using a 0.98 mm diameter rigid, flat-ended, porous indenter tip. Each 

sample was allowed to equilibrate under the tare load until the deformation rate 

fell below 10"6 mm/sec. Upon reaching tare equilibrium, a step test load of 2.0 g 

(0.020 N) was automatically applied to the specimen, and displacement was 

measured until equilibrium was reached. At this time, the step load was removed 

and recovery displacement recorded until equilibrium was reached for the final 

time. The sample thickness along with indentation displacement data were used 

to calculate the intrinsic biomechanical properties based on the linear biphasic 

theory to include aggregate modulus (HA), permeability, and Poisson's ratio.218 

Statistical analysis 

Six samples were assessed biochemically and biomechanically for each 

treatment group. A single factor ANOVA was used to analyze the samples and a 
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Tukey's post-hoc test was conducted when media treatment was found to be a 

significant factor. Significance was defined as p < 0.05. 

Results 

Gross morphology and histology 

The addition of FBS, independent of concentration, resulted in a 

significant increase in diameter of assembled constructs (Table 3-1). All FBS-

treated groups were significantly larger in diameter compared with the two 

groups cultured in the absence of FBS. Similarly, as FBS concentration was 

increased from 1% to the higher concentrations, significant increases in construct 

thickness and wet weight were observed. 

The morphological and histological differences in treatment groups are 

shown in Figure 3-1. Histological staining revealed several differences between 

base medium and defined medium constructs in regard to GAG and collagen 

distribution throughout the constructs. Defined medium constructs showed 

homogeneous Safranin-0 staining throughout, while constructs cultured in low 

amounts of serum contained a heterogeneous distribution of GAGs. As serum 

was increased in culture medium, resulting Safranin-0 staining became more 

intense and homogeneous. Picrosirius red staining showed an outer shell 

abundant in collagen content while interior sections were less collagen-rich for all 

treatment groups, base and defined media alike. However, there were 

differences in the intensity of staining between treatment groups. Base media 
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supplemented with 10% FBS appeared to have a higher degree of staining than 

all other treatments. No dramatic differences were observed between treatment 

with defined medium and treatment with base medium containing FBS, whereas 

treatment with the 0% FBS in base medium resulted in little staining. 

Quantitative biochemistry 

FBS supplementation to the media was also demonstrated to have a 

significant effect on total sGAG production per construct. The 0% FBS 

constructs contained 111 ± 51 ug. GAG content increased with the 

supplementation of FBS, as 1%, 10%, and 20% constructs contained 456 + 162 

ug, 850 ±186 ug, and 860 ± 178 ug per construct, respectively. Defined medium 

constructs produced the highest sGAG per construct at 910 ±613 ug. Significant 

differences were observed between the 0% group and 10%, 20%, and defined 

medium groups. Hydroxyproline analysis yielded similar findings, as the culture 

medium was a significant factor for total collagen content per construct. 

Specifically, constructs cultured in 0% FBS produced 414 ± 148 ug and the 

presence of FBS increased the collagen production as 1% and 20% constructs 

produced 710 ± 236 ug and 871 ± 178 ug, respectively. Defined medium 

constructs produced 834 ±120 ug, while 10% constructs yielded the largest 

amount of collagen per construct at 1088 ± 135 ug. 

For a comparison of extracellular matrix production to native bovine 

articular cartilage, biochemical content was additionally normalized to wet weight 

(ww) values. Culture medium was a significant factor for GAG/ww. Defined 

medium contained 6.2 ± 1.6%, which was significantly more than all base 
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medium groups which had 1.2 ± 0.5%, 2.1 ± 0.5%, 2.3 ± 0.3%, and 2.0 ± 0.3% 

for 0%, 1%, 10%, and 20% FBS, respectively (Fig. 3-2A). Constructs cultured 

with defined medium also contained the highest collagen/ww at 7.8 ± 4.3%. The 

group that produced the next highest collagen/ww was the 0% group at 4.5 ± 

1.3%. The normalized collagen content in the defined medium group was 

significantly greater than all FBS-containing treatment groups with 1%, 10%, and 

20% FBS groups producing total normalized collagen of 3.4 ± 0.8%, 3.0 ± 0.7%, 

and 2.0 ± 0.3%, respectively (Fig. 3-2B). 

Culture in defined medium also significantly increased the amount of type 

II collagen produced by at least 2.5-fold in engineered constructs over all base 

medium-treated constructs. Defined medium constructs produced 92 ± 55 ug of 

collagen II, which was significantly higher than all other treatment groups. The 

concentration of FBS did not have a statistically significant effect on the amount 

of collagen II produced with 20%, 10%, 1%, and 0% FBS treatment yielding 

tissue with 34 ± 8 ug, 27 ± 2 ug, 25 ± 10 ug, and 15 ± 3 ug, respectively (Fig. 3-

3). Though not significant, type II collagen decreased with decreasing FBS in 

base medium constructs. Collagen type I production was also assessed, but no 

treatment group produced any detectable amounts of this protein. 

Biomechanical evaluation 

All constructs were mechanically testable under creep indentation at 4 wks 

with the exception of constructs cultured in 0% FBS. These constructs lacked 

mechanical integrity and fell apart upon the slightest manipulation. The 

constructs cultured in defined medium had significantly increased tissue stiffness 
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compared to all constructs cultured in the various serum concentrations. Using 

the linear biphasic theory, the aggregate modulus of defined medium-cultured 

constructs was 129 ± 55 kPa, significantly larger than all other treatment groups. 

The next largest aggregate modulus of 26 ± 14 kPa was obtained using only 1% 

FBS, followed by 20% and 10% which measured 21 ± 7 kPa and 16 ± 4 kPa, 

respectively (Fig. 3-4A). Culture medium was also a significant factor for 

permeability and Poisson's ratio, imparting a 3-fold significant increase in 

construct permeability and 1.5-fold increase in Poisson's ratio over any 

constructs cultured in FBS-containing media. Specifically, constructs cultured in 

defined medium possessed a permeability of 10.8 ± 4.6 x 10"14 m4/Ns, 

significantly greater than 1%, 10%, and 20% FBS media which had permeability 

values of 2.7 ± 2.3 x 10"14 m4/Ns, 3.2 ± 2.7 x 10"14 m4/Ns, and 1.8 ± 0.5 x 10'14 

m4/Ns, respectively (Fig. 3-4B, white bars). Significant differences were found 

for Poisson's ratio values between defined medium samples (0.28 ± 0.02) and 

constructs cultured with high levels of FBS, notably 10% (0.04 ± 0.08) and 20% 

(0.04 ± 0.07). Constructs cultured in 1% FBS were not significantly different from 

any other groups and had a Poisson's ratio of 0.19 ± 0.18 (Fig. 3-4B, shaded 

bars). 

Discussion 

In this study, a recently-developed self-assembling method for producing 

articular cartilage constructs was utilized to assess and compare the effects of 

varying concentrations of FBS in a base medium to a serum substitute. The 
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gross morphological, biochemical, and biomechanical properties were employed 

as selection criteria toward examining the study's hypotheses that 1) serum 

reduction would not inhibit the formation of functional engineered constructs and 

2) constructs cultured with defined medium would result in biochemical and 

biomechanical properties on par with serum-containing medium. Moreover, an 

overarching goal of this study was the determination of a culture medium that 

yielded the most functional neotissue and exhibited the most translational 

potential through serum reduction. 

The results of this study showed that a defined medium contributed to 

significant increases in biochemical and biomechanical properties of engineered 

tissue compared to serum-containing media. Specifically, culture in defined 

medium led to at least a 1.7-fold increase in GAG concentration and 1.3-fold 

increase in total collagen concentration compared to constructs grown in media 

encompassing a spectrum of serum concentrations. Additionally, compressive 

stiffness was increased by 500% through culture in defined medium compared to 

any other media group, reaching native values of immature bovine articular 

cartilage.138 Within base medium groups at various serum levels, however, small 

FBS dosage effects were observed, but these differences were minute when 

compared to differences imparted through culture in defined medium. These 

data confirm the first hypothesis of the study that serum levels can be reduced 

without compromising a tissue engineered construct's biochemical and 

biomechanical properties. Specifically, constructs cultured in 1 % FBS contained 

similar concentrations of GAG and collagen compared to 10% and 20% FBS. 
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These biochemical similarities manifested themselves in similar biomechanical 

properties, as constructs in 1% serum possesses equivalent aggregate modulus 

and permeability values. Furthermore, the use of defined medium not only 

increased functional properties over treatment with 0% FBS, but more 

importantly over all serum-containing media. 

The versatility of the self-assembling process was demonstrated through 

the production of smooth, hyaline-like tissue for a wide range of FBS 

percentages and separately in the presence of the defined medium. The 

neotissue produced contained spherical cells with a chondrocytic phenotype, 

illustrated by the production of cartilage-specific proteins and the absence of 

collagen type I, typically associated with dedifferentiated chondrocytes. 

Additionally, all treatment groups produced tissue with mechanical integrity with 

the lone exception being base medium with 0% serum. These constructs 

produced cartilage-specific proteins, but which were only loosely connected and 

upon the slightest manipulation, these constructs began to fall apart. In contrast, 

all other constructs were robust enough to undergo mechanical examination. 

A serum concentration of at least 1% FBS was needed to achieve 

constructs with functional properties. Subsequent serum increases in the base 

medium did not result in large increases in ECM concentration or biomechanical 

properties. However, serum concentration seemed to correlate with dimensional 

and hydration characteristics in a dose-dependent manner. These results agree 

with previous work indicating serum concentration has little effect on 

proteoglycan synthesis of bovine chondrocytes in the absence of growth factor 
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application.293 It seems that only the mere presence of a small amount of serum 

(1%) leads to tissue that has as much functionality as applying high doses (20%) 

in base medium. 

The success of this study resides with the identification that the defined 

medium resulted in constructs with dramatically better functional properties than 

those cultured in any FBS-containing group. These results indicate a superior 

culture medium that enhances both the functionality and translatability of this in 

vitro culture system. Moreover, these results agree with recent work that has 

shown this defined medium can dramatically increase the amount of GAG/ww 

and collagen/ww produced in chondrogenesis of mesenchymal stem cells,17,68 

embryonic stem cells162 and enhanced cartilage-specific ECM in neocartilage 

formation of rabbit chondrocytes.220 

A clear structure-function relationship emerged for engineered neotissue 

in this study. Specifically, the 5-fold increase in aggregate modulus was mirrored 

by an almost 3-fold increase in GAG/ww as a result of culture in defined medium. 

While constructs containing FBS produced similar values of GAG per construct, 

the structure-function relationship between GAG/ww and aggregate modulus was 

maintained for all serum-containing constructs in that, decreasing concentrations 

of GAG/ww correlated with lower aggregate modulus values. Another structural 

phenomenon observed was that defined medium contributed to less hydrated 

constructs (84%) compared to all serum-containing constructs (92-93%). These 

increased hydration levels resulted in constructs with higher wet weights and 

more swollen matrix. In is interesting to note that in spite of the fluffy appearance 
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and increased hydration, mechanical testing revealed lower permeability values 

compared to constructs in defined medium. Upon examination of histology 

samples, a thin rind of GAG was observed on the periphery of the constructs that 

could explain this apparent anomaly and cause reduced permeability by 

increasing the resistance of fluid leaving the construct. Nevertheless, these 

results are exciting due to defined culture medium producing neotissue with the 

principal mechanical property approaching that of native immature bovine 

cartilage (HA ~ 140 kPa).138 

Increases in ECM deposition and subsequent biomechanical properties of 

constructs cultured in defined medium can be attributed to several components 

of the medium, specifically dexamethasone and insulin. Dexamethasone has 

been shown to promote differentiation of chondrocytes during chondrogenesis 

and to maintain the integrity of cartilaginous matrix proteins, including an 

increase in gene expression of type II collagen, of cultured chondrocytes and 

human adult mesenchymal stem cells.68,116,221 Additionally, dexamethasone has 

been shown to increase Sox9 gene expression during chondrocyte culture, 

leading to the increased production of type II procollagen.273 During three-

dimensional culture in alginate beads, dexamethasone has been shown to 

increase collagen type II and GAG deposition when combined with ascorbate.221 

Insulin has also been shown to have many beneficial effects on chondrocyte 

culture and cartilage functionality, including the upregulation of cartilage specific 

genes such as collagen types II and X and aggrecan, and increase in 

proteoglycan synthesis in chondrogenic cell lines.49 Moreover, insulin signaling 
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has been shown to occur through the insulin receptor substrate-1 (IRS-1) 

pathway, the same signaling pathway utilized for insulin growth factor-l (IGF-I).99 

IGF-I has repeatedly demonstrated an ability to increase ECM synthesis in 

cartilage explants27 and engineered constructs.207 Data in this study, therefore, 

indicate similar findings as significant increases in type II collagen, total collagen, 

and GAG concentration were imparted to engineered tissue with the addition of 

dexamethasone and insulin. 

The results of this study indicate that serum can be removed from culture 

medium while simultaneously increasing biochemical and biomechanical 

properties of engineered cartilage. This preclusion of serum from a culture 

medium has a multitude of implications for future engineering studies, to include 

enhancing the translatability of engineered neotissue toward in vivo studies and 

elucidating the effects of applied exogenous stimuli, namely growth factors and 

mechanical stimulation. Culture medium lacking animal serum enhances the 

translatability of engineered cartilage by avoiding the numerous xenogenic 

problems previously discussed. Furthermore, many tissue engineering studies 

aim to enhance neotissue biochemical and biomechanical properties through the 

addition of growth factors and mechanical stimulation. However, effects of these 

stimuli can be altered if serum is prevalent in the culture medium by interacting 

with the variable growth factors inherent in animal serum. To truly deduce the 

effects of external stimuli, a serum-free environment must be obtained 

throughout culture. 
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In conclusion, native articular chondrocytes seeded in the self-assembling 

process and cultured in a defined medium formed robust neocartilage constructs 

that were shown to have significantly more extracellular components and a 5-fold 

increase in aggregate modulus when compared to constructs cultured in medium 

with various concentrations of FBS. Therefore, this defined medium should be 

used in subsequent articular cartilage tissue engineering studies to increase the 

biochemical and biomechanical properties. It also offers the most potential 

toward a translational approach by eliminating FBS from the culture medium. 
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Table 3-1: Gross morphological properties 

Culture medium 
0% FBS 
1% FBS 

10% FBS 
20% FBS 
Defined 

Diameter (mm) 
6.13±0.28a 

9.82 ± 0.76 b 

8.89 ± 0.93 b 

9.75 ±1.32 b 

6.01 ±0.32a 

Thickness (mm) 
0.29 ± 0.04 a 

0.48 ± 0.08 a 

0.83±0.19b 

0.87±0.19b 

0.50 ± 0.05 a 

Wet weight (mg) 
9.7 ± 3.4 a 

21.1 ±5.1 b 

37.0 + 5.9c 

42.6 ± 5.4 c 

15.6±6.8a b 

Table 3-I. Gross morphological properties. The presence of FBS contributed to a significant 

increase in construct diameter over defined medium constructs. Additionally, 10% and 20% FBS 

imparted significantly increased thickness and wet weight to constructs over those cultured in 

defined medium. Data are shown as mean ± standard deviation. Levels not connected by the 

same letter are significantly (p < 0.05) different. 
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Figure 3-1: Gross morphology and histology 

0% 1% 10% 20% Defined 

Figure 3-1. Gross morphology (row 1) and histological sections (rows 2 and 3) of constructs 

cultured for 4 wks at each culture treatment. Each ruler marking denotes 1 mm. In the presence 

of FBS, constructs increased in diameter while there is a positive correlation with FBS 

concentration and construct thickness. Intense staining of Safranin-O/fast green (sGAGs) was 

observed for all treatment groups while staining with picrosirius red (collagen) was observed for 

all treatment groups except the 0% FBS group. Scale bar denotes 200 urn. 
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Figure 3-2: Extracellular matrix production 
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Figure 3-2. Extracellular matrix production normalized per wet weight of tissue. A) GAG/ww. 

Constructs cultured in defined medium contained significantly more GAG/ww than all other 

treatment groups. B) Total collagen/ww. Defined medium significantly increased the collagen 

density compared to all constructs cultured in FBS. Concentration of FBS did not seem to play a 

role in either amount of GAG/ww or collagen/ww produced. Data represent mean ± standard 

deviation. Levels not connected by the same letter are deemed significantly different (p < 0.05). 
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Figure 3-3: Collagen type II production 
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Figure 3-3. Collagen type II per construct in micrograms. Defined medium significantly increased 

the amount of collagen II produced in neotissue constructs over all other treatment groups while 

concentration of FBS did not have an effect on protein production. Data represent mean ± 

standard deviation. Levels not connected by the same letter are deemed significantly different (p 

< 0.05). 
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Figure 3-4: Biomechanical properties 
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Figure 3-4. Biomechanical properties for all culture medium treatment groups. A) Aggregate 

modulus. Defined medium significantly increased aggregate modulus compared to all FBS-

treated constructs. B) Permeability (white bars) and Poisson's ratio (shaded bars). Defined 

medium significantly increased permeability over all constructs cultured in FBS-containing media 

and Poisson's ratio over 10% and 20% FBS groups. The constructs cultured in 0% FBS were 

mechanically untestable. Data are shown mean ± standard deviation and significance defined as 

p < 0.05. Groups not connected by the same letter are deemed significantly different and capital 

letters denote differences among permeability values; lowercase letters denote Poisson's ratio 

differences. 
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Chapter 4: Temporal culture effects for tissue 
engineering articular cartilage in self-assembly: a long-

term study* 

Abstract 

Cartilage tissue can be successfully engineered in vitro with articular 

chondrocytes in a scaffold-free self-assembling process with histological, 

biochemical, and biomechanical properties mirroring those of immature native 

bovine cartilage. This study examined the temporal changes in self-assembled 

articular cartilage constructs during 24 wks of in vitro static culture. As time of 

culture increased, significant increases were observed in construct thickness, 

diameter, wet weight, and hydration, as well as total GAG and collagen content. 

Increasing culture from 2 to 4 wks led to a 32% increase in aggregate modulus; 

this was accompanied by a 66% increase in GAG and 39% reduction in total 

collagen, when normalized to wet weight. While subsequent culture led to 

maintenance of GAG/ww and increased amounts of collagen type II, significant 

reductions were observed for total collagen/ww and aggregate modulus. At 24 

wks, constructs contained only 1.8% total collagen/ww and an aggregate 

modulus of 53 kPa. These results indicate that in the current static culture 

environment, an optimal culture time exists at 4 wks at which time cartilage 

constructs possess maximum biochemical and biomechanical functionality. 

Additionally, this study has identified an intervention window between 4 and 8 

* Chapter submitted to Arthritis Res Ther as Revell CM and Athanasiou KA, "Temporal culture 
effects for tissue engineering articular cartilage in self-assembly: a long-term study," April 2008. 
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wks of culture for the application of external stimuli to assist in enhancing 

functional properties. 

Introduction 

Articular cartilage deterioration is a major concern facing orthopedic 

medicine today. Native cartilage is an avascular and aneural tissue with very low 

cellularity, which inhibit its natural ability for regeneration.199 Upon injury, 

cartilage defects have shown only a transient ability to heal at best;142 hence, 

there has become an ever increasing interest in alternate cell therapies and 

tissue engineering approaches to aid in tissue repair.31,124,140 Successful tissue 

engineering of articular cartilage, however, hinges on the ability to reproduce 

neotissue with biochemical and biomechanical functionality emulating that of 

native tissue. 

To truly replicate functional tissue properties of native tissue in vivo, 

optimization of in vitro tissue engineering culture conditions must be 

achieved.201,274 Toward this goal, we have developed a chondrocyte self-

assembling process to produce neotissue cartilage constructs in a scaffold-free 

system.137,138 Within this process, certain culture conditions have been optimized 

including components of culture medium and confinement time in an external 

mold to produce tissue that is hyaline-like in appearance with histological, 

biochemical, and biomechanical properties approaching those of immature native 

tissue.74 The next logical step using this culture system is to apply additional 

exogenous stimulation, either chemical or mechanical in nature, to further 

enhance functional properties. A number of studies have reported enhanced 
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glycosaminoglycan (GAG) and collagen production using growth factors such as 

TGF-pi and IGF-I that contribute to increased construct compressive 

stiffness.54'207 Similarly, mechanical stimulation has been applied to engineered 

constructs to enhance matrix biosynthesis and corresponding mechanical 

properties.78'157'205'207308 Additionally, it has been shown that mechanical 

stimulation can have varying effects on construct biochemical and biomechanical 

properties based on time of application during in vitro growth, as engineered 

constructs must have enough extracellular matrix (ECM) and integrity for 

manipulation and subsequent deformation during mechanical stimulation.184 

Therefore, prior to implementing these exogenous stimuli in the self-assembling 

process, a thorough analysis of temporal growth must be pursued to identify the 

most appropriate time of application. This temporal fingerprint will not only aid in 

the identification of an optimal application time for stimulation, but also provide a 

more comprehensive understanding and characterization of this recently 

developed culture process. 

The purpose of this study, therefore, was to examine the temporal effects 

of long-term in vitro culture on self-assembled articular cartilage constructs. 

Specifically, the objectives of this investigation were to select an optimal static 

culture time at which constructs possessed maximal biochemical and 

biomechanical functionality and to identify an intervention time window in which 

to apply exogenous stimulation for enhancements of construct functionality. To 

carry out these objectives, the production and maintenance of important 

cartilage-specific ECM molecules, including GAGs, total collagen, and collagen 
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type II, and constructs' corresponding compressive properties were investigated 

over time. We hypothesized that construct functionality would increase with time 

in culture and reach a plateau, at which time constructs would possess optimal 

biochemical and biomechanical properties. Beyond this plateau, we 

hypothesized that biochemical and biomechanical properties would decline when 

cultured out to 24 wks. 

Materials and methods 

Chondrocyte isolation 

Articular chondrocytes were isolated from the distal femur of 1-wk-old 

male calves (Research 87, Boston, MA) less than 36 hrs post-slaughter with 470 

units/mL collagenase type II (Worthington Biochemical Corp., Lakewood, NJ) in 

digest medium. Digest medium was composed of Dubelco's Modified Eagle's 

Medium (DMEM) supplemented with 4.5 g/L D-glucose (Invitrogen, Carlsbad, 

CA), 10% FBS (Gemini Bioproducts, Woodland, CA), 1% 

penicillin/streptomycin/fungizone (PSF) (Cambrex, Walkersville, MD), 1% non

essential amino acids (Invitrogen), 10 mM HEPES (Sigma, St. Louis, MO), 0.4 

mM L-proline (Acros Organics, Geel, Belgium), and 50 ug/mL L-ascorbic acid 

(Acros). Cells from each donor leg were counted on a hemocytometer and 

viability was assessed using the trypan blue exclusion test. Approximately 150 

million cells were isolated from each leg and viability was greater than 97%. 

After isolation and counting, chondrocytes from six donor legs were pooled 
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together and frozen in digest medium supplemented with 20% FBS and 10% 

DMSO (Fisher Scientific, Pittsburgh, PA) at -80°C. 

Chondrocyte self-assembly 

Each well of a 48-well plate was coated with 1 ml_ of 2% molecular biology 

grade agarose (Fisher). A sterilized mold-making device was inserted into each 

well to form agarose wells 5 mm in diameter and 10 mm tall. The mold-making 

device was removed after the agarose had cooled and set for 1 hr and four 

changes of culture medium were performed to each well. Culture medium 

consisted of DMEM supplemented with 4.5 g/L D-glucose, 1% PSF, 1% insulin-

transferrin-selenous acid (ITS+) (BD Scientific, Franklin Lakes, NJ), 100 nM 

dexamethasone (Sigma), 50 ug/mL ascorbate-2-phosphate (Sigma), 40 ug/mL L-

proline, and 100 ug/mL sodium pyruvate (Fisher). Frozen, passage 0 articular 

chondrocytes were thawed following medium replacement and cell viability was 

assessed prior to seeding and found to be greater than 90%. To each agarose-

coated well, 5.5 million chondrocytes were seeded in 150 uL of culture medium. 

After 4 hrs of culture, an additional 350 uL of culture medium was added, being 

careful not to disrupt the forming construct. Each construct was allowed to sit 

undisturbed for the next 20 hrs, which allowed the cells to coalesce into free-

floating constructs, at which point all 500 uL of media was changed. Full media 

changes continued for all treatment groups every 24 hrs. Five to six constructs 

were removed from culture and analyzed at each of the following time points: 2, 

4, 8, 12, and 24 wks. After 2 wks of culture, constructs remaining in culture were 
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unconfined from their 5 mm wells and placed into 11 mm agarose-bottomed wells 

for the duration of culture as illustrated previously.74 

Histology 

Following culture, samples were frozen and cryosectioned for histological 

examination at a thickness of 14 urn. GAG and collagen distributions throughout 

the tissue engineered constructs were analyzed via Safranin-O/fast green and 

picrosirius red staining, respectively. 

Quantitative biochemistry 

Biochemical samples were lyophilized, minced, and resuspended in 0.8 

mL of 0.05 M acetic acid containing 0.5 M sodium chloride. To this suspension, 

0.1 mL of a 10 mg/mL pepsin (Sigma) solution in 0.05 M acetic acid was added, 

and the suspension mixed at 4°C for 96 hrs. Next, 0.1 mL of 10x Tris-buffered 

saline buffer was added along with 0.1 mL pancreatic elastase (1 mg/mL 

dissolved in 1x saline buffer). This suspension was mixed at 4°C overnight. 

From this digest, total DNA content was assessed by the Picogreen Cell 

Proliferation Assay kit (Molecular Probes, Eugene, OR). Total sGAG content 

was measured using the Blyscan Glycosaminoglycan Assay kit (Biocolor, Belfast, 

Northern Ireland), derived from 1,9-dimethyl-methylene blue binding.245 Post-

hydrolyzation by 2 N NaOH for 20 min at 110°C, samples were assayed for total 

collagen content using a chloramine-T hydroxyproline assay.322 The amount of 

collagen type II was quantified by a sandwich ELISA (Chondrex, Redmond, WA). 

A similar protocol was modified to detect the amount of collagen type I using a 
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monoclonal mouse anti-human capture antibody (U.S. Etiological, Swampscott, 

MA) and polyclonal rabbit anti-human detection antibody (U.S. Biological). 

Creep indentation 

Biomechanical analysis was performed by evaluating samples with an 

indentation apparatus.11 Each specimen was adhered to the sample platen with 

cyanoacrylate glue and fully submerged in saline solution. The specimen was 

aligned so that the construct surface was orthogonal to the loading shaft. 

Following alignment, a tare mass of 0.2 g (0.002 N) was loaded onto the 

specimen using a 0.98 mm diameter rigid, flat-ended, porous indenter tip. Each 

sample was allowed to equilibrate under the tare load until the deformation rate 

fell below 10"6 mm/sec. Upon reaching tare equilibrium, a step test load of 0.7 g 

(0.007 N) was automatically applied to the specimen, and displacement was 

measured until equilibrium was reached. At this time, the step load was removed 

and recovery displacement recorded until equilibrium was reached for the final 

time. The sample thickness along with indentation displacement data were used 

to calculate the intrinsic biomechanical properties based on the linear biphasic 

theory to include aggregate modulus (HA), permeability, and Poisson's ratio.218 

Statistical analysis 

Five to six samples were assessed biochemically and biomechanically for 

each treatment group. A single factor ANOVA was used to analyze differences 

in temporal growth and a Tukey's post-hoc test was conducted when culture time 

was found to be a significant factor. Significance was defined as p < 0.05. 



Results 

in 

Gross morphology and histology 

Temporal culture resulted in significant increases in all gross 

morphological properties, including construct diameter, thickness, wet weight, 

and hydration (Table 4-1). Construct diameter increased temporally from an initial 

5.00 ± 0.11 mm at 2 wks to a final diameter of 7.39 ± 0.13 mm after 24 wks in 

culture. A similar increase was observed for construct thickness, increasing from 

0.53 ± 0.04 mm up to 2.09 ± 0.21 mm over the same time period. Finally, culture 

time had a correspondingly significant effect on construct wet weight and 

hydration. These values ranged from 10.4 ± 0.7 mg and 76.4 ± 5.0% at 2 wks to 

67.5 ± 0.5 mg and 83.8 ± 0.8% at 24 wks. For all morphological data except 

hydration, increasing trends following a logarithmic curve were observed with 

increasing time in culture. 

The gross morphological and histological differences of cultured 

constructs are shown in Figure 4-1. Morphologically, constructs at all time points 

appeared hyaline-like with a glistening appearance. Histological evaluation 

revealed that at early time points (2 and 4 wks), constructs possessed intense, 

homogeneous Safranin-0 staining, indicating they had an abundant amount of 

GAG distributed throughout. Additionally, picrosirius red staining indicated these 

constructs contained a homogeneous distribution of collagen, with an intense 

band of collagen surrounding the periphery of the construct. At later time points 

(8, 12, and 24 wks), however, Safranin-0 staining remained intense, but was 

unequally distributed throughout the constructs with areas apparently devoid of 
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any GAG. Collagen distribution followed a similar nonhomogeneous trend. 

These staining patterns indicate a lower GAG and collagen concentration in 

these larger, more hydrated constructs. 

Quantitative biochemistry 

Quantitative analysis of biochemical content in tissue engineered 

constructs revealed similar trends seen qualitatively in histology (Fig. 4-2). As 

constructs aged, the amount of GAG contained within the constructs significantly 

increased with constructs cultured for 2, 4, 8, 12, and 24 wks containing 619 ± 

114 ug, 1926 ± 323 ug, 3142 ± 360 ug, 3818 ± 338 ug, and 6423 ± 983 ug, 

respectively. Total collagen, however, was not observed to increase with culture 

time but rather increased out to 8 wks and remained constant for the duration of 

culture. Specifically, constructs at 2, 4, 8, 12, and 24 wks contained 1083 ± 108 

ug, 1215 ± 152 ug, 1847 ± 273 ug, 1854 ± 110 ug, and 1610 ± 65 ug. 

respectively, of total collagen. To accurately compare biochemical content 

between constructs of different sizes and to native tissue, normalization to wet 

weight (ww) values was performed. GAG/ww significantly increased from 6.0 ± 

1.1% at 2 wks to 9.9 ± 1.8% at 4 wks at which point a maximum concentration 

was observed. These values stayed constant throughout the remainder of 

culture with constructs cultured for 8, 12, and 24 wks containing 9.1 ± 1.2%, 7.8 ± 

0.9%, and 9.5 ± 1.1%, respectively. When normalized to wet weight, collagen 

showed a significant decreasing temporal trend. The highest concentration 

occurred in constructs at 2 wks with 10.5 ± 1.6% and significantly declined to 6.3 

± 0.8%, 5.4 ± 0.9%, 3.8 ± 0.3%, and 2.4 ± 0.2% at 4, 8, 12, and 24 wks, 
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respectively. Additionally, no significant differences were observed in cellularity 

among constructs at any time point. 

Increased culture time also contributed to an increase in collagen type II in 

engineered cartilage constructs (Fig. 4-3). Data were normalized to collagen II 

production in constructs cultured for 2 wks to more easily illustrate the temporal 

increases in protein production. Constructs contained 5.1 ± 0.9, 16.4 ± 2.9, 26.4 

± 6.6, and 41.8 ± 5.0 times as much collagen type II at 4, 8, 12, and 24 wks, 

respectively, and all differences were deemed significant except differences 

between 2 and 4 wks. Despite this difference not being statistically significant, 

the dramatic increase follows the overall temporal increasing trend. Collagen 

type I was also assessed but constructs contained no detectable amount of the 

protein at any of the time points. 

Biomechanical evaluation 

Figure 4-4 depicts the stiffness results from creep indentation testing. 

After only 2 wks in culture, constructs reached an aggregate modulus of 140 ± 41 

kPa. Upon a subsequent 2 wks of culture, the stiffness increased to 185 ± 39 

kPa. Ensuing culture led to significant decreases in construct stiffness with 

constructs cultured for 8, 12, and 24 wks possessing stiffness values of 96 ± 27 

kPa, 54 ± 21 kPa, and 53 ± 34 kPa. Poisson's ratio decreased dramatically from 

2 wks throughout the duration of culture, decreasing from 0.18 ± 0.17 to 0.11 ± 

0.10, 0.03 ± 0.04, 0.10 ± 0.06, and 0.06 ± 0.05 for 4, 8, 12, and 24 wks, 

respectively. No significant differences were observed for permeability among 

time points and values ranged from 3.0 - 7.1 x 10"14 m4 N'1 s"1. 
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Discussion 

This study was designed to assess the effects of temporal in vitro culture 

out to 24 wks on the biochemical and biomechanical properties of self-assembled 

articular cartilage constructs. Constructs at 4 wks in static culture had the largest 

aggregate modulus, accompanied by ECM spanning native values. However, 

subsequent culture out to 24 wks produced enlarged neotissue with both 

significantly inferior compressive stiffness and collagen concentration. These 

results support our hypothesis, as temporal changes in the engineered 

constructs allowed us to identify an optimal culture time to achieve the highest 

compressive functionality. Additionally, these results contribute to enhanced 

understanding and characterization of the self-assembling process. 

Biochemical properties of tissue are known to be highly correlated with the 

tissue's resulting functional biomechanical properties and results from this study 

are no different.247,269 Culture in a static in vitro environment led to a 32% 

increase in aggregate modulus at 4 wks compared to 2 wks in culture, while long-

term culture resulted in significantly reduced modulus. The aggregate modulus 

of constructs at 8 wks declined to 50% and constructs at both 12 and 24 wks 

declined to 29% of 4 wk values. Accompanying biochemical content, when 

normalized to wet weight, showed a peak GAG production at 4 wks that was 

statistically maintained throughout the culture period. Statistically significant 

decreases in collagen/ww production were observed from 2 wks out to 24 wks. 

Histological staining correlated well with quantitative biochemical assessments. 

Though the data do not indicate a correlation between aggregate modulus and 
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GAG/ww, it may be the interplay of GAG and collagen, and not GAG alone, that 

most likely allows for the identification of an optimal culture time based on 

construct biomechanical properties. 

In the absence of mechanical stimulation, transport of vital nutrients for 

matrix synthesis occurs mainly by diffusion. Diffusion of metabolites within a 

tissue engineered construct has been shown to be anomalous and not Fickian. 

Specifically, the diffusivity in developing tissue engineered constructs is variable 

as it depends temporally and spatially upon the growth characteristics and 

microgeometry of ECM, respectively.48,174 As matrix molecules are deposited 

over time, they impose strict impedances to particle mobility, thus contributing to 

a variable diffusivity that results in depletion of vital nutrients required for matrix 

synthesis.274 Computational modeling revealed that the aggregate modulus 

would increase temporally at the onset of culture due to the production and 

aggregation of matrix components, reaching a peak in stiffness between 3 and 4 

wks in culture under static conditions.48 This peak corresponds with results 

presented in the current study and is postulated to be a result of the maximum 

spreading of immobilized GAG molecules within the construct. Additionally, 

modeling revealed that the stiffness decreased with further time in culture and 

reached a steady-state value. All aspects of the computational modeling of 

diffusion in a developing tissue engineered cartilage construct are mirrored in the 

experimental data presented here, indicating that anomalous diffusion of both 

nutrients and matrix molecules should be of paramount concern in long-term in 

vitro tissue engineering studies. 
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To further understand the relationship between reduced diffusivity and 

metabolite transport, Sengers et al.274 used computational modeling to predict 

the transportation and distribution of various culture medium metabolites known 

to affect matrix synthesis, specifically oxygen, glucose, and lactate, within a 

tissue engineered cartilage construct. It was demonstrated that static culture of 

cartilage constructs in a finite volume of medium resulted in oxygen and glucose 

depletion as well as lactate accumulation, all of which have been shown to inhibit 

matrix synthesis. Moreover, they showed that these phenomena only worsen 

with increased construct thickness due to the accumulation of cartilage matrix 

and its lower diffusivity. When applied to results presented here, we see that 

constructs significantly expanded in thickness between 4 and 8 wks and became 

fluffier in nature, with a less dense matrix throughout the construct. As this 

occurred, there was a severe drop-off in matrix production corresponding with a 

loss of mechanical properties, which can possibly be attributed to problems with 

nutrient supply. This phenomenon worsened with increased culture duration and 

by 24 wks, the construct had expanded into a thicker, hydrated tissue with diffuse 

ECM distribution and low compressive stiffness. 

Several methods for overcoming nutrient deficiency have been suggested, 

including culture in a bulk volume132,133,274 and application of a mechanical 

stimulus, such as perfusion64,274 or direct compression.78,207,272 During culture in 

a finite medium volume, cellular utilization will deplete the surrounding medium of 

nutrients and will cause a change in the concentration gradient inside the 

construct over time. Through culture in a large amount of medium, however, 
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utilization will have less of an impact on nutrient concentration in surrounding 

medium, thus maintaining a high concentration gradient to drive nutrients into 

constructs during culture. Data put forth by Heywood et al.132,133 indicated that 

increasing medium supply by 4-fold contributed to superior cell viability and a 

207% increase in GAG production. These differences were observed especially 

in the center of cartilage constructs. Additional methods in addressing diffusion 

concerns include the application of external forces to drive nutrients into 

constructs, including perfusion bioreactors and direct compression stimulators.58 

Perfusion bioreactors have been shown to modulate matrix production in 

engineered cartilage constructs, increasing GAG synthesis by as much as 40% 

over constructs cultured statically.64 Dynamic compression has also been shown 

to increase gene expression of cartilage matrix proteins,210 GAG and collagen 

synthesis,27,63,78 and compressive stiffness207,308 of both cartilage explants and 

engineered cartilage constructs, while simultaneously improving the supply of 

nutrients and evacuation of toxic products during culture. It is worth mentioning 

that both perfusion and direct compression bioreactors assist in nutrient supply 

through physical means, such as fluid flow and compression, and these 

mechanical forces have also been shown to correlate with enhanced matrix 

synthesis through cellular mechanotransduction.118 Though it may be impossible 

to uncouple their nutrient supply and mechanotransductive effects, these 

mechanical stimuli have shown an ability to beneficially modulate matrix 

metabolism throughout in vitro culture. 
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A previous study demonstrated that the self-assembling process produced 

neotissue with increasing stiffness values out to 12 wks. However, these final 

stiffness values were only 28% of those obtained at 4 wks in the present study. 

Additionally, total GAG and collagen concentrations at 12 wks in the previous 

study were 60% and 35% less, respectively, than current 4 wk data.138 These 

data were reported in the first experiment performed with the self-assembling 

process and since that time, many improvements have been accomplished that 

increase functional properties at significantly reduced culture times. Optimization 

of the process includes culture in a defined, serum-free medium formulation and 

lateral confinement.74 These changes have led to significant improvements in 

construct functionality, improving the aggregate modulus to values approaching 

native tissue after only 4 wks in culture. Therefore, the current study, while at first 

glance conflicts with previous results, is actually investigating the temporal 

effects in a different system as growth characteristics of cartilage constructs have 

been significantly altered. 

Many studies have examined the temporal changes in biochemical and 

biomechanical properties of engineered cartilage, but to our knowledge this is 

one of the very few that have carried culture out to as long as 24 wks, as 

previous long-term studies have only carried culture out to 6 to 10 wks at 

maximum. Moreover, this is the first study that examines self-assembled 

constructs in long-term, 24 wk culture. The results of the present study reveal 

two main findings toward cartilage tissue engineering with the self-assembling 

process. First, in the current static culture system, an optimal culture time with 
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maximum biochemical and biomechanical functionality is identified at 4 wks. At 

this time point, construct properties are observed to approach native immature 

cartilage tissue values,138 which makes this approach a suitable candidate 

toward possible in vivo transplantation. Secondly, an intervention window has 

been identified between 4 and 8 wks of culture to apply exogenous stimuli such 

as growth factors or mechanical stimulation for further improvement of tissue 

properties. This window corresponds to a time point at which constructs have 

reached their maximal functionality in the static culture system and when external 

stimuli may aid in continual functional enhancement. Additionally, at this time the 

neotissue has a solid biochemical network that contributes to robust mechanical 

properties and is durable and malleable enough to undergo physical stimulation. 

Future studies should investigate the application of mechanical stimuli not only 

for its mechanotransductive effects, but also to aid in nutrient diffusion to 

potentially prevent the observed property decreases due to long-term static 

culture. Also, though not assessed in this current study, temporal effects on 

tensile properties of engineered cartilage constructs should be investigated. As 

these values are notoriously low in engineered tissue, investigating temporal 

effects on collagen production and tensile properties may be another indicator for 

optimal developing culture conditions. 
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Table 4-1: Gross morphological properties 

Culture time (wks) 
2 
4 
8 
12 
24 

Diameter (mm) 
5.00 ±0.11 a 

5.82 ± 0.15 b 

6.24 ± 0.09 c 

6.70 ± 0.12 d 

7.39 ± 0.13 e 

Thickness (mm) 
0.53 ± 0.04 a 

0.74 ± 0.06 a 

1.35 ± 0.05 b 

1.68 ± 0.23 c 

2.09 ± 0.21 d 

Wet weight (mq) 
10.4 ± 0.7 a 

19.4 ± 0.5 b 

34.6 ± 2.5 c 

49.3 ± 5.3 d 

67.5 ±5.1 e 

Hydration (% H^O) 
76.4 ± 5.0 a 

80.7 ± 1.2 b 

83.1 ± 0 . 7 b 

84.3 ± 1.4 b 

83.8 ± 0.8 b 

Table 4-I. Gross morphological properties. Temporal in vitro culture contributed to significant 

differences in construct diameter, thickness, wet weight, and hydration. As culture time 

increased, all morphological properties significantly increased. Data are shown as mean ± 

standard deviation. Levels not connected by the same letter are significantly different (p < 0.05). 
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Figure 4-1: Gross morphology and histology 
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Figure 4-1. Gross morphology (rows 1 and 2) and histological sections (rows 3 and 4) of 

constructs cultured for 2, 4, 8, 12, and 24 wks. Each ruler marking denotes 1 mm. Constructs 

increased in diameter and thickness with increasing culture time. As constructs increased in 

thickness after 4 wks in culture, the distribution of ECM became more diffuse with pockets of the 

construct devoid of any matrix. Scale bar denotes 500 urn. 
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Figure 4-2: Biochemical properties 
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Figure 4-2. Biochemical properties of constructs normalized to wet weight (white bars) and per 

construct (shaded bars). A) GAG. Increasing culture time led to significant increases in 

GAG/construct, while constructs cultured for 4, 8, and 24 wks had significantly greater GAG 

production when normalized to wet weight. B) Total collagen. While temporal culture led to 

significant decreases in collagen/ww, constructs cultured for 8 and 12 wks contained significantly 

higher total collagen than other time points. Data are shown mean ± standard deviation and 

significance defined as p < 0.05. Groups not connected by the same letter are deemed 

significantly different and capital letters denote differences between biochemical content 

normalized to wet weight and lowercase letters denote differences when normalized per 

construct. 
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Figure 4-3: Collagen type II production 
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Figure 4-3. Fold change in collagen type II per construct, normalized to 2 wk data. Culture time 

led to significant increases in collagen type II per construct. Culture for 24 wks led to a 42-fold 

increase in collagen type II compared to 2 wks. Data represent mean ± standard deviation. 

Levels not connected by the same letter are deemed significantly different (p < 0.05). 
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Figure 4-4: Aggregate modulus 
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Figure 4-4. Aggregate modulus values for all time points. Temporal culture led to significant 

differences in construct stiffness. Stiffness values increased from 2 to 4 wks in culture, then 

significantly decreased with subsequent culture time. Data are shown mean ± standard deviation 

and significance defined as p < 0.05. Groups not connected by the same letter are deemed 

significantly different. 
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Chapter 5: Seeding density optimization in self 
assembly of articular cartilage* 

Abstract 

Current forays into tissue engineering of articular cartilage in vitro using 

the self-assembling method have produced constructs possessing significant 

extracellular matrix and resulting mechanical properties. However, large 

numbers of native articular chondrocytes are necessary to produce functional 

engineered cartilage; a seeding density of 5.5 x 106 cells/construct is required. In 

this study, the effects of seeding density (0.25 - 11 x 106 cells/construct) on 

tissue quality were investigated. Results showed that tissue engineered articular 

cartilage was formed, when using at least 2 million cells/construct, possessing 

dimensional, compositional, and compressive properties approaching those of 

native tissue. It was noted that higher densities contributed to thicker constructs 

with larger diameters and had a significant effect on resulting biochemical and 

biomechanical properties. It was further observed that aggregate modulus 

increased with seeding density. By combining gross morphological, histological, 

biochemical, and biomechanical results, an optimal seeding density for the self-

assembling process of 3.75 x 106 cells/construct was identified. This finding 

enhances the translatability of this tissue engineering process by reducing the 

number of cells needed for tissue engineering of articular cartilage by 32% while 

maintaining essential tissue properties. 

* Chapter submitted to Ann Biomed Eng as Revell CM, Reynolds CE, and Athanasiou KA, 
"Seeding density optimization in self-assembly of articular cartilage," January 2008. 
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Introduction 

Articular cartilage functions to lubricate and transmit loads in diarthrodial 

joints.59 This mechanical functionality can be attributed to the dense ECM 

components and their corresponding unique organization within the tissue,10 

specifically, collagen type II and glycosaminoglycans (GAG). Bovine articular 

cartilage has been shown to have an aggregate modulus under creep indentation 

of ~140 kPa for immature tissue,138 increasing to ~800 kPa as tissue matures.271 

The biochemical content of healthy cartilage typically correlates well with 

biomechanical properties and has been shown to be 10-30% collagen and 3-10% 

GAG when normalized to wet weight of tissue.139,208 Cartilage's structural 

content and organization can be adversely affected by acute injury or by 

osteoarthritis, a degenerative process that leads to intense pain and subsequent 

joint instability and mechanical inferiority.142 Due to tissue breakdown and its 

subsequent poor natural healing response, tissue engineering has been 

investigated as a viable alternative for tissue replacement using a multitude of 

treatment modalities and culture methodologies.38'39'86'110'111'158'207'300 

Prior studies have used one such modality, known as the self-assembling 

process, as a means of engineering articular cartilage constructs that contained 

one-third the total collagen and two-thirds more sulfated glycosaminoglycans 

(sGAGs) per dry weight than native tissue, in addition to an aggregate modulus 

which approached one-third native values.138 The preclusion of a scaffold in this 

process is one step in the translational approach toward the production of tissue 

engineered articular cartilage constructs fit for clinical use. A scaffoldless 
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approach may eliminate potential problems, including stress-shielding, toxicity of 

degradation products, and an inflammatory response.13,14 Recently, this process 

has been further optimized by increasing its translatability and functionality via 

the elimination of fetal bovine serum from the culture medium, as well as the 

application of confinement-induced stress.74 These advancements have led to 

the production of tissue engineered constructs with an aggregate modulus of 225 

kPa and containing 6% GAG and 4% collagen normalized to tissue wet weight. 

The ability to produce cartilaginous constructs with the self-assembling 

process depends upon having a sufficient supply of chondrogenic cells for 

seeding (5.5 x 106/construct). Various options for obtaining an adequate supply 

include collecting and expanding chondrocytes from non load-bearing areas of 

articular cartilage,31'185 in addition to the use of differentiated 

mesenchymal23294'317 and/or embryonic stem cells.162 Independent of which 

chondrogenic cell source is used, an adequate cell density needs to be obtained 

to form functional constructs. Previous work has demonstrated in other cartilage 

engineering systems that cell seeding density has a dramatic effect on tissue 

matrix enrichment5'89'132'312 and subsequent response to mechanical 

stimuli.206'208'260 Specifically, a 90% and 75% increase in GAG and collagen 

concentrations, respectively, was exhibited when increasing chondrocyte seeding 

from 10 x 106 cells/mL scaffold to 60 x 106 cells/mL scaffold after 4 wks in 

culture.206,208 These increases were accompanied by a 3.3-fold increase in 

aggregate modulus. Similar effects on biochemical properties have been 

observed in scaffold models, most notably using a PGA-based scaffold system. 
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Increasing the seeding density of chondrocytes from 10 x 106 cells/mL scaffold to 

25 x 106 cells/mL scaffold contributed to a 47% and 25% increase in GAG and 

collagen concentrations, respectively. Furthermore, lower cell seeding densities 

have been shown to deposit insufficient extracellular matrix,140,299 leading to a 

deleterious effect on mechanical properties.140'208,299 

To address the issue of cell seeding density in the self-assembling 

process, this study investigated a wide range of seeding densities and their 

subsequent effect on the biochemical and biomechanical properties of self-

assembled articular cartilage constructs. The goals of the study were to 1) 

identify the lowest seeding density needed to assemble and form functional 

constructs, 2) reduce the number of cells needed to form constructs without 

compromising the resulting tissue's salient properties, and 3) identify an optimal 

seeding density at which constructs have properties most resembling native 

tissue. The hypotheses of this study were: 1) There exists a lower limit below 

which cells cannot assemble into functional constructs. 2) Increasing seeding 

density will correlate with increasing biochemical content and resulting 

biomechanical properties eventually reaching a plateau. These hypotheses were 

assessed in two sequential studies. The first study identified the lowest seeding 

density limit by self-assembling chondrocytes at various low densities and 

assessing their ability to assemble at 24 hrs post-seeding. The second 

hypothesis was assessed by increasing the seeding density to twice that of 

previous studies (11 x 106 cells/construct) and evaluating neotissue content and 

functionality at 4 wks. 
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Materials and methods 

Chondrocyte isolation and seeding 

Chondrocytes were isolated from the distal femur of four 1-wk-old male 

calves (Research 87, Boston, MA) less than 36 hrs post-slaughter with 470 

units/mL collagenase type II (Worthington Biochemical Corp., Lakewood, NJ) in 

digest medium. Digest medium was DMEM supplemented with 4.5 g/L D-

glucose (Invitrogen, Carlsbad, CA), 10% FBS (Gemini Bioproducts, Woodland, 

CA), 1% penicillin/streptomycin/fungizone (PSF) (Cambrex, Walkersville, MD), 

1% non-essential amino acids (Invitrogen), 10 mM HEPES (Sigma, St. Louis, 

MO), 0.4 mM L-proline (Acros Organics, Geel, Belgium), and 50 ug/mL L-

ascorbic acid (Acros). Cells from each donor leg were counted on a 

hemocytometer and viability was assessed using the trypan blue exclusion test. 

Approximately 150 million cells were isolated from each leg and viability was 

greater than 96%. After isolation and counting, chondrocytes from four donor 

legs were pooled together and frozen in culture medium supplemented with 20% 

FBS and 10% DMSO (Fisher Scientific, Pittsburgh, PA) at -80°C. Cell viability 

was again assessed after thawing prior to seeding and found to be greater than 

92%. 

Chondrocyte self-assembly 

Each well of a 48-well plate was coated with 1 ml_ of 2% molecular biology 

grade agarose (Fisher). A sterilized mold-making device was inserted into each 

well to form agarose wells 5 mm in diameter and 10 mm tall. Agarose was 

allowed to cool and set for 1 hr, at which point the mold-making device was 
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removed. Over the next 48 hrs, four changes of 500 u t culture medium were 

performed to each well, allowing the media to replace the PBS in the agarose 

wells. Culture medium was DMEM supplemented with 4.5 g/L D-glucose, 1% 

PSF, 1% insulin-transferrin-selenous acid (ITS+) (BD Scientific, Franklin Lakes, 

NJ), 100 nM dexamethasone (Sigma), 50 ug/mL ascorbate-2-phosphate (Sigma), 

40 ug/mL L-proline, and 100 ug/mL sodium pyruvate (Fisher). Following medium 

replacement, frozen passage 0 (P0) chondrocytes were thawed, counted, and 

seeded in 150 uL culture medium into their respective groups at the following 

seeding densities: 1) Lowest seeding density study: 0.25, 0.5, 1.0, and 2.0 million 

cells per well and 2) Expanded seeding density study: 2.0, 3.75, 5.5, 8.25, and 

11 million cells per well. After 4 hrs of culture, an additional 350 uL of culture 

medium was added to each construct, being careful not to disrupt the forming 

construct. Each construct was allowed to sit undisturbed for the next 20 hrs, 

which allowed the cells to coalesce into free-floating constructs, at which point a 

full media change was performed. Media changes continued for all treatment 

groups every 24 hrs. After 2 wks of culture, the constructs were unconfined from 

their wells and placed into untreated, agarose-bottomed wells for the duration of 

culture, as illustrated previously.74 

Histology 

Following culture, samples were frozen and cryosectioned at a thickness 

of 14 um. GAG and collagen distributions throughout the constructs were 

analyzed via Safranin-O/fast green and picrosirius red staining, respectively. 
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Quantitative biochemistry 

Biochemical samples were lyophilized, minced, and resuspended in 0.8 

mL of 0.05 M acetic acid containing 0.5 M sodium chloride. To this suspension, 

0.1 mL of a 10 mg/mL pepsin (Sigma) solution in 0.05 M acetic acid was added, 

and the suspension was mixed at 4°C for 96 hrs. Next, 0.1 mL of 10x Tris-

buffered saline (TBS) buffer was added along with 0.1 ml. pancreatic elastase (1 

mg/mL dissolved in 1x TBS buffer). This suspension was mixed at 4°C 

overnight. From this digest, total DNA content was assessed by the Picogreen 

Cell Proliferation Assay kit (Molecular Probes, Eugene, OR). Total sGAG 

content was measured using the Blyscan Glycosaminoglycan Assay kit (Biocolor, 

Belfast, Northern Ireland), derived from 1,9-dimethyl-methylene blue binding.245 

Post hydrolyzation by 2 N NaOH for 20 min at 110°C, samples were assayed for 

total collagen content using a chloramine-T hydroxyproline assay.322 The 

amount of type II collagen was quantified by a sandwich ELISA (Chondrex, 

Redmond, WA). A similar protocol was modified to detect the amount of collagen 

type I using a monoclonal mouse anti-human capture antibody (U.S. Biological, 

Swampscott, MA) and polyclonal rabbit anti-human detection antibody (U.S. 

Biological). 

Creep indentation analysis 

Biomechanical analysis was performed by evaluating samples with an 

indentation apparatus.11 Each specimen was adhered to the sample platen with 

cyanoacrylate glue and fully submerged in saline solution. The specimen was 

aligned so that the construct surface was perpendicular to the load shaft of the 
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apparatus. Following alignment, a tare mass of 0.2 g (0.002 N) was loaded onto 

the specimen using a 1.00 mm diameter rigid, flat-ended, porous indenter tip. 

Each sample was allowed to equilibrate under the tare load until the deformation 

rate fell below 10"6 mm/sec. Upon reaching tare equilibrium, a step test load of 

0.7 g (0.007 N) was automatically applied to the specimen, and displacement 

was measured until equilibrium was reached. At this time, the step load was 

removed and recovery displacement recorded until equilibrium was reached for 

the final time. The sample thickness along with indentation displacement data 

were used to calculate the intrinsic biomechanical properties based on the linear 

biphasic theory to include aggregate modulus (HA), permeability, and Poisson's 

ratio.11'12 

Statistical analysis 

Six samples were assessed biochemically and biomechanically for each 

treatment group. A single factor ANOVA was used to analyze the samples and a 

Tukey's post-hoc test was conducted when warranted. Significance was defined 

as p < 0.05. 

Results 

Study 1: Lowest seeding density identification 

Constructs were visually assessed 24 hrs post seeding to determine the 

lowest seeding density needed to assemble and form cartilage constructs. Of 

the four groups, only the 2.0 x 106 cells/construct group assembled 
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homogeneously and filled out the entire 5 mm well (Fig. 5-1). The other three 

groups assembled into smaller aggregates of cells, but were amorphously 

shaped, nonhomogeneous in nature, and did not fill the 5 mm well. 

Study 2: Expanded seeding density investigation 

Gross appearance and histology 

The gross appearance of all treatment groups is shown in Fig. 5-2. After 

4 wks in culture, the thickness of the constructs increased as the seeding density 

increased. The thickness of constructs with 2, 3.75, 5.5, 8.25, and 11 million 

cells was 0.21 ± 0.02 mm, 0.35 ±0.07 mm, 0.50 ± 0.12 mm, 0.61 ± 0.06 mm, and 

0.62 ± 0.07 mm, respectively. Constructs with 2 million cells were significantly 

thinner than all other constructs, and constructs with 3.75 million cells were 

significantly thinner than those seeded with 5.5, 8.25, 11 million cells. The 

differences between the latter three treatment groups were not significant. 

In addition to thickness, diameter also increased with increased seeding 

density. The constructs had diameters of 4.78 ± 0.11 mm, 5.22 ± 0.22 mm, 5.52 

± 0.32 mm, 5.80 ± 0.08 mm, and 5.58 ± 0.19 mm for seeding densities of 2, 3.75, 

5.5, 8.75, and 11 million cells, respectively. Constructs assembled with 2 million 

cells proved to have a significantly smaller diameter than all other constructs, 

followed by the constructs with 3.75 million having a significantly smaller 

diameter than those seeded with 5.5, 8.25, and 11 million cells. No significant 

differences were observed between the diameters of constructs seeded with 5.5, 

8.25, and 11 million cells. 
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Histological staining revealed homogeneous Safranin-0 staining, 

indicating constructs with abundant GAG. Picrosirius red staining showed 

homogeneous staining for collagen, excluding the rim of the constructs, where a 

collection of collagen was observed to have formed a shell around the construct. 

This ring of collagen along the outside of the constructs was most noticeably 

observed in groups with 8.75 and 11 million cells. 

Quantitative biochemistry 

An increase in seeding density was shown to have a significant effect on 

the wet weights of self-assembled constructs. A significant difference was 

observed between the wet weights of groups seeded with 2, 3.75, and 5.5 million 

cells, which reached wet weights of 3.89 ± 0.57 mg, 8.00 ± 1.44 mg, and 11.90 ± 

1.01 mg, respectively. In addition, the groups seeded with 8.75 and 11 million 

cells were significantly greater than all of the other groups with wet weights of 

17.05 ± 1.94 mg and 18.37 ± 1.93 mg, though these differences were not 

significant from one another. 

The number of cells per construct was assayed, demonstrating that all 

treatments were significantly different in their seeding density, excluding groups 

with 3.75 and 5.5 million cells, which contained 4.7 ± 0.8 and 5.8 ± 0.5 million 

cells, respectively. Groups with 2, 8.25, and 11 million cells were significantly 

different from each other and from all other groups with 2.3 ± 1.0, 8.9 ± 1.9, and 

13.0 ± 0.9 million cells, respectively. 

Increasing seeding density was also shown to have a significant effect on 

biochemical content per wet weight, including GAG and total collagen. The 
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group seeded with 2 million cells produced significantly less GAG than all other 

groups, producing 3.4 ± 2.2% while groups with 3.75, 5.5, 8.25, and 11 million 

cells produced 8.2 ± 1.5%, 7.6 ± 0.9%, 7.0 ± 0.2%, and 6.8 ± 0.7% GAG per wet 

weight, respectively (Fig. 5-3A, white bars). The differences in the four highest 

seeding groups were not significant. It is worth noting that a similar increasing 

trend was observed for GAG per construct with increasing seeding density (Fig. 

5-3A, shaded bars). Increasing seeding density was shown to have a significant 

inverse relationship with total collagen content per wet weight (Fig. 5-3B, white 

bars). Constructs seeded with 2 million cells produced a significantly greater 

amount of collagen per wet weight than all other constructs, with 24 ± 7%. The 

group with the next highest collagen production was 3.75 million cells, which 

produced 11 ± 2% collagen per wet weight. Following the inverse trend, groups 

with 5.5, 8.25, and 11 million cells produced total normalized collagen of 7.7 ± 

0.9%, 5.1 ± 1.3%, and 4.5 ± 0.7%, respectively, though these differences were 

not significant. However, total collagen per construct was not significantly 

different for any treatment group (Fig. 5-3B, shaded bars). 

An increase in seeding density from 2 million cells to 3.75 cells contributed 

to a significant increase in the production of collagen II. Constructs seeded with 

2 million cells had a significantly smaller production of collagen II compared to all 

other treatment groups, containing 40 ± 24 ug/construct. No significant 

differences were observed between the treatment groups with 3.75, 5.5, 8.25, 

and 11 million cells, as they produced 207 ± 46 ug, 262 ± 46 ug, 231 ± 43 ug, 

221 ±46 ug per construct, respectively. Production of collagen type I was also 
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assayed but none of the treatment groups produced a detectable amount of the 

protein. 

Biomechanical evaluation 

Using creep indentation, seeding density was found to have an impact on 

the aggregate modulus of constructs (Fig. 5-4). Constructs seeded with 2 million 

cells were found to have the lowest aggregate modulus at 74 ± 14 kPa, which 

was significantly lower than the aggregate modulus of groups with densities of 

8.25 and 11 million cells at 143 ± 27 kPa and 156 ± 41 kPa, respectively. The 

groups with 3.75 and 5.5 million cells had a greater aggregate modulus than the 

constructs with 2 million cells, at 127 ± 37 kPa and 132 ± 31 kPa, although this 

difference was not significant. 

No significant differences were observed for Poisson's ratio or 

permeability of tissue engineered constructs at different seeding densities. The 

values for Poisson's ratio were 0.15 + 0.13, 0.24 ± 0.14, 0.17 ± 0.08, 0.26 ± 0.05, 

and 0.21 ± 0.05 for constructs seeded with 2, 3.75, 5.5, 8.25, and 11 million cells 

respectively. Corresponding construct permeabilities were 8.15 ± 5.47 x 10"14 m4 

NT1 s"1, 11.2 ± 8.2 x 10-14 m4 NT1 s"\ 5.86 ± 7.35 x 10-14 m4 N'1 s\ 9.03 ± 9.41 x 

10"14 m4 N"1 s\ and 9.15 ± 6.00 x 10'14 m4 N"1 s\ 

Discussion 

In this study, a self-assembling process was utilized to assess the effects 

of cell seeding density for constructs produced using bovine articular 
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chondrocytes. The gross and histological appearances, biochemical, and 

biomechanical properties were analyzed for each seeding density to determine 

its effect on neocartilage functionality. The results revealed that a minimum of 2 

million cells were necessary to assemble and form tissue engineered constructs, 

and furthermore, demonstrated that increased seeding density caused constructs 

to increase in diameter and thickness. Additionally, increasing seeding density 

significantly affected the biochemical and biomechanical properties of all 

constructs. In this study, no dosing effects were observed; instead, a plateau of 

biomechanical and biochemical properties was exhibited at or above 3.75 million 

cells, below which decreases in the construct's salient functional properties were 

noted. These data confirm the two hypotheses that there exists a seeding 

density threshold below which chondrocytes cannot assemble into uniform 

constructs, and increasing seeding density leads to an increase in biochemical 

and biomechanical properties up to a plateau seeding density. 

The self-assembling process is a unique tissue engineering modality 

which produces functional neocartilage tissue without the use of a scaffold, 

allowing chondrocytes to coalesce with one another instead of adhering to a 

substratum. This process seems to follow work by Steinberg et al.83,84,284 on the 

differential adhesion hypothesis, which states that monodispersed cells 

aggregate and coalesce by maximizing intracellular adhesion and minimizing 

total free energy. Additionally, it has been shown that seeding density, and its 

varying adhesion forces, is an important determining factor of resulting tissue 

properties.224 Specifically, a critical seeding density is required such that the 
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energy minimization and adhesion forces allow the formation of a construct with 

desired dimensions. Data from study 1 are consistent with these results, 

indicating that the minimum seeding density required to form constructs from 

articular chondrocytes for a 5 mm well is 2 million cells/construct. Furthermore, 

results of study 2 show that increasing this seeding density contributes to 

changes in neotissue architectural and functional properties. 

Our data suggest that a seeding density threshold was observed at 3.75 

million cells, above which there were no considerable changes in construct 

extracellular matrix deposition. As higher seeding densities were achieved, an 

inverse relationship between normalized total collagen and sGAG content was 

observed, indicating that higher cell numbers have a greater positive effect on 

GAG deposition and retention than on collagen. These data agree with a 

number of other studies using chondrocytes which show an increase in GAG 

content with increased seeding density,206,208 reaching native values (-5% ww) 

for all treatment groups at or above 3.75 million cells/construct. Collagen data in 

this study differ from other chondrocyte studies as collagen concentration has 

historically been shown to increase with increased seeding density. This 

difference is most likely associated with increased cell-cell communication in the 

self-assembling process versus other cell culture systems including agarose 

encapsulation132,206'208 and cell-scaffold systems88,299 in addition to differences in 

media composition, most notably the lack of serum. However, it is of note that 

the concentration of GAG and collagen deposition reported in the literature at 4 

wks of culture for agarose encapsulation (1.2% and 3% ww)208 and cell-scaffold 
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systems (1.1% and 2% ww)299 fall below the lowest values obtained in this study 

(3.4% and 4.5% ww). Furthermore, constructs assembled with 3.75 million cells, 

the optimal seeding density, contain a 6.8-fold increase in GAG density (8.2%) 

and 3.7-fold increase in collagen density (11%) compared to other cartilage 

tissue engineering systems. 

Aggregate modulus values of tissue engineered constructs correlated well 

with normalized sGAG content and increased with increasing seeding density. 

Analogous to biochemical composition, compressive data exhibited a plateau 

effect at 3.75 million cells/construct, above which there were slight but not 

significant increases. These data mirror previous work illustrating an increase in 

compressive stiffness as cell density is increased in an agarose hydrogel culture 

system,206 and is an exciting finding in that the correlation of increase in stiffness 

and increase in GAG density are indicative of the structure-function relationship 

present in native articular cartilage. Additionally, the aggregate moduli of 

functional tissue engineered articular cartilage produced with at least 3.75 million 

cells (> 127 kPa) meet or exceed those of native immature bovine articular 

cartilage (139 ± 41 kPa)138 or other cell systems (-80 kPa),206 further illustrating 

the translational potential of the self-assembling process. 

Native articular cartilage is heterogeneous in cellularity, varying with depth 

from surface as well as age. Cellularity has been shown to decrease from 290 to 

150 million cells/ml tissue near the articular surface for fetal and adult bovine 

tissue, respectively, to 120 to 50 million cells/ml tissue at a depth of 1.0 mm.149 

Data for self-assembled constructs assessed in this study are exciting as they fall 
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between 485 and 850 million cells/ml, approximately 3-fold increased over native 

tissue values. However, as constructs are cultured temporally in vitro, they grow 

in thickness while no differences are found in cellular content (data not shown); 

thus, seeding density normalized to construct volume is decreased temporally. 

One can expect, therefore, that in vitro culture beyond 4 wks will lead to cellular 

content approaching native values 

In summary, this study's results are exciting as they advance previous 

work with the self-assembling process by demonstrating the ability to reduce the 

number of cells seeded per construct by 32% without compromising the 

biochemical and biomechanical properties, thus increasing the potential 

translatability of the self-assembling process. Furthermore, the identification of a 

minimum seeding density to form articular cartilage constructs is a significant 

enhancement of the self-assembling process of articular cartilage. One 

deficiency that remains for tissue engineered constructs is the reduced collagen 

content compared to native tissue values. In future work, external stimuli such as 

growth factors or mechanical stimulation can be studied to further enhance the 

self-assembling process to increase the collagen density to more closely align 

with native tissue. 
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Figure 5-1: Pilot study morphology 
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Seeding Density (millions of cells) 

Figure 5-1. Bottom view of self-assembled constructs in culture for study 1. Cells seeded in 5 

mm wells at respective seeding densities aggregated and coalesced into constructs at 24 hrs. A 

minimum seeding density of 2 million cells was required to form a uniform, homogeneous 

construct. 
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Figure 5-2: Gross morphology and histology 

2 3.75 5.5 8.25 11 

Figure 5-2. Gross morphology (row 1) and histological sections (rows 2 and 3) of constructs 

cultured for 4 wks at representative seeding densities. Each ruler marking denotes 1 mm. 

Increases in diameter and thickness were observed with increasing seeding density. Intense 

staining of Safranin-O/fast green (sGAGs) and picrosirius red (collagen) was observed for all 

treatment groups. Scale bar denotes 200 urn. 
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Figure 5-3: Biochemical properties 
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Figure 5-3. Biochemical properties of constructs normalized to wet weight (white bars) and per 

construct (shaded bars). A) GAG. Increasing seeding density led to significant increases in 

GAG/construct, whereas all constructs seeded with 3.75 x 106 cells or greater have significant 

increase in GAG production over lowest seeding group when normalized to wet weight. B) Total 

collagen. No significant differences were observed among treatment groups for 

collagen/construct, while significant decreases in collagen/ww were observed with increasing 

seeding density. Data are shown mean ± standard deviation and significance defined as p < 

0.05. Groups not connected by the same letter are deemed significantly different and capital 

letters denote differences between biochemical content normalized to wet weight and lowercase 

letters denote differences when normalized per construct. 
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Figure 5-4: Aggregate modulus 
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Figure 5-4. Aggregate modulus of seeding density constructs. Mechanical properties increase 

with increased seeding density. Data are shown mean ± standard deviation and significance 

defined as p < 0.05. Groups not connected by the same letter are deemed significantly different. 
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Chapter 6: The effects of TGF-P3 closing regimen on 
developing self-assembled articular cartilage 

constructs* 

Abstract 

This study examined temporal effects of various dosing regimens of 

transforming growth factor beta 3 (TGF-(33) on developing self-assembled 

articular cartilage constructs. Briefly, constructs were grown out to 8 wks in 

culture and TGF-(33 was administered either every other week, beginning with 

week 1 (intermittently) or for the first two weeks only (termed continuous) and 

compared to untreated controls. During the first 2 wks of culture, intermittent 

application of TGF-B3 yielded 52% and 44% increases in compressive stiffness 

versus control and continuous treatment, respectively, with no changes in GAG 

or collagen production. Subsequent culture revealed very few differences among 

growth factor groups, the lone exception being constructs cultured in no growth 

factor had significantly enhanced GAG concentration over constructs treated with 

TGF-(33 continuously for 2 wks. Additionally, temporal differences in biochemical 

content were observed for all treatment groups as 8 wk constructs had a 56% 

and 430% increase in production of collagen and GAG, respectively, over 2 wk 

constructs. These results indicate that growth functional characteristics of self-

assembled constructs can be affected by TGF-P3 and its effect is dependent 

upon the applied dosing regimen. 

Chapter to be submitted to Proc Inst Mech Eng, Part H as Revell CM and Athanasiou KA, "The 
effects of TGF-P3 dosing regimen on developing self-assembled articular cartilage constructs," 
April 2008. 
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Introduction 

Restoration of function to damaged articular cartilage is of paramount 

concern in the field or orthopedics as the native tissue lacks the ability to self-

repair.142,199 Consequently, tissue injury can induce a cascade of tissue 

degradation and eventually result in the onset of osteoarthritis.35 These concerns 

have led researchers to explore the field of tissue engineering as a potential 

alternative in tissue repair.86,136,178,205,206,299 The successful repair of tissue 

depends upon the production of a neotissue construct with both functional 

biochemical and biomechanical properties mimicking native tissue. 

In our previous studies we have optimized a culture method for producing 

tissue engineered constructs using juvenile bovine chondrocytes in a scaffold-

free culture system called the self-assembling process.74,137,138 In this tissue 

engineering method, chondrocytes are seeded in high density and allowed to 

coalesce with one another, forming a neotissue that mirrors hyaline articular 

cartilage in extracellular (ECM) production and recent advancements have 

yielded neocartilage with a compressive stiffness approaching that of native 

bovine immature cartilage.74 However, the goal of achieving native mature tissue 

values has remained elusive. 

The next step in this functional tissue engineering approach is to apply 

exogenous stimuli to further enhance construct functional properties. It has been 

well documented that growth factors are chemical stimuli found in vivo in 

articulating joints and serve as a biochemical regulator of matrix production.215,229 

These stimuli, including insulin-like growth factor I (IGF-I) and members of the 
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transforming growth factor (TGF) superfamily, have been shown to increase both 

matrix production and compressive stiffness when applied to cartilage tissue 

engineering systems in w'fro.47'61,117-207'220 Recent work by Byers et al.44 showed 

that application of TGF-(33 enhanced ECM production and compressive 

properties. Currently there are no data illustrating how developing self-

assembled constructs will respond to the application of biochemical stimuli. 

Therefore, the aim of this study was to enhance the functionality of constructs 

produced by the self-assembling method by the application of several application 

treatments of TGF-(33. 

Materials and methods 

Experimental design 

This study analyzed the effect of applying TGF-(33 to articular cartilage 

constructs in culture over various temporal dosing regimens. Specifically, TGF-

P3 was supplemented at 10 ng/mL to the culture media in three separate 

regimes: 1) no TGF-(33 addition throughout the study (termed no GF), 2) 

intermittent TGF-(33 addition by culture with supplemented media every other 

week of culture beginning at week 1 (intermittent), and 3) continuous treatment 

for the first 2 wks of culture only, followed by culture in unsupplemented media 

for the remainder of the study (continuous). 
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Chondrocyte isolation 

Articular chondrocytes were isolated from the distal femur of 1-wk-old 

male calves (Research 87, Boston, MA) less than 36 hours post-slaughter with 

470 units/mL collagenase type II (Worthington Biochemical Corp., Lakewood, NJ) 

in digest medium. Digest medium was composed of Dubelco's Modified Eagle's 

Medium (DMEM) supplemented with 4.5 g/L D-glucose (Invitrogen, Carlsbad, 

CA), 10% FBS (Gemini Bioproducts, Woodland, CA), 1% 

penicillin/streptomycin/fungizone (Cambrex, Walkersville, MD), 1% non-essential 

amino acids (Invitrogen), 10 mM HEPES (Sigma, St. Louis, MO), 0.4 mM L-

proline (Acros Organics, Geel, Belgium), and 50 ug/mL L-ascorbic acid (Acros). 

Cells from each donor leg were counted on a hemocytometer and viability was 

assessed using the trypan blue exclusion test. Approximately 150 million cells 

were isolated from each leg and viability was greater than 97%. After isolation 

and counting, chondrocytes from six donor legs were pooled together and frozen 

in digest medium supplemented with 20% FBS and 10% DMSO (Fisher 

Scientific, Pittsburgh, PA) at -80°C. 

Chondrocyte self-assembly 

Each well of a 48-well plate was coated with 1 ml_ of 2% molecular biology 

grade agarose (Fisher). A sterilized mold-making device was inserted into each 

well to form agarose wells 5 mm in diameter and 10 mm tall. The mold-making 

device was removed after the agarose had cooled and set for 1 hr and four 

changes of culture medium were performed to each well with culture medium, 

consisting of DMEM supplemented with 4.5 g/L D-glucose, 1% PSF, 1% insulin-
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transferrin-selenous acid (ITS+) (BD Scientific, Franklin Lakes, NJ), 100 nM 

dexamethasone (Sigma), 50 ug/mL ascorbate-2-phosphate (Sigma), 40 pg/mL L-

proline, and 100 ug/mL sodium pyruvate (Fisher). Frozen, passage 0 articular 

chondrocytes were thawed following medium replacement and cell viability was 

assessed prior to seeding and found to be greater than 90%. To each agarose-

coated well, 5.5 million chondrocytes were seeded in 150 uL of respective TGF-

(33-containing culture medium. After 4 hrs of culture, an additional 350 uL of 

culture medium was added, being careful not to disrupt the forming construct. 

Each construct was allowed to sit undisturbed for the next 20 hrs, which allowed 

the cells to coalesce into free-floating constructs, at which point all 500 uL of 

media was changed. Media changes continued for all treatment groups every 24 

hrs. Five to six constructs were removed at 2, 4, and 8 wks of culture. After 4 

wks of culture, constructs remaining in culture were unconfined from their 5 mm 

wells and placed into 11 mm agarose-bottomed wells for culture duration. 

Histology 

At respective time points, samples were frozen and cryosectioned for 

histological examination at a thickness of 14 urn. GAG and collagen distributions 

throughout the tissue engineered constructs were analyzed via Safranin-O/fast 

green and picrosirius red staining, respectively. 

Quantitative biochemistry 

Biochemical samples were lyophilized, minced, and resuspended in 0.8 

ml_ of 0.05 M acetic acid containing 0.5 M sodium chloride. To this suspension, 

0.1 mL of a 10 mg/mL pepsin (Sigma) solution in 0.05 M acetic acid was added, 
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and the suspension mixed at 4°C for 96 hrs. Next, 0.1 ml_ of 10x Tris-buffered 

saline (TBS) buffer was added along with 0.1 ml_ pancreatic elastase (1 mg/mL 

dissolved in 1x TBS buffer). This suspension was mixed at 4°C overnight. From 

this digest, total DNA content was assessed by the Picogreen Cell Proliferation 

Assay kit (Molecular Probes, Eugene, OR). Total sGAG content was measured 

using the Blyscan Glycosaminoglycan Assay kit (Biocolor, Belfast, Northern 

Ireland), derived from 1,9-dimethyl-methylene blue binding.245 Post-

hydrolyzation by 2 N NaOH for 20 min at 110°C, samples were assayed for total 

collagen content using a chloramine-T hydroxyproline assay.322 The amount of 

collagen type II was quantified by a sandwich ELISA (Chondrex, Redmond, WA). 

A similar protocol was modified to detect the amount of collagen type I using a 

monoclonal mouse anti-human capture antibody (U.S. Biological, Swampscott, 

MA) and polyclonal rabbit anti-human detection antibody (U.S. Biological). 

Creep indentation analysis 

Biomechanical analysis was performed by evaluating samples with an 

indentation apparatus.11 Each specimen was adhered to the sample platen with 

cyanoacrylate glue and fully submerged in saline solution. The specimen was 

aligned so that the construct surface was orthogonal to the loading shaft. 

Following alignment, a tare mass of 0.2 g (0.002 N) was loaded onto the 

specimen using a 0.98 mm diameter rigid, flat-ended, porous indenter tip. Each 

sample was allowed to equilibrate under the tare load until the deformation rate 

fell below 10"6 mm/sec. Upon reaching tare equilibrium, a step test load of 0.7 g 

(0.007 N) was automatically applied to the specimen, and displacement was 
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measured until equilibrium was reached. At this time, the step load was removed 

and recovery displacement recorded until equilibrium was reached for the final 

time. The sample thickness along with indentation displacement data were used 

to calculate the intrinsic biomechanical properties based on the linear biphasic 

theory to include aggregate modulus (HA), permeability, and Poisson's ratio.218 

Statistical analysis 

Six samples were assessed biochemically and biomechanically for each 

treatment group. A two-factor ANOVA was used to analyze differences in 

biochemical and biomechanical functionality, with the two factors being growth 

factor regimen and assessment time point. A Tukey's post-hoc test was 

conducted when either factor was to be significant (defined as p < 0.05). 

Results 

Gross morphology and histology 

Growth factor application and time in culture resulted in significant 

increases in the wet weight of self-assembled constructs during culture while only 

culture time was a significant factor in construct thickness (Table 6-1). The gross 

morphological and histological differences among cultured constructs are shown 

in Figure 6-1. Morphologically, constructs at all time points appeared hyaline-like 

with a glistening appearance. Histological evaluation revealed that at early time 

points (2 and 4 wks), no growth factor control constructs possessed intense, 

homogeneous Safranin-0 staining, indicating they had an abundant amount of 
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GAG distributed throughout. Corresponding growth factor treatments produced 

constructs with heterogeneous Safranin-0 staining and with areas devoid of any 

GAG. A similar staining pattern was observed for picrosirius staining of collagen. 

By 8 wks, all constructs had grown in thickness and contained areas devoid of 

ECM. 

Quantitative biochemistry 

Quantitative analysis of biochemical content in tissue engineered 

constructs revealed similar trends seen qualitatively in histology. As constructs 

were allowed to increase in culture time, the amount of GAG contained within the 

constructs increased significantly. There was no significant difference among 

growth factor treatment applications. Likewise, significant increases in collagen 

production were only observed for temporal growth as growth factor application 

was not significant. To accurately compare biochemical content among 

constructs of different sizes and to native tissue, normalization to wet weight 

(ww) values was performed. Growth factor application regimen was a significant 

factor in GAG/ww, as constructs cultured in the absence of TGF-(33 contained a 

significantly higher GAG concentration than constructs continuously treated for 

the 2 wks (Fig 6-2A). Culture time was also a significant factor in GAG/ww, 

whereas constructs cultured for 4 and 8 wks had a significantly higher 

concentration than 2 wk constructs. This increase in culture time was also a 

significant factor for total collagen/ww, as this increase in culture led to a 

decrease in collagen concentration (Fig 6-2B). Additionally, no differences in 
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cellular content were observed among any of the treatment groups, all containing 

between 3.6 - 4.4 x 106 cells/construct. 

Increased culture time also contributed to an increase in collagen type II in 

engineered cartilage constructs (Fig. 6-3). As time in culture increased, the 

amount of collagen type II produced increased for all growth factor application 

regimens, though no differences were observed among these growth factor 

application groups. Collagen type I was also assessed but constructs contained 

no detectable amount of the protein at any of the time points for any of the 

growth factor groups. 

Biomechanical evaluation 

Figure 6-4 illustrates the compressive stiffness results obtained from creep 

indentation assessment. Neither growth factor application nor time in culture 

contributed to significant differences in aggregate modulus. No growth factor 

constructs showed an increasing trend with time, having compressive stiffness 

values of 68 ± 31 kPa, 123 ± 63 kPa, and 140 ± 92 kPa for 2, 4, and 8 wks, 

respectively. This increase was not as pronounced with constructs to which 

TGF-03 was applied continuously for 2 wks which had stiffness values of 71 ± 27 

kPa, 81 ± 31 kPa, and 74 ± 39 kPa as time increased from 2 to 8 wks. Finally, 

an inhibitory effect was observed for intermittent application where constructs at 

2 wks were 103 ± 71 kPa and dropped to 46 ± 22 kPa at 4 wks. Subsequent 

culture and additional growth factor application led to a maintained stiffness value 

of 101 ±34kPa. 
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Discussion 

This study was designed to examine the effects of various applications of 

TGF-P3 on developing self-assembled articular cartilage constructs. During the 

first 2 wks of culture, intermittent application of TGF-(33 yielded elevated 

compressive stiffness with no changes in GAG or collagen production. 

Subsequent culture revealed very few differences among growth factor groups, 

the lone exception being constructs cultured in no growth factor had significantly 

enhanced GAG concentration over constructs treated with TGF-(33 continuously 

for 2 wks. Another major finding of this study is that time in culture had 

significant effects on morphological and biochemical properties of neotissue 

constructs. These results support a hypothesis of the study that construct 

functional properties would increase as culture duration increased, but indicate 

that the growth factor regimes investigated did not increase functional properties 

compared to controls. 

Biochemical and biomechanical properties of self-assembled constructs 

have been shown to increase with temporal culture and several findings of this 

study are no different.138 Total collagen per construct increased 34% over the 

entire culture period for no growth factor controls and analogous increases of 

24% and 57% were observed for intermittent and continuous growth factor 

applications, respectively. Likewise, similar but more pronounced increases in 

GAG production were observed temporally with constructs at 8 wks exhibiting 

2.3-fold, 3.6-fold, and 4.3-fold increases in GAG over 2 wk constructs for no 

growth factor, intermittent, and continuous application, respectively. Finally, 
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collagen type II production was increased in all treatment groups over time, 

culminating in a range of 124-150 ug/construct at 8 wks in all groups. In terms of 

mechanical functionality, no growth factor controls exhibited a 2.1-fold increase in 

aggregate modulus from 2 to 8 wks in culture, though this difference was not 

significant due to large standard deviations. However, neither growth factor 

treatment group increased in aggregate modulus over time. 

Prior work with TGF-P3 has shown promising results in cartilage tissue 

engineering. In a chondrocyte-embedded agarose tissue engineered construct, 

temporary TGF-f33 addition resulted in a 3-fold increase in compressive stiffness 

compared to constructs that received a continuous dose of the growth factor 

throughout the duration of the experiment or versus no growth factor 

controls.44,184 However, no increases in biochemical properties were observed. 

One possible explanation for the apparent disparities in growth factor treatment 

lies in the inherent differences in tissue engineering methodologies. A chief 

difference that distinguishes self-assembled constructs from agarose-embedded 

constructs is that the entire neotissue construct is composed of only 

chondrocytes and ECM and is devoid of agarose acting as a scaffolding material. 

The presence of this scaffolding material, especially at early time points, can 

significantly alter the permeability and porosity of a developing construct. As it 

has been shown that cartilage matrix has a much lower diffusivity value 

compared to many scaffolding materials,174 the diffusion of vital nutrients, 

including growth factors, into a self-assembled construct would vary greatly from 

a scaffold-based construct. Additionally, early GAG and collagen deposition 
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appear to be much more concentrated within a self-assembled construct (5.3% 

and 13.3%) compared to agarose constructs (1.4% and 0.5%) after 2 wks of 

growth. This increased ECM concentration can also contribute to decreased 

diffusion of the growth factor, thus inhibiting its potential beneficial effects. 

As diffusion may play a vital role in developing self-assembled constructs, 

future work should investigate temporal growth characteristics and their interplay 

on molecular diffusion throughout the construct. Additionally, mechanical 

stimulation has been shown to aid in nutrient transport in developing tissue,48,274 

therefore combining growth factor application with direct compression should be 

investigated to assess their potential additive and synergistic effects that have 

been reported in other systems. Finally, other growth factors such as TGF-(31, 

IGF-I, and BMP-2 should be investigated as possible beneficial stimuli for this 

cartilage engineering process as these chemical agents have been shown to 

positively affect ECM production and resulting biomechanical properties of 

cartilage constructs. 
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Table 6-1: Gross morphological properties 

Culture time, growth 
factor application 
2 wk, no GF 
2 wk, intermittent 
2 wk, continuous 
4 wk, no GF 
4 wk, intermittent 
4 wk, continuous 
8 wk, no GF 
8 wk, intermittent 
8 wk, continuous 

Wet weight 
(mg) 

9.9 ±5.5 - i 
10.2 ±6.5 A 
11.2 ±7.2 - I 
16.3 ±5.9 - i 
14.8 ±3.7 A 
16.1 ±6.4 - I 
28.3 ±14.1- i 
29.5 ±2.6 B 
26.2 ±3.7 -J 

Thickness 
(mm) 

0.32 ± 0.06 a 

0.33 ± 0.14 a 

0.37 ± 0.13 a 

0.50 ± 0.05 a 

0.65 ± 0.19 a ,b 

0.63 ± 0.15 a,b 

0.63 ± 0.13 a,D 

0.88 ± 0.24 D 

0.91 ± 0.33 b 

Table 6-I. Gross morphological properties. Culture time significantly increased construct wet 

weight and thickness, while growth factor application did not have a significant effect on either 

property. 
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Figure 6-1: Gross morphology and histology 
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Figure 6-1. Gross morphology (column 1) and histological sections (columns 2 and 3) of 

constructs cultured in various TGF-P3 dosing regimens. Each ruler marking denotes 1 mm. at 

early time points (2 and 4 wks), no growth factor control constructs possessed intense, 

homogeneous Safranin-0 staining, indicating they had an abundant amount of GAG distributed 

throughout. Corresponding growth factor treatments produced constructs with heterogeneous 

Safranin-0 staining and with areas devoid of any GAG. A similar staining pattern was observed 

for picrosirius staining of collagen. By 8 wks, all constructs had grown in thickness and contained 

areas devoid of ECM. Scale bar denotes 250 um. 
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Figure 6-2: Biochemical properties 
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Figure 6-2. Extracellular matrix production normalized per wet weight of tissue. A) GAG/ww. 

Growth factor dosing regimen and culture time were both significant factors, with constructs 

exposed to no TGF-P3 having a significantly higher concentration than constructs exposed to 

continuous application. Additionally, all constructs underwent a significant increase in GAG/ww 

between 2 and 4 wks of culture. B) Total collagen/ww. Only culture time was a significant factor, 

with constructs significantly decreasing in collagen/ww between 2 and 4 wks. Data represent 

mean ± standard deviation. Levels not connected by the same letter are deemed significantly 

different (p < 0.05). 
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Figure 6-3: Collagen type II production 
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Figure 6-3. Collagen type II per construct in micrograms. Culture time was a significant factor in 

collagen type II production, with constructs having a significant increase in protein production 

between 2 and 8 wks. Data represent mean ± standard deviation. Levels not connected by the 

same letter are deemed significantly different (p < 0.05). 
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Figure 6-4: Aggregate modulus 

No GF Intermittent Continuous 

Dosing regimen 

Figure 6-4. Aggregate modulus of constructs. No significant differences were observed for either 

time in culture (p = 0.37) or growth factor dosing regimen (p = 0.12). However, during the first 2 

wks of culture, intermittent application of TGF-(33 yielded elevated compressive stiffness 

compared to either no GF or continuous application. 
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Chapter 7: Chondroitinase ABC treatment results in 
increased tensile properties of self-assembled tissue 

engineered articular cartilage* 

Abstract 

The application of chondroitinase ABC (C-ABC), a glycosaminoglycan 

(GAG) degrading agent, as a novel strategy for tissue engineering articular 

cartilage was investigated. Historically, articular cartilage tissue engineering has 

resulted in GAG content and compressive properties in the range of native 

values; however, collagen content and corresponding tensile properties have 

remained inferior. In this study, C-ABC (2U/ml_) was used to deplete GAG from 

self-assembled constructs 2 weeks after initiating culture, followed by 2 weeks 

additional culture post-treatment. GAG staining, immunohistochemistry for 

collagen types I, II, and IV, quantitative collagen type II and total collagen 

content, and compressive and tensile mechanical properties were assessed. At 

4 weeks, ultimate tensile strength and tensile modulus of C-ABC treated 

constructs significantly increased -50-80% compared to untreated controls, 

reaching 0.8 and 1.5 MPa, respectively. These increases correlated to increased 

collagen concentration, without collagen type I presence. Further, compressive 

properties of treated constructs and untreated controls were not significantly 

different, as GAG returned to the treated constructs. Treatment with C-ABC 

represents a novel method for engineering functional articular cartilage by 

departing from conventional wisdom of employing anabolic signals, such as 

* Chapter submitted to Osteoarthritis Cartilage as Natoli RM, Revell CM, and Athanasiou KA, 
"Chondroitinase ABC treatment results in increased tensile properties of self-assembled tissue 
engineered articular cartilage," December 2007. 
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growth factors and mechanical stimulation. Results from this study are not only 

applicable to articular cartilage, but to other GAG producing tissues that function 

in a tensile capacity, such as tendons, ligaments, and the musculoskeletal 

fibrocartilages. 

Introduction 

Tissue engineering replacement therapies depend on the regeneration of 

functional tissue. 42 While the classical tissue engineering paradigm of a 

scaffold, cells, and positive biochemical or biomechanical stimulation has led to 

advancements in tissue engineering, significant limitations still exist. One 

important limitation is engineering tissue that has mechanical properties on par 

with native values, such that an implanted construct could function under in vivo 

loads. With respect to articular cartilage, several groups have been able to 

achieve compressive properties and glycosaminoglycan (GAG) content spanning 

native values using scaffolds.21,228,309 However, a deficiency in all current 

articular cartilage tissue engineering strategies is collagen content and tensile 

properties that approach native values.228 

Another limitation inherent in the classical approach may be the use of 

scaffolds, as scaffolds pose potential problems such as stress-shielding, toxicity 

of degradation products, altering cellular phenotype, and initiation of 

inflammatory or foreign body responses.6,13,92,138,331 Another complication may 

be the interpretation of mechanical data of tissue engineered constructs, since 
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the remaining biomaterial may contribute to some of the measured properties. 

Our laboratory has recently developed a scaffold-less self-assembly approach for 

articular cartilage tissue engineering,138 which has been enhanced through 

serum-free and confinement methods.74 Using this system, we have also 

engineered constructs with GAG content and compressive properties in the 

range of native values, due solely to the neo-tissue. 

Work with cartilage explants has shown that in vitro growth of immature 

cartilage results in an imbalance of GAG to collagen compared to the in vivo 

situation, resulting in decreased tensile properties.318'319 Furthermore, recent 

work in a cartilage explant model demonstrated that GAG removal with 

chondroitinase ABC (C-ABC), followed by 2 wks of subsequent culture, resulted 

in GAG repletion and significant increases in tissue tensile modulus and ultimate 

tensile strength.8 The authors suggested that a GAG imbalance causes pre-

stress in the collagen network which prevents optimal function, a concept 

supported theoretically.269 As the collagen network is the main contributor to 

tensile properties, its proper control and balance within the proteoglycan gel are 

paramount for tensile function.21,247 

C-ABC is a well studied bacteria-derived enzyme that cleaves GAG side 

chains, chondroitin and dermatan sulfates, and hyaluronic acid.67'246 It has been 

used extensively to study GAG biology,96,196,263 the contribution of extracellular 

matrix (ECM) components to tissue mechanical properties,163,168,252,266 and 

cartilage integration into defects.141,152,179 Therefore, following the above 

discussion, it stood to reason that C-ABC could be used for tissue engineering 
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articular cartilage. As such, we chose to apply C-ABC to developing engineered 

constructs to cause an initial depletion of GAG, with the hypothesis that tensile 

material properties would increase without compromising compressive 

properties, ultimately leading to a more mature neo-tissue. Moreover, we 

expected the tensile properties to correlate to collagen content, and that collagen 

type I would be absent. 

Materials and methods 

Chondrocyte isolation, self-assembly, and culture 

Bovine chondrocytes were isolated and self-assembled as previously 

described.74,138 Briefly, tissue isolated from the distal femur and patellofemoral 

groove of three 1 wk old male calves (Research 87, Boston, MA) was digested in 

collagenase type II (Worthington Biochemical Corp., Lakewood, NJ) for 24 hrs. 

Cells were collected, counted with a hemocytometer, and frozen at -80° C. After 

thawing, cells were again counted and assessed for viability, before being 

seeded in 5 mm diameter non-adherent, cylindrical wells made of 2% agarose. 

Into each well, 5.5 million live cells were seeded in 150 uL media, followed by an 

additional 350 uL of culture medium 4 hrs later. Each construct was allowed to 

sit undisturbed for the next 20 hrs, during which the cells coalesced into free-

floating constructs. A full media change was then performed. Chemically 

defined medium consisting of DMEM with 4.5 mg/mL glucose and L-glutamine 

(Biowhittaker/Cambrex, Walkersville, MD) 100 nM dexamethasone (Sigma, St. 
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Louis, MO), 1% fungizone, 1% penicillin/streptomycin, 1% ITS+ (BD Scientific, 

Franklin Lakes, NJ), 50 |j,g/mL ascorbate-2-phosphate, 40 |ag/mL L-proline, and 

100 ng/mL sodium pyruvate (Fisher Scientific, Pittsburgh, PA) was used 

throughout the study. The 500 \iL of media were changed daily throughout the 

experiment, and all culture took place at 37°C, 10% C02. 

At 2 wks, all constructs were unconfined74 and transferred to tissue culture 

plates having only the bottom of the wells coated with a thin layer of agarose. 

Half of the constructs were then treated with protease-free C-ABC (Sigma) at an 

activity of 2 U/mL media for 4 hrs at 37°C.8 Following treatment, constructs were 

thoroughly washed five times with 400 |iL of fresh media. Half of the treated 

constructs were returned to culture for two additional weeks, while the other half, 

along with untreated controls, were immediately processed for histology, 

quantitative biochemistry, and mechanical testing. From culture, constructs were 

photographed, weighed wet, and portioned for analysis. From the construct's 

center a 3 mm diameter punch was taken for creep indentation. The remaining 

outer ring was halved for biochemistry and tensile testing. Histology and 

immunohistochemistry (IHC) samples were prepared from additional constructs. 

Gross morphology, histology, and immunohistochemistry 

Construct diameter was measured using ImageJ (National Institutes of 

Health, Bethesda, MD). For histology, constructs were cryoembedded and 

sectioned at 14 urn. Samples were fixed in 10% phosphate buffered formalin 

and stained with Safranin O/fast green to examine GAG distribution. For IHC, 

after fixing with chilled acetone, slides were rinsed with IHC buffer, quenched of 
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peroxidase activity with hydrogen peroxide/methanol, and blocked with horse 

serum (Vectastain ABC kit, Vector Labs, Burlingame, CA). Sections were then 

incubated with either mouse anti-collagen type I (Accurate Chemicals, Westbury, 

NY), rabbit anti-collagen type II (Cedarlane Labs, Burlington, NC), or rabbit anti-

collagen type VI (US Biological, Swampscott, MA). The secondary antibody 

(anti-mouse or anti-rabbit IgG, Vectastain ABC kit) was then applied, and color 

was developed using the Vectastain ABC reagent and DAB (Vectastain ABC kit). 

In addition to IHC staining of the experimental groups, bovine meniscus was 

used as a positive type l/negative type II collagen control, bovine articular 

cartilage was used as a positive type II and Vl/negative type I collagen control, 

and tissue and experimental group negative controls were stained as described 

above, but without application of the primary antibodies. Slides were examined 

with a light microscope. 

Biochemical analysis 

Samples were frozen overnight and lyophilized for 48 hrs, after which dry 

weights were obtained. Samples were re-suspended in 0.8 mL of 0.05 M acetic 

acid containing 0.5 M sodium chloride. To this suspension, 0.1 mL of a 10 

mg/mL pepsin (Sigma) solution in 0.05 M acetic acid was added, and the 

suspension was mixed at 4°C for 96 hrs. Next, 0.1 mL of 10x Tris-buffered saline 

(TBS) buffer was added along with 0.1 mL pancreatic elastase (1 mg/mL 

dissolved in 1x TBS buffer). This suspension was mixed at 4°C overnight. From 

this digest, total cell number was determined with the Quant-iT™ PicoGreen® 

dsDNA Assay Kit (Molecular Probes, Eugene, OR) assuming 7.8 pg DNA per 
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cell. Additionally, post hydrolyzation of the digest by 2 N NaOH for 20 min at 

110°C, samples were assayed for total collagen content using a chloramine-T 

hydroxyproline assay.322 ELISA for collagen type II was performed per the 

manufacturer's protocol (Chondrex, Redmond, WA). 

Creep indentation testing 

Compressive mechanical properties were determined by creep indentation 

testing assuming a linear biphasic model,218 which determines the specimen's 

aggregate modulus, Poisson's ratio, and permeability. A creep indentation 

apparatus was used to determine the compressive creep and recovery behavior 

of the constructs.11 Each sample was attached to a flat stainless steel surface 

with a thin layer of cyanoacrylate glue and equilibrated for 20 min in phosphate 

buffered saline. The sample was then placed into the creep indentation 

apparatus, which automatically loaded and unloaded the specimen while 

recording the tissue's creep and recovery behavior. A tare load of 0.2 g, followed 

by a test load of 0.7 g, was applied to all but the 2 wk C-ABC treated samples 

with a 1 mm diameter, flat-ended, porous, rigid tip. The 2 wk C-ABC treated 

samples were loaded with a tare of 0.05 g and test of 0.27 g due to excessive 

deformation resulting when these specimens were tested with the other loads. 

Specimen thickness was measured using a micrometer. To calculate the 

specimen's material properties, a semi-analytical, semi-numeric, linear biphasic 

model was used,219 followed by non-linear finite element optimization.11 
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Tensile testing 

Samples were cut into a dog-bone shape and affixed to paper tabs for 

gripping.16 A micrometer was used to obtain gauge length, thickness, and width 

measurements for each sample. Tensile tests were performed to failure at a 

strain rate of 0.01 s"1 of gauge length on an electromechanical materials testing 

system (Instron Model 5565, Canton, MA). The apparent Young's modulus (Ey) 

was determined by least squares fitting of the linear region of the stress-strain 

curve. The ultimate tensile strength (UTS) reported was the maximum stress 

reached during a test. All specimens failed inside the gauge length. 

Statistical analysis 

Five or six samples were used for each of the four experimental groups, 

where the groups consisted of 2 and 4 wk control and C-ABC treated constructs. 

For all assays, a Student's t-test was performed at each time point to determine 

significant differences (p < 0.05) between control and C-ABC treated groups. As 

mentioned above, separate constructs were used for histology and IHC. All data 

are presented as mean ± standard deviation. 

Results 

Gross characteristics 

All constructs appeared hyaline-like (Fig. 7-1 A,F,K,P). Controls at 2 wks 

had diameters of 5.14 ± 0.08 mm, thicknesses of 0.32 ± 0.04 mm, and wet 

weights of 6.21 ± 0.60 mg. C-ABC treatment resulted in an immediate and 
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significant decrease in all of these parameters, yielding diameters of 4.56 ± 0.28 

mm, thicknesses of 0.24 ± 0.03 mm, and wet weights of 3.85 ± 0.12 mg. With 2 

wks of subsequent culture, these parameters increased in both control and C-

ABC treated groups. Controls at 4 wks had diameters of 5.72 ± 0.08 mm, 

thicknesses of 0.48 ± 0.08 mm, and wet weights of 11.49 ± 1.36 mg. While the 

diameter and wet weights of C-ABC treated constructs (5.46 ±0.16 and 8.10 ± 

1.01 mg, respectively) remained significantly less than controls, the thicknesses 

of control and C-ABC treated specimens (0.41 ± 0.02 mm) were not significantly 

different. 

Histology and IHC 

Following treatment with C-ABC, GAG staining was lost from the 

construct, but staining returned at 4 wks (Fig. 7-1 B,G,L,Q). There was no 

collagen type I staining found in any group with IHC (Fig. 7-1 C,H,M,R). 

Collagen type II staining was diffuse throughout the constructs for all groups (Fig. 

7-1 D,I,N,S). Collagen type VI staining was diffuse in both groups at the 2 wk 

time point, but became more localized at 4 wks (Fig. 7-1 EE,J,0,T). 

Total collagen and collagen type IIELISA 

At 2 wks, controls contained 16.5 ± 7.7% collagen per wet weight, while 

the C-ABC treated constructs contained 36.4 ± 8.4%. This dramatic increase is 

due to removal of GAG, making collagen a larger constituent in the construct. 

However, total collagen per construct was similar (1031 ±515 and 1398 ±317 

|j,g, respectively). At 4 wks, controls contained 8.7 ± 1.4% collagen per wet 

weight, while C-ABC treated constructs contained 12.4 ± 2.3%. This 1.4 fold 
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increase was significant (Fig. 7-2, white bars). Again, total collagen per construct 

was similar, 995 ± 162 ug in controls and 992 ± 149 jxg for C-ABC treated 

specimens. Additionally, there was no significant difference in cell number per 

construct at 4 wks, measuring 4.6 ± 0.3 x 106 in controls and 4.8 ± 0.3 x 106 in 

the C-ABC treated group. 

Type II collagen measured 0.78 ± 0.35% per wet weight in the 2 wk 

control group, increasing significantly to 2.95 ± 1.41% in the C-ABC treated 

group. However, at 4 wks collagen type II was nearly significantly different (p = 

0.052) between control and C-ABC treated specimens, measuring 2.16 ± 0.5% 

and 3.42 ± 1.31% per wet weight, respectively (Fig. 7-2, black bars). Total 

collagen type II was not statistically different between the two groups. 

Biomechanics 

Figure 7-3 shows results from creep indentation testing. At 2 wks the 

aggregate modulus of control constructs was 73 ± 36 kPa. Upon GAG removal 

with C-ABC, the stiffness decreased significantly to 14 ± 8 kPa. Stiffness 

increased over 2 wks of subsequent culture, whereupon the decrease in stiffness 

caused by C-ABC treatment recovered. Stiffness of the control constructs 

measured 140 ± 25 kPa, whereas the C-ABC treated constructs measured 143 ± 

98 kPa. Permeability significantly increased ~7 fold immediately following C-ABC 

removal. This trend was reversed at 4 wks, such that C-ABC treated constructs 

were ~5 fold less permeable than controls. Poisson's ratio was not significantly 

different between experimental groups at either time point (range 0.11 ±0.11 to 

0.25 ±0.10). 
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Figure 7-4 shows results from construct tensile testing. At 2 wks, both Ey 

and UTS were significantly increased following C-ABC treatment. Control 

constructs had an EY of 0.63 ± 0.32 MPa and UTS of 0.28 ± 0.03 MPa, whereas 

the C-ABC treated constructs were 1.45 ± 0.58 MPa and 0.46 ±0.11 MPa, 

respectively. Notably, these significant changes remained at 4 wks. Controls 

measured 1.02 ± 0.23 MPa for EY and 0.45 ±0.14 MPa for UTS, whereas the C-

ABC constructs measured 1.50 ± 0.37 MPa and 0.80 ± 0.09 MPa for EY and 

UTS, respectively. 

Discussion 

The results of this study show that, with 2 wks of culture following a one 

time C-ABC treatment of developing articular cartilage tissue engineered 

constructs, tensile properties were increased by 47 and 78% for the apparent 

Young's modulus and ultimate tensile strength, respectively. Total collagen 

concentration was increased at 4 wks in the C-ABC treated groups compared to 

no treatment, though total collagen content, and type II collagen content and 

concentration, were not significantly different. Further, GAGs returned, and the 

compressive stiffness of treated constructs and untreated controls were similar. 

These results mirror the findings of Asanbaeva et al.,8 which showed GAGs 

returned and tensile properties increased following C-ABC treatment in a serum-

based culture of cartilage explants. In that work, it was suggested that C-ABC 

treatment causes maturational growth of the tissue that parallels the in vivo 

situation and contrasts with expansive growth characteristic of in vitro culture. 
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This study extends that work to tissue engineering, specifically, a scaffold-less, 

serum-free system. Furthermore, our results add compressive testing and 

collagen profiling, and suggest that maturational and expansive growth phases 

could be a framework for designing and analyzing articular cartilage tissue 

engineering studies. 

It has been noted that low levels of collagen are associated with poor 

mechanical properties in most cell-seeded grafts for cartilage repair.323 To that 

end, several recent reports have examined potential methods for increasing 

collagen content or enhancing the collagen network specifically. In one study, 

chondrocytes seeded in hydrogels were treated with [3-aminopropionitrile 

(BAPN), a collagen cross-linking inhibitor. It was shown that collagen fibril 

diameter, collagen concentration, and gene expression of cartilage specific 

collagens were significantly increased with BAPN treatment, though specific 

protein level assessment of type I collagen was not performed.323 Another study 

demonstrated BAPN treatment of chondrocytes in alginate beads increased 

collagen amount, allowed crosslink formation, and increased compressive 

properties. Though some type I collagen was found, the authors contend 

chondrocyte phenotype was not adversely affected.21 Finally, Ng et al.228 

supplemented the culture media of chondrocytes in agarose with collagen 

hydrosylate, due to its potential collagen type II stimulatory effect,233 but 

ultimately concluded it was not a viable long-term method for improving collagen 

content. In vivo and in vitro studies have shown that C-ABC has minimal effects 

on rabbit222 and equine145 chondrocytes and has been successfully used in 
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investigations of articular cartilage repair141,152,179 and central nervous system 

recovery following injury.57 Though there may be unknown, non-specific C-ABC 

activities, there is no evidence in the literature to suggest that a brief in vitro 

exposure to C-ABC causes unwanted effects. Furthering this line of research, 

the positive functional outcome and absence of type I collagen in the present 

study suggests C-ABC could be a successful methodology for enhancing the 

collagen network in tissue engineered articular cartilage. 

The biomechanical properties are the macroscopic functional 

representation of the tissue's underlying structure and biochemical 

content.163,247,266,269 The immediate effect of C-ABC on compressive and tensile 

material properties measured in this study reflects this fact. Removal of the 

GAGs resulted in an immediate decrease in compressive stiffness and increase 

in permeability, since the significant decrease in fixed charge density reduced the 

construct's ability to support compressive load and retard fluid flow, properties 

known to be related to the negatively charged GAG molecules.120,252 

Furthermore, increased tensile properties upon GAG depletion reflect the fact 

that the collagen network could become more organized upon removal of pre-

stress.266,269 The return of GAGs at 4 wks reflects the recovery of the 

compressive stiffness and dramatic decrease in permeability. It has been 

demonstrated that the interaction of growth factors and proteoglycans can 

influence matrix development.79 The robust GAG repletion may be explained by 

the fact that chondroitin sulfate is also known to bind growth factors.223 Thus, 

once chondroitin sulfate is removed, any endogenously produced growth factor 
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would be available for binding its cellular receptor, as opposed to becoming 

bound in the developing matrix. 

Notably, the increase in tensile properties observed immediately post 

treatment with C-ABC remained at 4 wks, despite the GAGs returning. The 

increased tensile properties reflect the significant increase in total collagen per 

wet weight (~1.4 fold), a change similar in magnitude to the increase in type II 

collagen per wet weight (~1.6 fold), though the latter was not significant (p = 

0.052). While this is one possible explanation, other types of collagen may be 

responsible for the increase in tensile properties. For this reason, type VI 

collagen was assessed, though no qualitative differences were found. However, 

if we consider the collagen network as a polymer for a moment, then, based on 

the theory of rubber elasticity, an increased modulus reflects an increase in the 

number of crosslinks in the polymer.255 This suggests collagen type IX may be 

playing a larger role in cross-linking the type II collagen present.253 Finally, the 

order of magnitude difference between the compressive and tensile stiffness 

measured in our neo-tissue reflects the differences observed in native cartilage.46 

The present study represents a novel method toward functional tissue 

engineering of articular cartilage. Conventional methods used for tissue 

engineering articular cartilage focus on biochemical21,228,310 and 

mechanical205,227,307"309 stimulation with anabolic regimens. Further, these stimuli 

have been employed in combination, resulting in a synergistic increase in 

compressive properties.207 In contrast, the use of C-ABC's ECM degrading 

properties, while perhaps counterintuitive at first glace, demonstrates how 
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catabolic modulation of a particular ECM component can positively affect 

another. It is conceivable that C-ABC could be applied in tissue engineering 

strategies for other GAG containing tissues, such as heart valves, ligaments, 

tendons, knee meniscus, intervertebral disc, and temporomandibular joint disc. 

Future studies should aim to elucidate the biological or mechanical 

mechanism(s) by which C-ABC treatment affects functional properties and 

investigate whether C-ABC can be incorporated into conventional tissue 

engineering strategies through combination with other stimuli. 
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Figure 7-1: Gross morphology and histology 
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Figure 7-1. Representative gross and histological pictures of self-assembled tissue constructs for 

all groups: 2 wk Control (A-E), 2 wk C-ABC treated (F-J), 4 wk Control (K-O), 4 wk C-ABC treated 

(P-T). Ruler markings = 1 mm in A,F,K,P, and the scale bar = 200 um in E applies to all 

histological images. Note the return of GAG staining in C-ABC treated constructs at 4 wks (Q) 

and the absence of type I collagen staining in all treatment groups (C,H,M,R). 
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Figure 7-2: Collagen production 

Construct Collagen Content at 4 weeks 

16 

14 
• 4 — • 

"§> 12 
0 

•^ 1 0 
CD 

5= a 

c 6 
(D 
CO 

J 4 
o 
O 

D Total Collagen 
• Type II Collagen 

• 
Control C-ABC 

Treatment 

Figure 7-2. Total and type II collagen. Total collagen was significantly increased following C-

ABC treatment at 4 wks (* significantly different from control, p < 0.05). Collagen type II was 

nearly significantly increased (p = 0.052). 
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Figure 7-3: Compressive properties 
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Figure 7-3. Construct stiffness and permeability. The aggregate modulus (HA) of C-ABC treated 

constructs recovered to be equivalent to untreated constructs at 4 wks. Permeability (k) at 4 wks 

was significantly decreased with C-ABC treatment (*,t significantly different from control at 

respective time point, p < 0.05). 
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Figure 7-4: Tensile properties 
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Figure 7-4. Tensile modulus and ultimate tensile strength. Both the apparent Young's modulus 

(EY) and ultimate tensile strength (UTS) were significantly increased (47 and 78% at 4 wks, 

respectively) following C-ABC treatment at both time points studied (*,t significantly different from 

control at respective time point, p < 0.05). 
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Chapter 8: Direct compression enhances functional 
biochemical and biomechanical properties of self-

assembled articular cartilage constructs* 

Abstract 

This study examined immediate and delayed effects of the application of a 

direct compression to developing self-assembled articular cartilage tissue 

engineered constructs. Direct compression regimens investigated were 7%, 

10%, and 17% strain all applied at 0, 0.1, and 1 Hz. Immediately following four 

days of stimulation, six compression regimens contributed to significantly 

increased GAG production versus unstimulated culture. Moreover, 17% strain 

applied at 0.1 Hz contributed to a 2.2-fold increase in compressive stiffness. 

Following in vitro culture for an additional 2 wks, residual effects of mechanical 

stimulation were assessed. Significant increases in GAG production remained, 

accompanied by an increase in proliferation for constructs compressed at 17% 

strain at 0.1 Hz. Akin to compressive stiffness at 2 wks, this compression 

regimen also produced constructs that had a 1.7-fold increase in aggregate 

modulus at 4 wks. No changes in collagen production were observed for any 

stimulation regimen at either time point. These results indicate that application of 

direct compression contributes to increased biochemical and biomechanical 

functionality compared to unstimulated constructs and magnifies the strain-

* This chapter will be combined with another study and will be submitted as Revell CM, 
Eleswarapu SV, and Athanasiou KA, "Direct compression enhances functional biochemical and 
biomechanical properties of self-assembled articular cartilage constructs." Osteoarthritis 
Cartilage, 2008. To be submitted. 
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frequency interactions that exist which contribute to beneficial effects with this 

mechanical stimulus. 

Introduction 

Articular cartilage is a hydrated, dense connective tissue located in 

diarthrodial joints and serves as the load-bearing material upon joint loading.59 

Because the tissue is avascular nature, cartilage has a very limited capacity for 

repair upon injury and as such, the field of tissue engineering has been 

investigated to offer an alternative to surgical treatments that have met with 

limited success.34,124,140 The success of a tissue engineering strategy, however, 

depends on the ability to produce a neotissue construct with biochemical and 

biomechanical properties approaching those of native tissue. 

To improve the quality of developing constructs, a panoply of intervention 

strategies have been investigated using in situ tissue conditions as motivating 

factors for exogenous stimulation. The addition of growth factors, namely TGF-

(31 and IGF-I, has been shown to enhance both matrix production and 

mechanical properties of developing tissue in vitro.47,207 Alternatively, 

mechanical forces such as shear,118,307 tension,69 hydrostatic pressure,180,278 and 

direct compression27,175,205,227 have been employed to increase matrix production 

and construct mechanical properties. Within each of these mechanical 

stimulation modalities, optimization of stimulation conditions must be performed 

to ascertain the specific stimulation conditions which impart the most beneficial 
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effects to neotissue functionality. In previous direct compression experiments 

with both cartilage explants and tissue engineered constructs, exposure to static 

compression has resulted in deleterious gene expression and synthesis 

effects.40,182 Dynamic stimulation of constructs has shown enhanced matrix 

production and led to increased mechanical properties with a range of 

frequencies, strain levels, and stimulation durations.63,205,308 However, most of 

these studies focused on investigating a single stimulation factor, leading to a 

narrow field of examined stimulation regimens. Additionally, the only effects of 

direct compression examined were ones immediately following a compression 

regimen, whether it be short (~ a few hours) or long-term application (several 

weeks). The delayed effects of compression have yet to be examined. 

The purpose of this study, therefore, was to investigate the immediate and 

delayed effects of various regimens of direct compression on developing tissue 

engineered constructs using the self-assembling process.74,138 Moreover, both 

frequency and strain level were examined to assess the interrelationship of the 

two stimulation factors. We hypothesized that direct compression conditions 

(magnitude, frequency) exist that will improve the quality of self-assembled 

constructs over unstimulated controls and that these values will correspond to 

the physiologic range. Furthermore, we hypothesized that optimal compression 

regimens will have immediate effects that are maintained after ensuing culture in 

an unstimulated environment. Finally, we hypothesized that within a certain 

strain level, exposure to dynamic compression would yield a construct with better 

biochemical and biomechanical properties than those exposed to static strain. 
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Materials and methods 

Chondrocyte isolation 

Articular chondrocytes were isolated from the distal femur of 1-wk-old 

male calves (Research 87, Boston, MA) less than 36 hours post-slaughter with 

470 units/mL collagenase type II (Worthington Biochemical Corp., Lakewood, NJ) 

in digest medium. Digest medium was composed of Dubelco's Modified Eagle's 

Medium (DMEM) supplemented with 4.5 g/L D-glucose (Invitrogen, Carlsbad, 

CA), 10% FBS (Gemini Bioproducts, Woodland, CA), 1% 

penicillin/streptomycin/fungizone (Cambrex, Walkersville, MD), 1% non-essential 

amino acids (Invitrogen), 10 mM HEPES (Sigma, St. Louis, MO), 0.4 mM L-

proline (Acros Organics, Geel, Belgium), and 50 ug/mL L-ascorbic acid (Acros). 

Cells from each donor leg were counted on a hemocytometer and viability was 

assessed using the trypan blue exclusion test. Approximately 150 million cells 

were isolated from each leg and viability was greater than 97%. After isolation 

and counting, chondrocytes from seven donor legs were pooled together and 

frozen in digest medium supplemented with 20% FBS and 10% DMSO (Fisher 

Scientific, Pittsburgh, PA) at -80°C. 

Chondrocyte self-assembly 

Each well of a 48-well plate was coated with 1 ml_ of 2% molecular biology 

grade agarose (Fisher). A sterilized mold-making device was inserted into each 

well to form agarose wells 5 mm in diameter and 10 mm tall. The mold-making 

device was removed after the agarose had cooled and set for 1 hr and four 

changes of culture medium were performed to each well with culture medium, 



185 

consisting of DMEM supplemented with 4.5 g/L D-glucose, 1% PSF, 1% insulin-

transferrin-selenous acid (ITS+) (BD Scientific, Franklin Lakes, NJ), 100 nM 

dexamethasone (Sigma), 50 ug/mL ascorbate-2-phosphate (Sigma), 40 ug/mL L-

proline, and 100 ug/mL sodium pyruvate (Fisher). Frozen, passage 0 articular 

chondrocytes were thawed following medium replacement and cell viability was 

assessed prior to seeding and found to be greater than 90%. To each agarose-

coated well, 5.5 million chondrocytes were seeded in 150 uL culture medium. 

After 4 hrs of culture, an additional 350 uL of culture medium was added, being 

careful not to disrupt the forming construct. Each construct was allowed to sit 

undisturbed for the next 20 hrs, which allowed the cells to coalesce into free-

floating constructs, at which point all 500 uL of media was changed. Full media 

changes continued for all treatment groups every 24 hrs. After 10 days of 

culture, constructs were unconfined from their 5 mm wells and placed into 11 mm 

agarose-bottomed wells for culture duration. Additionally, constructs undergoing 

compression were exposed to mechanical stimulation on days 11-14 of culture. 

Six constructs analyzed after 2 and 4 wks of culture to assess temporal response 

of a limited compression exposure. 

Mechanical loading protocol 

A direct compression stimulator was designed and fabricated in our 

laboratory to interface with self-assembled cartilage constructs. This machine 

has previously been validated as having an effect on articular cartilage explants 

under direct compression.15 The mechanical stimulator has been designed to fit 

inside a normal incubator and can hold upwards of 45 samples within its 
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chamber submerged in culture medium. The compression stimulator is 

connected to a computer for motion control of the upper platen, which is 

achieved with a linear stepper motor (LA23ECKJ-4, Eastern Air Devices, Dover, 

NH) and connected to a motion control board (PCI 7344, National Instruments, 

Austin, TX). 

All loading regimens were conducted at 37°C, 10% C02 inside a tissue 

culture incubator. The loading chamber (upper and lower platens) was sterilized 

with ethylene oxide prior to construct loading. After loading, construct height was 

determined by lowering the upper platen until a tare load of 0.05 Ibf was reached. 

This value was determined by multiplying the measured buoyant force of the 

upper platen in media by a factor of three. From the measured construct heights, 

a full factorial study of the following loading regimens was executed: 7%, 10%, 

and 17% strain at 0, 0.1, and 1.0 Hz. All loading regimens were applied with a 

duty cycle of 60 s on, 60 s off, for 1 hr per day during days 11-14 of culture. This 

duty cycle was selected as it has previously been shown that an optimal 

timeframe for unloading between loading periods less than 100 s contributed to 

an up-regulation of cartilage matrix synthesis.264 Two sets of unstimulated 

controls were examined, one in which constructs remained in culture wells 

(deemed culture control) and one in which constructs were placed in the same 

culture chamber for 1 hr per day for days 11-14 of culture but were not 

compressed (chamber control). 
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Histology 

Following culture, samples were frozen and cryosectioned for histological 

examination at a thickness of 14 urn. GAG and collagen distributions throughout 

the tissue engineered constructs were analyzed via Safranin-O/fast green and 

picrosirius red staining, respectively. 

Quantitative biochemistry 

Biochemical samples were lyophilized, minced, and resuspended in 0.8 

ml_ of 0.05 M acetic acid containing 0.5 M sodium chloride. To this suspension, 

0.1 ml_ of a 10 mg/mL pepsin (Sigma) solution in 0.05 Ml acetic acid was added, 

and the suspension mixed at 4°C for 96 hrs. Next, 0.1 ml_ of 10x Tris-buffered 

saline (TBS) buffer was added along with 0.1 ml_ pancreatic elastase (1 mg/mL 

dissolved in 1x TBS buffer). This suspension was mixed at 4°C overnight. From 

this digest, total DNA content was assessed by the Picogreen Cell Proliferation 

Assay kit (Molecular Probes, Eugene, OR). Total sGAG content was measured 

using the Blyscan Glycosaminoglycan Assay kit (Biocolor, Belfast, Northern 

Ireland), derived from 1,9-dimethyl-methylene blue binding.245 Post-

hydrolyzation by 2 N NaOH for 20 min at 110°C, samples were assayed for total 

collagen content using a chloramine-T hydroxyproline assay.322 

Creep indentation analysis 

Biomechanical analysis was performed by evaluating samples with an 

indentation apparatus.11 Each specimen was adhered to the sample platen with 

cyanoacrylate glue and fully submerged in saline solution. The specimen was 

aligned so that the construct surface was orthogonal to the loading shaft. 
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Following alignment, a tare mass of 0.2 g (0.002 N) was loaded onto the 

specimen using a 0.98 mm diameter rigid, flat-ended, porous indenter tip. Each 

sample was allowed to equilibrate under the tare load until the deformation rate 

fell below 10"6 mm/sec. Upon reaching tare equilibrium, a step test load of 0.7 g 

(0.007 N) was automatically applied to the specimen, and displacement was 

measured until equilibrium was reached. At this time, the step load was removed 

and recovery displacement recorded until equilibrium was reached for the final 

time. The sample thickness along with indentation displacement data were used 

to calculate the intrinsic biomechanical properties based on the linear biphasic 

theory to include aggregate modulus (HA), permeability, and Poisson's ratio.218 

Tensile testing 

Tensile specimens were cut into a dog-bone shape and affixed to paper 

tabs for gripping.16 A micrometer was used to obtain the gauge length, 

thickness, and width of each sample. Tensile tests were performed to failure at a 

strain rate of 0.01 s"1 of gauge length on an electromechanical materials testing 

system (Instron Model 5565, Canton, MA). Stress-strain curves were created 

from the load-displacement data and the cross-sectional area of each sample. 

Using the stress-strain curves, Young's modulus (EY) and ultimate tensile 

strength (UTS) were determined. All specimens failed inside the gauge length. 

Statistical analysis 

Five to six samples were assessed biochemically and biomechanically for 

each treatment group. A single factor ANOVA was used to analyze the samples 

at each time point and a Tukey's post-hoc test was conducted when compression 
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regimen was found to be a significant factor. Significance was defined as p < 

0.05. 

Results 

Gross morphology and histology 

Direct compression resulted in significant increases in construct thickness 

and wet weight both immediately following compression and after 2 wks of 

additional culture. Immediately following compression, constructs ranged from 

0.40 - 0.57 mm in thickness, with all constructs compressed at 0.1 Hz, 

regardless of strain level, being significantly thicker than controls and constructs 

statically-compressed under the same strain level. Moreover, constructs 

exposed to 17% strain, 0.1 Hz were significantly thicker than all other constructs. 

Wet weight data followed similar trends, ranging from 8.1 - 11.6 mg for all 

constructs. The only significant increase over controls resulted from 

compression at 17% strain, 0.1 Hz. All 2 wk morphology data followed the same 

trend in that the highest values were observed in constructs compressed at 0.1 

Hz, followed by those compressed at 1 Hz and finally those at 0 Hz. Following 2 

wks of additional culture, significant increases in both construct thickness and 

wet weight remained and these values significantly increased over 2 wk data. 

Thickness measurements ranged from 0.72 - 0.98 mm with 17%, 0.1 Hz, 17%, 1 

Hz, and 7%, 0.1 Hz being significantly increased over culture control. Wet weight 

data ranged from 19.0 - 26.4 mg, with 7%, 1 Hz, 17%, 0.1 Hz, and 10%, 1 Hz 



190 

having a significant increase over controls. While the differences between 0.1 Hz 

and 1 Hz were not as pronounced as observed at 2 wks, morphological 

properties of these dynamically compressed samples remained elevated 

compared to statically compressed constructs 

The gross morphological and histological differences of culture controls 

and samples compressed at 17%, 0.1 Hz at both time points are shown in Figure 

8-1. Morphologically, both sets of constructs at each time points appeared 

hyaline-like with a glistening appearance, with 4 wk constructs being more 

opaque due to its increase in thickness. Histological evaluation revealed that 

compression resulted in more intense, homogeneous staining of both Safranin-0 

and picrosirius red compared to controls at both time points, indicating these 

constructs possessed an abundant amount of both GAG and collagen distributed 

throughout. 

Quantitative biochemistry 

No significant differences were observed in any biochemical assay 

between the culture control and chamber control. Therefore, all data are shown 

versus culture control alone. Dynamic compression of self-assembled constructs 

was shown to have an immediate significant effect on GAG production (p < 

0.0001) (Fig. 8-2). At 2 wks, uncompressed culture controls contained 332 ±157 

ug of GAG, with significant increases observed for six of the nine compression 

regimens. The application of 17% strain at 0.1 Hz resulted in constructs with 827 

± 68 ug of GAG, which represents a 2.5-fold increase over the culture control. 

After an additional 2 wks of in vitro growth in which GAG production increased in 
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all treatment groups, compression was still shown to impart a significant increase 

in GAG production versus control (p = 0.0002J. At 4 wks, the culture control 

contained 2388 ± 207 ug of GAG. Though moderate increases in GAG 

production were observed in six treatment groups, the only significant increase 

over control was observed for the 7% strain, 1 Hz group which contained 3277 ± 

565 ug. In contrast, no significant differences were observed between any 

loading regimens for total collagen at either 2 wks (p = 0.88) or 4 wks (p = 0.10) 

of culture. Constructs contained between 1080 and 1286 ug of collagen 

immediately after compression and at 4 wks, collagen content ranged from 1268 

to 1734 ug. 

Extracellular matrix production was normalized to wet weight (ww) in order 

to compare construct values to native bovine articular cartilage. Dynamic 

compression was a significant factor for GAG/ww at 2 wks (p < 0.0001) at which 

point the culture control contained 3.9 ± 1.7% GAG/ww (Fig. 8-3). All 

compression regimens contributed to significantly increased GAG/ww values 

compared to the culture control with the lone exception of 17%, 1 Hz (5.7 ± 

0.5%). The largest GAG concentration occurred in constructs exposed to 7% 

strain at 0.1 Hz (7.6 ± 0.4%). As time in culture increased the concentration of 

GAG from 2 to 4 wks, the effects of compression were diminished as no 

treatment groups were significantly different from control at 4 wks (p = 0.20). 

Control constructs contained 11.6 ± 0.6% GAG and compressed constructs 

ranged between 10.7% and 12.4%. Similarly, no differences in total collagen/ww 

were observed between treatment groups at either 2 (p = 0.36) or 4 wks (p = 
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0.47), though a temporal decrease was observed for all treatment groups 

between time points. Control constructs contained 13.9 ± 2.5% collagen/ww at 2 

wks which decreased to 6.1 ± 0.7% by 4 wks. Compressed samples ranged 

between 10.7% and 14.0% at 2 wks and 6.0% and 7.1% at 4 wks. 

Cellular production within self-assembled constructs was also affected, 

albeit delayed, by the application of direct compression. Immediately following 

compression, no differences were observed were observed in cell quantity in 

constructs, ranging between 6.0 and 6.5 million cells per construct (p = 0.74). 

However, when constructs were cultured for an additional 2 wks, direction 

compression significantly increased proliferation (p = 0.0015) (Fig. 8-4). Culture 

control constructs possessed 5.0 ± 0.2 million cells and a significant increase 

was observed for 17% strain, 0.1 Hz which produced constructs with 6.9 ± 0.5 

million cells. 

Biomechanical evaluation 

Analogous to biochemical content, no significant differences were 

observed in compressive or tensile mechanical properties between the culture 

control and chamber control and as such, all data were compared to culture 

control alone. Dynamic compression contributed to significant increased 

compressive modulus of self-assembled constructs both immediately following 

compression (p = 0.0001) as well as following 2 wks of additional culture (p = 

0.04) (Fig. 8-5). After only 2 wks in culture, culture control constructs had an 

aggregate modulus of 77 ± 24 kPa. The compressive stiffness significantly 

increased to 167 ± 50 kPa when constructs were exposed to a 17% strain, 0.1 
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Hz dynamic compression regimen. Application of other stimulation regimens 

also contributed to increased aggregate moduli, but these differences were not 

significant from control. The differences in compressive stiffness observed at 2 

wks were magnified upon construct examination after 2 wks of additional static 

culture, with 17%, 0.1 Hz (290 ± 45 kPa) contributing to a significant increase 

over culture controls (170 ± 21 kPa). As with the 2 wk time point, other 

stimulation regimens increased the aggregate modulus of constructs, but not 

significantly. 

Direct compression was only a significant factor for Poisson's ratio 

immediately following compression with data ranging from 0.00 - 0.18 for all 

constructs. Though this was significant, no regimens were significantly different 

from control as control data fell in the middle of this range. At 4 wks, no 

significant differences were observed among treatment groups with Poisson's 

ratio data ranging from 0.11 - 0.22. No significant differences were observed for 

permeability among treatment groups at either time point and values ranged from 

1.5 - 4.7 x 10-14 m4 N'1 s"1 and 5.7 - 15.8 x 10"14 m4 IN"1 s"1 for 2 and 4 wks, 

respectively. 

Dynamic stimulation contributed to no immediate effect on either Young's 

modulus (p = 0.85) or ultimate tensile strength (p = 0.24) at 2 wks. Culture 

control constructs had an EY and UTS of 356 ± 124 kPa and 233 ± 51 kPa, 

respectively. All stimulated constructs possessed slightly higher values for Ey, 

though statistically similar, between 425 kPa and 522 kPa. The UTS values for 

stimulated constructs were again not significantly different from control and all 
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groups fell between 186 and 284 kPa. At 4 wks, however, dynamic stimulation 

caused a significant decrease in UTS (p = 0.0076) compared to the culture 

control (Fig. 8-6). Specifically, 10% strain at 0 Hz (154 ± 60 kPa) and 17% strain 

at 0.1 Hz (154 ± 16 kPa) were significantly lower than control constructs (265 ± 

57 kPa). Data for EY showed that stimulation caused a decrease in tensile 

stiffness, though this decrease was not significant (p = 0.08). Culture controls 

had a tensile stiffness of 743 ± 241 kPa while all stimulated groups fell between 

336 kPa and 739 kPa. 

Discussion 

The objective of the present study was to determine the effects of applying 

mechanical stimulation to developing self-assembled articular cartilage tissue 

engineered constructs. Construct biochemical and biomechanical properties 

were used as endpoint selection criteria toward examining the study's 

hypotheses that 1) there exist optimal direct compression conditions (magnitude, 

frequency) that will improve the quality of self-assembled constructs over 

unstimulated controls, 2) these optimal conditions will correspond with 

physiologic values, 3) these direct compression regimens will have both 

immediate and delayed effects on biochemical and biomechanical properties, 

and 4) dynamic stimulation will lead to enhanced tissue properties compared to 

static stimulation (0 Hz). 
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The results of this study show that the application of a range of direct 

compression stimulation regimens contributes to both immediate and delayed 

enhancements in tissue engineered articular cartilage constructs. Immediately 

following one hour per day of stimulation for four days, a significant increase in 

GAG content was observed for six of the nine stimulation regimens compared to 

the culture control. Specifically, constructs exposed to 17% strain at a frequency 

of 0.1 Hz increased GAG production 250% compared to controls. This increase 

in GAG production manifested itself in a 2.2-fold increase in compressive 

stiffness. Additionally, as expected with increasing GAG content, construct wet 

weight and thickness increased, approximately 1.35-fold and 1.31-fold, 

respectively. After 2 wks of additional static, unstimulated culture, significant 

increases remained for both GAG production and aggregate modulus. At this 

time point only one regimen had significantly increased GAG per construct; 7% 

strain at 1 Hz contributed to a 37% increase in GAG production over 

uncompressed controls. Analogous to data at 2 wks, 17% strain administered at 

0.1 Hz contributed to a 170% increase in aggregate modulus. These data 

confirm the study's first three hypotheses that direct compression regimens exist 

in the physiologic range that can improve the quality of engineered tissue and 

that these compression regimens will have both immediate and long-term 

beneficial effects. 

The mechanical loading regimens investigated in this study were 

motivated by previous studies showing beneficial effects of compressive strain 

magnitudes and frequencies within physiologic values.(cites) The frequency of 
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joint loading under normal conditions has been shown to be intermittent and/or 

cyclic during most activities ranging from sitting, standing, walking and running, 

and is very rarely in a statically-loaded environment.205,240 Furthermore, other 

investigations have shown that frequencies between 0.01 Hz and 1 Hz stimulated 

cartilage matrix synthesis,27,39,175,177,267 while lower frequencies suppressed 

matrix production and higher frequencies had little effect on synthesis.175"177,238 

For these reasons, 0.1 Hz and 1 Hz were employed to assess beneficial 

stimulatory effects while a static regimen was used to confirm the deleterious 

effects of static compression previously reported. Similarly, in situ cartilage 

deformations have been reported to be 20% compressive strain or less under 

physiologic loading.7,205 Thus, a range of strain values were chosen for 

compression regimens that spanned this range. Finally, a duty cycle of 60 s on, 

60 s off during compression was chosen as an up-regulation of GAG synthesis 

has been reported with an optimal resting time following stimulation between 10 

and 100 seconds.264 Therefore, the strains and frequencies investigated were 

chosen based on both physiological ranges and published literature where 

beneficial results were indicated. 

The role compressive stimulation plays in increasing ECM content and 

mechanical properties of self-assembled constructs is not fully understood. One 

possible explanation for these phenomena is increased nutrient supply that 

accompanies the application of deformational loading. A principle function of 

mechanical loading, both in situ and during in vitro culture, is to increase the 

transport of soluble molecules throughout cartilage tissue. Compressive loading, 
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especially with an impermeable compression platen, has been shown to alter 

fluid flow profiles and impart large fluid velocities at the periphery of a 

construct.330 Several studies have shown that this change in fluid profile leads to 

an increased rate of convective transport of both large molecules, such as growth 

factors,27,207,232 and other small solutes necessary for matrix synthesis.316,330 The 

fluid flow profile imparted during high frequency dynamic compression (> 0.01 

Hz) not only aids in solute transport, but allows for less time for fluid movement 

relative to the deformation of solid ECM components. The result is a build up of 

hydrostatic pressure inside the tissue engineered construct and is a non-

negligible factor because chondrocytes exposed to hydrostatic pressure have 

also exhibited increased ECM synthesis and mRNA expression.239,278,286 The 

advection of important solutes contained within the medium by dynamic 

stimulation in addition to passive application of hydrostatic pressure could be 

major contributors in enhanced matrix production compared to culture controls 

not exposed to hydrostatic pressure and in which nutrient transport is principally 

governed by diffusion. 

Chondrocyte responses to dynamic loading also play a major role in 

eventual changes in ECM regulation and subsequent construct mechanical 

properties. Tissue strain as a result of direct compression is propagated into 

cellular deformation by ECM and into subsequent nuclear strain through the 

cytoskeletal framework, including microtubules, intermediate filaments, and 

microfilaments. As a result, both the extracellular matrix and the cytoskeleton 

play significant roles in chondrocyte mechanotransduction.234,311 Upon cell 
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loading, the cytoskeleton has been shown to remodel and thicken as well as 

transmit loads onto the nucleus.73,171,311 Guilak123 found that when deforming 

cartilage explants, a bulk tissue strain of 15% was translated into a 14.7% 

cellular strain and 8.8% nuclear strain. This nuclear strain, though lower than the 

bulk tissue strain because of protection of the cytoskeletal framework, has been 

shown to correlate with ECM synthesis modulation.40 More specifically, nuclear 

deformation can alter chromosomal alignment via the contained laminar network, 

which in turn can affect the ability of various transcription factors to access 

certain genomic sequences.234 It is possible that the exact mechanism leading to 

direct compression effects in cartilage constructs is dependent upon the applied 

strain level. For smaller strains, advection of solutes and increased internal 

hydrostatic pressure may be larger factors in eliciting increased ECM deposition 

versus chondrocyte mechanotransduction. Similarly, at larger strains where cell 

deformation is increased, mechanotransduction potentially has a larger influence 

on neotissue response than that of increased nutrient transport. The role of 

multiple mechanisms contributing to beneficial effects of direct compression is 

supported by varying effects of different strain levels and frequencies in the 

current study. Though it may be impossible to uncouple the effects of advection 

and chondrocyte deformation, this study nonetheless indicates the beneficial 

effects of compressive stimulation of cartilage constructs. 

Despite the exact mechanism at play, results presented in the current 

study generally agree with previous investigations of a wide range of dynamic 

compressive stimulation regimens in other cartilage models. In articular cartilage 
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explants, various compression regimens enhanced both proteoglycan27,41,257,264 

and collagen27,257 synthesis immediately following compression. In most explant 

studies, however, tissue was compressed from 2-144 hrs and matrix synthesis 

was assessed using radiolabelling techniques during the final hours of 

compression. This presents a potential confounding of data as strain application 

increases the uptake of diffusible molecules, including radioisotopes. Therefore, 

differences observed for loaded constructs may potentially be attributed to an 

increase in isotope uptake and not to increased synthesis. Similar positive 

results have been presented for compression of cartilage tissue engineered 

constructs, whereby increases in GAG and collagen deposition as well as the 

compressive modulus were observed in long-term direct compression 

experiments.175,205,207,226,308 Another finding of this study is that one compression 

regimen, 17% stain at 0.1 Hz, significantly increased the cellular content of self-

assembled constructs compared to unstimulated controls. This stimulation of 

proliferation was not observed immediately following 4 days of compression, but 

was a delayed effect observed only after 2 wks of subsequent culture. While 

proliferation has been observed in several previous compression studies,39,272 

this delayed increase in cell number may contribute to some of the increase, 

while not significant, in GAG production versus control at 4 wks. Moreover, an 

exciting finding of the present study, however, is that the effects observed are 

due to only 4 hrs of stimulation over a 4 day period, in stark contrast to other 

tissue engineering results with compression application over 4 wks. This 
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indicates there may be only a minimal compressive stimulation requirement to 

induce enhance matrix synthesis and lead to enhanced compressive stiffness. 

One major difference between data in the present study and reported 

values in other direct compression studies is the lack of significant increase in 

collagen production. A possible explanation for this finding lies in the strain 

levels applied to self-assembled constructs, as it has been show that low strain 

levels (< 5%) are responsible for increasing collagen production with very little 

increase in GAG production while larger strain levels have a dramatic effect on 

GAG production but appear to have little effect on collagen production.308 This 

may also be an indicator for the delayed reduction in tensile properties observed 

in samples exposed to several compression regimens compared to controls. An 

increase in GAG accompanied with no increase in collagen could contribute to a 

more dispersed and potentially weaker collagen network throughout the 

neotissue construct, manifesting itself in reduced tensile properties. 

Previous direct compression studies have examined strain-dependent or 

frequency-dependent effects on biochemical and biomechanical properties of 

tissue engineered constructs, but to our knowledge, this is the first tissue 

engineering study to simultaneously assess the effects of multiple frequencies at 

multiple strain rates. These resulting data provide evidence that strain and 

frequency are interrelated and cannot be studied individually; i.e., a certain 

frequency has different effects on construct properties when applied at different 

strain levels. Moreover, this is the first study to evaluate construct functionality 

both immediately after the application of a compression regimen and its delayed 
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response. Properties of self-assembled constructs at both time points indicate 

that certain compression regimens impart an immediate increase in GAG which 

contributes to increased compressive properties. After further culture, these 

effects are shown to be permanent as the increases in GAG and compressive 

stiffness are maintained. Additional studies should be performed to enhance not 

only compressive stiffness, but also tensile properties as these are notoriously 

below native values.228 Several methods can be employed to achieve this goal 

including the application of smaller compressive strain levels or and combining 

the optimal direct compression regimens identified in this study with growth 

factors to enhance collagen production. Finally, future work should examine the 

time point of stimulation addition to developing constructs. In this study, days 11-

14 were utilized based on prior work indicating constructs were responsive to a 

mechanical stimulus as well as work indicating a sufficient matrix for withstanding 

mechanical stimulation.74 However, applying compressive stimulation at different 

times during development or for a longer time than four days may also contribute 

to enhanced construct properties. 
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Figure 8-1: Gross morphology and histology 

2wk 2wk 4wk 4wk 
Culture control 17%, 0.1 Hz Culture control 17%, 0.1 Hz 

Figure 8-1. Gross morphology (row 1) and histological sections (rows 2 and 3) of culture control 

constructs and constructs undergoing 17% strain, 0.1 Hz compression. Each ruler marking 

denotes 1 mm. All constructs increased in diameter and thickness with increasing culture time. 

An increase in thickness was observed with slightly more intense Safranin-0 and picrosirius 

staining in compressed constructs compared to controls immediately following compression (2 

wks). Similarly, at 4 wks increased staining of both GAGs and collagen were observed, indicating 

a measurable delayed effect of the compression regimen. Scale bar denotes 250 urn. 
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Figure 8-2: GAG per construct 
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Figure 8-2. GAG per construct. A) 2 wks. Constructs exposed to direct compression regimens 

contained significantly more GAG per construct than unstimulated culture control. B) 4 wks. All 

constructs had an increase in GAG production over time and at this time point, only constructs 

exposed to 7% strain at 1 Hz contained a significantly larger amount of GAG compared to control. 

Data represent mean ± standard deviation. Levels not connected by the same letter are deemed 

significantly different (p < 0.05). 



204 

Figure 8-3: GAG per wet weight 
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Figure 8-3. GAG per wet weight. A) 2 wks. All direct compression regimens except 17% at 1 Hz 

contained a significantly higher GAG concentration compared to control constructs. B) 4 wks. No 

significant differences were apparent after subsequent in vitro culture. Data represent mean ± 

standard deviation. Levels not connected by the same letter are deemed significantly different (p 

< 0.05). 
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Figure 8-4: Construct cellularity 

* 5: 

I 4 « 
8 
I 
O 2-

1 

A o 

A,B,C 

TB,C T T 

A,B,C A,B A B C 

I Ji I j j i 
A,B 

A,B,C 

X 
1 

n 2v* 
• 4*k 

T A,B,C 

Culture 7% 7% 7% 10% 10% 10% 
control Otfe 0.1Hz 1 Hz 0HZ 0:1 Hz 1 Hz 

Compression regimen 

17% 
0 Hz: 

17% 17% 
0.1Hz 1Hz 

Figure 8-4. Construct cellularity. No significant differences were observed in construct cellularity 

immediately following compression at the 2 wk time point. At 4 wks, however, constructs 

exposed to 17% strain at 0.1 Hz had an increase in proliferation. Data represent mean + 

standard deviation. Levels not connected by the same letter are deemed significantly different (p 

< 0.05). 
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Figure 8-5: Aggregate modulus 
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Figure 8-5. Aggregate modulus. A) 2 wks. Compression with 17% strain at 0.1 Hz contributed to 

a significant increase in construct aggregate modulus compared to unstimulated culture control. 

B) 4 wks. While all constructs had an increase in aggregate modulus over time and all 

compression regimens contributed to increases in aggregate modulus values, the only significant 

increase was observed for 17% strain at 0.1 Hz. Data represent mean ± standard deviation. 

Levels not connected by the same letter are deemed significantly different (p < 0.05). 
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Figure 8-6. Ultimate tensile strength at 4 wks. Direct compression led to significant decreases in 

ultimate tensile strength for two of the nine compression regimens. Data represent mean ± 

standard deviation. Levels not connected by the same letter are deemed significantly different (p 

< 0.05). 
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Conclusions 

This thesis presents work along two fronts of our laboratory's tissue 

engineering philosophy. Toward the use of alternative cell sources for articular 

cartilage tissue engineering, changes in fibroblast morphology were assessed 

after seeding upon a variety of cartilage-specific proteins, prepared by several 

application techniques. To enhance functionality of engineered constructs, 

multiple parameters of the self-assembling process using articular chondrocytes 

were optimized. The elimination of FBS and the reduction of the number of 

required chondrocytes represent measurable enhancements of this process 

toward increased translatability and future use in experimental and clinical 

studies. Additionally, the ability of exogenous stimuli, namely C-ABC and direct 

compression, to significantly improve biochemical and biomechanical properties 

of self-assembled constructs represent significant advancements of the process 

toward increased construct functionality. 

The overarching hypotheses of this thesis are: 1) fibroblast morphology 

can be altered toward a more chondrocytic morphology through seeding on 

cartilage-specific proteins; and 2) the self-assembling process can be optimized 

with proper biochemical and biomechanical stimuli to produce constructs with 

functional properties approaching those of native cartilage. Prior to this thesis, a 

significant amount of research had been performed in our laboratory on 

characterizing functional properties of native articular cartilage, understanding 

pathologies that contribute to degeneration of this tissue, and establishing 

methods to aid in its regeneration. However, several significant obstacles 
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remained. This thesis is primarily concerned with addressing the lack of donor 

tissue available for use in repairing cartilage defects and the need for increased 

functionality in tissue engineered cartilage constructs. 

A comprehensive review of current clinical and experimental treatments 

addressing cartilage defect repair was provided in Chapter 1. It was found that a 

wide array of tissue sources and repair techniques have been used to achieve 

functional tissue restoration. Autogenic tissue has been thoroughly investigated 

because it avoids any potential for immune rejection or disease transmission, but 

many of the results have proved inconsistent. Additionally, these treatments 

have many limitations preventing their widespread use, chief of which is the 

dearth of available donor tissue. The major concern in implementing alternate 

sources for transplantation has been the associated immunogenicity inherent in 

allogenic and xenogenic cells and tissue. However, one of the major findings of 

this review is that an immune response is only elicited when isolated allogenic 

and xenogenic cells are implanted into cartilage defects in the absence of any 

ECM. When chondrocytes are implanted while contained within their ECM, no 

immune response is elicited. The ECM protects and shields the antigenicity of 

the cells and prevents the host's immune response from mounting an attack for 

rejection. Thus, this exciting finding is opening the door for an increase in 

research toward allogenic and xenogenic repair techniques that can aid in 

solving the major clinical problem of defective articular cartilage. 

Toward addressing the lack of available donor tissue, alternate cell 

sources, such as dermal fibroblasts, have been identified for articular cartilage 
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tissue engineering. Changes in fibroblast morphology were examined to 

determine optimal coating conditions for a inducing a chondrocytic morphology. 

Specifically, the potential of three cartilage-specific matrix proteins, aggrecan, 

decorin, and collagen type II, to alter fibroblast morphology using various 

application techniques was examined in Chapter 2. Vertical scanning 

interferometry was utilized for the first time to characterize protein-coated 

surfaces and to assess the induction of chondrocytic morphology to fibroblasts 

seeded upon these surfaces. This technique was used 1) to show that the 

deposition of proteins changes the native environment cells are exposed to upon 

seeding, and 2) to obtain several aspects of cellular geometry, including peak 

height and surface area-volume ratio. It was found that fibroblasts seeded upon 

aggrecan, decorin, and collagen underwent a change in morphology, becoming 

more round as measured by an increase in cell height and decreased in surface 

area-volume ratio, compared to those seeded on uncoated surfaces. The likely 

explanation for these morphological changes is the interaction occurring between 

fibroblasts and the coated ECM proteins and cytoskeletal rearrangements due to 

the protein coating. These interactions and rearrangements enable cells to 

change from a flattened, fibroblast morphology into a rounded, chondrocytic 

morphology. The application techniques of protein coating were also found to 

play a significant role in modulating cell height. Among techniques, static drying 

and airbrushing led to increased cell heights compared to painting, most likely 

due to their increased coating densities. These data are supported by previous 

research that assessed chondrocytic differentiation of fibroblasts on aggrecan-
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coated surfaces. As previous studies have shown that morphological changes 

are potentially indicative of phenotypic changes, these results indicate that 

aggrecan, decorin, and collagen may all induce a chondrocytic phenotypic to 

fibroblasts. 

The translatability of any tissue engineering methodology is of paramount 

concern. As illustrated in Chapter 1, recent literature allows for the consideration 

of allogenic and xenogenic tissue engineered constructs for successful treatment 

of cartilage defects. However, culture of engineered cartilage in the presence of 

animal serum adds another layer of complex immunologic and inflammatory 

concerns when moving toward implantation into small animal studies or clinical 

trails. Prior to these results, most work in cartilage tissue engineering historically 

used an array of FBS concentrations, most frequently around 10%. Results from 

Chapter 3 illustrate that culture in an FBS-free defined medium imparted 

increased biochemical and biomechanical functionality. Specifically, GAG/ww 

and collagen/ww data increased by at least 170% and 130% over any serum-

containing medium. Moreover, a corresponding 5-fold increase in compressive 

stiffness was observed, with constructs reaching an aggregate modulus of 129 

kPa. The results of this study indicate that a defined serum-free medium 

increases biochemical and biomechanical properties of engineered cartilage. 

Long-term growth characteristics in this defined medium were examined in 

Chapter 4 to create a temporal fingerprint of the self-assembling process. This 

fingerprint was necessary as it would aid future tissue engineering studies in the 

determination of an optimal in vitro static culture time and the identification of 
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intervention windows for exogenous stimulation in Chapters 6, 7, and 8. 

Construct functionality was assessed following static in vitro culture for 2 to 24 

wks. Culture in this static environment led to an increase in aggregate modulus 

at 4 wks compared to 2 wks in culture, while long-term culture resulted in 

significantly reduced stiffness. Similar decreasing trends were observed for 

collagen concentration within the construct. Construct growth eventually made it 

impossible for diffusion of vital nutrients to influx into the middle of the construct, 

which led to hydrated tissues with areas devoid of any ECM. Thus, the interplay 

of GAG and collagen within constructs changed temporally as they developed 

and this interplay was responsible for the resulting biomechanical properties. 

In a follow-up to this temporal study, the development of specific matrix 

components was assessed during construct development out to 8 wks in culture 

(Appendix). A redistribution of collagen occurred with time, as collagen type VI 

was initially dispersed throughout the construct but over time, localized to a 

pericellular distribution by 4 wks. A corresponding increase in collagen type II 

dispersed throughout the construct was observed on the same time scale. This 

collagen reorganization is reminiscent of native articular cartilage development. 

Similar developmental trends were echoed in decreasing ratios of chondroitin-6 

to -4 sulfate over time. The importance of biochemical composition and 

distribution throughout an engineered construct is unmistakable, and as such, 

future intervention methods should attempt to modify these biochemical 

interactions to contribute to enhanced biomechanical properties. Results from 

these temporal assessments of construct development led to the identification of 
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an intervention window for exogenous biochemical and biomechanical 

stimulation around 4 wks that was carried forward in Specific Aim 3. 

As stated previously, one major issue confronting current articular 

cartilage tissue engineering methods using primary chondrocytes is tissue donor 

scarcity. While some options may include the use of differentiated mesenchymal 

and/or embryonic stem cells, a sufficient supply of chondrogenic cells is required 

for any foray into cartilage tissue engineering. The self-assembling process is no 

different. Therefore, to increase the translatability of this approach, a cellular 

optimization was performed in Chapter 5. Using optimized parameters from 

Chapters 3 (defined medium) and 4 (4 wk assessment time), constructs were 

formed with a range of 2 - 11 million cells/construct. Functional assessment 

showed that at least 2 million cells/construct were required to assemble and form 

tissue engineered constructs. Increasing density resulted in larger constructs, 

but a plateau in functional properties was discovered at 3.75 million cells. Above 

this density, no considerable changes in ECM concentration were observed and 

these values spanned native cartilage values. Similarly, no significant increase 

was observed in compressive stiffness with increasing density above 3.75 million 

cells, as these values met or exceeded those of native immature bovine 

cartilage. The ability to reduce the cellular requirement by 32%, without 

compromising the salient biochemical and biomechanical properties of tissue 

engineered constructs, cannot be overstated. 

Biochemical stimulation of articular chondrocytes has been heavily 

investigated in a variety of explant and tissue engineering systems. While in this 
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thesis TGF-J33 addition showed marginal benefits, exposure to C-ABC resulted in 

significant increases in construct functionality. C-ABC treatment represented a 

novel method toward functional tissue engineering as it departed from the 

traditional tissue engineering paradigm of employing anabolic signals. When 

applied to developing constructs in Chapter 7, significant increases in tensile 

properties were observed immediately following treatment 2 wks post-treatment. 

These exciting results indicate that this GAG-depleting enzyme enabled the 

formation of a more functional biochemical network, resulting in increased 

biomechanical properties. As GAG levels rebounded following treatment, 

compressive properties returned such that treated constructs were equivalent in 

compressive stiffness but 50% higher in tensile stiffness. Per the beneficial 

results observed in this study, further investigation of C-ABC should be pursued, 

including optimization of construct treatment parameters, and its potential 

synergistic interaction with other biochemical and biomechanical stimuli. 

The effectiveness of direct compression in imparting improved functional 

properties to tissue engineered articular cartilage constructs, described in 

Chapter 8, is exciting. Several previous reports have demonstrated beneficial 

effects of dynamic stimulation of tissue engineered cartilage constructs, but to 

our knowledge, this was the first study to simultaneously assess the effects of 

multiple frequencies at multiple strain rates. Additionally, this was the first study 

in which direct compression was applied to self-assembled cartilage constructs. 

Moreover, this was the first study to evaluate construct functionality both 

immediately after the application of a compression regimen and its delayed 



215 

response. Properties of self-assembled constructs at both time points indicated 

that certain compression regimens imparted an immediate increase in GAG 

which contributed to increased compressive properties. Upon subsequent 

culture, these effects were shown to be permanent as the increases in GAG and 

compressive stiffness were maintained. Final data with 17% strain applied at 0.1 

Hz showed that constructs reached 12% GAG/ww and an aggregate modulus of 

290 kPa. The importance of these results is that they prove that strain and 

frequency are interrelated and cannot be studied individually; i.e., a certain 

frequency has different effects on construct properties when applied at different 

strain levels. Whether these beneficial results may be due to increased nutrient 

transport as a result of compression or due to chondrocyte response to the 

mechanical stimulus, the exact role of each mechanism is yet unknown. Future 

studies should aim to optimize the time point of stimulation and combine these 

beneficial stimulation regimens with other growth factors and/or mechanical 

stimuli to further enhance construct properties. 

The work described in this thesis has made significant contributions in the 

field of articular cartilage tissue engineering. The modulation of fibroblast 

morphology toward a more chondrocytic state through seeding on cartilage-

specific proteins has been examined; these data provide valuable morphology 

characterization information for the future use of fibroblasts in cartilage tissue 

engineering studies. Toward enhancement of the self-assembling process, 

significant improvements in construct translatability and clinical applicability have 

been achieved, including removal of serum, optimization of temporal culture, and 
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reduction in cellular requirement. Additional advancements of this thesis include 

the improvement of functional properties of tissue engineered cartilage through 

exogenous stimulation, whereby C-ABC and direct compression were shown to 

significantly increase biochemical and biomechanical properties of developing 

constructs. Moreover, successes of this thesis have led to the production of 

neocartilage constructs with ECM and compressive stiffness values elevated 

above native immature bovine cartilage. The future directions from work 

presented here are innumerable. From the fibroblast work, further pursuance of 

these cells as an alternative cell source should be carried out through phenotype 

characterization and 3D construct formation. From the self-assembly work, 

further optimization regarding C-ABC and direct compression can be pursued. 

Future work can also include investigating other exogenous stimuli, including a 

host of other growth factors, hydrostatic pressure, or combinations of these 

stimuli. Finally, one of the most exciting possibilities would be, given the 

enhanced translatability coupled with increased biochemical and biomechanical 

functionality, to begin animal studies to assess how self-assembled tissue 

engineered constructs respond to an in vivo environment. 
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Synopsis of major findings 

The following is a synopsis of the novel findings and contributions of this 

thesis: 

• Seeding fibroblasts on an aggrecan-coated surface imparted a spherical, 
chondrocytic morphology 

o Cell height increased by 86% 

o Cell surface area-volume ratio decreased by 50% 

• Self-assembled constructs cultured in defined medium resulted in 
significant improvements in functionality: 

o GAG/ww increased 1.7-fold, reaching 6% 

o Collagen/ww increased by 1.3-fold, reaching 8% 

o Aggregate modulus increased 5-fold, reaching 129 kPa 

• A temporal growth fingerprint identified 4 wks as optimal time for in vitro 
growth and intervention time for exogenous stimulation 

• Cellular requirement in self-assembly was reduced 32% without 
compromising salient biochemical and biomechanical properties 

o 3.75 million cells/construct resulted in constructs with 8% 
GAG/ww, 11% total collagen/ww, and aggregate modulus of 
127 kPa 

• Chondroitinase ABC treatment led to a 50% increase in tensile stiffness of 
tissue engineered constructs, where Ey = 1.5 MPa 

• Direct compression stimulation enhanced tissue engineered construct 
functionality 

o GAG concentration increased by 1.9-fold, reaching 12% 
GAG/ww 

o Aggregate modulus increased by 71%, reaching 290 kPa 

• Biochemical and biomechanical properties can be obtained for tissue 
engineered constructs spanning native immature bovine tissue values 

o Native: 5% GAG/ww, 10-15% collagen/ww, aggregate modulus 
> 140 kPa 
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These results are presented in the following studies: 

1) Revell CM and Athanasiou KA, "Success rates and immunologic 
responses of autogenic, allogenic, and xenogenic treatments to repair 
articular cartilage defects," Tissue Eng, PartB, 2008. Submitted. 

2) Revell CM. Dietrich JA, Scott CC, Luttge A, Baggett LS, and Athanasiou 
KA, "Characterization of fibroblast morphology on bioactive surfaces using 
vertical scanning interferometry," Matrix Biol, 25(8): 523-33, 2006. 

3) Revell CM and Athanasiou KA, "Defined medium for the self-assembling 
process: Enhancing functionality of tissue engineered constructs," J 
Orthop Res, 2008. Submitted. 

4) Revell CM and Athanasiou KA, "Temporal culture effects for tissue 
engineering articular cartilage in self-assembly: a long-term study," 
Arthritis Res Ther, 2008. Submitted. 

5) Revell CM. Reynolds CE, and Athanasiou KA, "Seeding density 
optimization in self-assembly of articular cartilage," Ann Biomed Eng, 
2008. Submitted. 

6) Revell CM and Athanasiou KA, "The effects of TGF-|33 dosing regimen on 
developing self-assembled articular cartilage constructs," Proc Inst Mech 
Eng, Part H, 2008. To be submitted. 

7) Natoli RM, Revell CM, and Athanasiou KA, "Chondroitinase ABC 
treatment results in increased tensile properties of self-assembled tissue 
engineered articular cartilage," Osteoarthritis Cartilage, 2007. Submitted. 

8) Revell CM, Eleswarapu SV, and Athanasiou KA, "Direct compression 
enhances functional biochemical and biomechanical properties of self-
assembled articular cartilage constructs," Osteoarthritis Cartilage, 2008. 
To be submitted. 
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Appendix 1: Matrix development in self-assembly of 
articular cartilage 

Abstract 

This study examined the development of articular cartilage neotissue 

within a self-assembling process in two phases. In the first phase, articular 

cartilage constructs were examined at 1, 4, 7, 10, 14, 28, 42, and 56 days 

immunohistochemically, histologically, and through biochemical analysis for total 

collagen and glycosaminoglycan (GAG) content. Based on statistical changes in 

GAG and collagen levels, four time points from the first phase (7, 14, 28, and 56 

days) were chosen to carry on into the second phase, where the constructs were 

studied in terms of their mechanical characteristics, relative amounts of collagen 

types II and VI, and specific GAG types (chondroitin-4 sulfate and chondroitin-6 

sulfate). Collagen type VI was present in initial abundance and then localized to 

a pericellular distribution at 4 wks. N-cadherin activity also spiked at the early 

stages of neotissue development, suggesting that self-assembly is mediated 

through a minimization of free energy. The percentage of collagen type II to total 

collagen significantly increased over time, while the proportion of collagen type VI 

to total collagen decreased between 1 and 2 wks. The chondroitin-6 to -4 sulfate 

ratio decreased steadily during construct maturation. In addition, the 

compressive properties reached a plateau and tensile characteristics peaked at 4 

wks. The indices of cartilage formation examined in this study suggest that 

tissue formation in self-assembled articular cartilage mirrors known 

developmental trends. In terms of tissue engineering, it is suggested that 
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exogenous stimulation may be necessary after 4 wks to further augment the 

functionality of the constructs. 

Introduction 

Articular cartilage is a specialized type of hyaline cartilage, providing a 

nearly frictionless surface along diarthrodial joints and acting to resist and 

distribute compressive forces. Its tensile and compressive properties are 

attributed to the presence of fibrillar collagens and negatively charged 

glycosaminoglycans (GAGs), respectively, in the tissue's extracellular matrix 

(ECM). Articular cartilage lacks the ability to repair itself under conditions of wear 

and tear or traumatic injury,13,40 leading to osteoarthritis (OA) which afflicts 

millions of Americans and significantly affects the economy.5 In recent years, 

tissue engineering has become a promising option toward the treatment of OA, 

allowing researchers to produce functional replacements for diseased cartilage. 

Toward this end, a self-assembling process has been developed in our 

laboratory to yield cartilage tissue constructs of clinically relevant dimensions and 

compressive mechanical properties approaching those of native tissue.19'30,31 

Most notably, this approach does not involve the use of a scaffold, thereby 

bypassing the typical scaffold-related concerns of biodegradability, stress-

shielding and hindrance of cell-to-cell communication. While previous studies 

have focused on the end functionality of the tissue constructs, an understanding 

of the development of neotissue within the self-assembling process remains 
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incomplete. Studying the maturation of these cartilage constructs will yield 

valuable information regarding the developing biophysical environment of 

chondrocytes and elucidate intervention windows for biochemical or 

biomechanical stimulation. 

An understanding of native articular cartilage development is of particular 

importance, as it will provide essential benchmarks for tissue growth in vitro. The 

various ECM components, and their associated arrangement, can be used as 

indicators for the effectiveness of a myriad of tissue engineering approaches, 

including the self-assembling process, to recapitulate the different stages of the 

developmental process of articular cartilage and produce functional tissue 

constructs.28 Native articular cartilage is known to arise during an intricate 

process of joint development, first involving the formation of an interzone region 

through mesenchymal condensation at the future joint site, which then separates 

in a perichondrium-like layer and an intermediate layer consisting of softer 

tissues. Nascent cartilage begins to form with the chondrogenesis of 

mesenchymal progenitor cells located at the perichondrium regions and 

continues to develop until the formation of the growth plates, which will become 

the primary source of self-renewing, proliferating chondrocytes.44 Like many 

musculoskeletal tissues, the biochemical composition of articular cartilage 

undergoes substantial changes during its development, reflected particularly in 

modulating levels and spatial organization of specific collagen and GAG types.4,37 

Correlating with these biochemical alterations, the compressive and tensile 
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mechanical properties of articular cartilage also change during fetal and 

adolescent tissue maturation.16,34'56,57 

The purpose of this study was to examine the development of tissue within 

a self-assembling process for articular cartilage. Specific emphasis was placed 

on the relative levels of collagens types II and VI, and chondroitin-4-sulfate (CS-

4) and chondroitin-6-sulfate (CS-6), and mechanisms of cellular aggregation 

during the early stages of neotissue development. We hypothesized that the 

relative levels of specific collagens (types II and VI) and GAGs (CS-4 and CS-6) 

would follow known developmental trends for native articular cartilage. We 

further examined the temporal-spatial relationship of collagen types II and VI to 

identify the progression of a pericellular matrix within the tissue. Additionally, this 

study investigated the compressive and tensile mechanical characteristics of the 

constructs, and their relationships to changing biochemical properties. 

Materials and methods 

This study was performed in two phases to examine tissue development 

within the self-assembling process for articular cartilage. In the first phase, tissue 

constructs were assessed histologically and quantitatively for their total collagen 

and GAG content after 1, 4, 7, 10, 14, 28, 42, and 56 days of development. In 

the second phase, four time points from the first phase (7, 14, 28, and 56 days) 

were chosen to examine the maturing structure-function relationships in the 

tissue. To this end, the tensile and compressive mechanical properties of the 
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tissue constructs were related to collagen and GAG levels. The specific types of 

collagen (types II and VI) and GAGs (CS-4 and CS-6) were further investigated 

to identify key matrix developmental trends. The seeding and culture techniques 

were the same for both phases of this study. 

Chondrocyte isolation and seeding 

Articular chondrocytes were isolated from the distal femur of 1 wk old male 

calves (Research 87 Inc., Boston, MA) less than 36 h post slaughter, via an 

overnight digestion in 0.2% collagenase type II (Worthington, Lakewood, NJ) in a 

chemically-defined culture medium. This medium consists of DMEM with 4.5 

g/L-glucose and L-glutamine, 100 nM dexamethasone, 1% fungizone, 1% 

penicillin/streptomycin (Biowhittaker/Cambrex, Walkersville, MD), 1% ITS+ (BD 

Biosciences, Bedford, MA), 50 mg/mL ascorbate-2-phosphate, 40 mg/mL L-

proline, and 100 mg/mL sodium pyruvate (Fisher Scientific, Pittsburgh, PA). To 

reduce variability among animals, a mixture of cells were pooled together from 

six and seven animals for the first and second phases of the study, respectively, 

to yield a representative mixture of chondrocytes. The pooled cells were counted 

on a hemocytometer, and their viability was assessed using a trypan blue 

exclusion test. Each femur yielded approximately 150 million chondrocytes and a 

viability of >99% was determined for all specimens. Chondrocytes were frozen in 

culture medium supplemented with 20% FBS and 10% DMSO at -80°C for 2 wks 

before use. After thawing, viability remained >80%. Chondrocytes were 

centrifuged at 1.2 x 103 g for 7 min and resuspended at a density of 5.5 x 107 

cells/ml in the chemically-defined medium. Articular cartilage constructs were 
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seeded by adding 100 |jl of this cell suspension to custom-made 5 mm agarose 

coated wells (described below). Time t = 0 was defined as this point of initial 

construct seeding. Cells were given 3 h to coalesce and then a remaining 400 ul 

of medium was added to each well. Medium was subsequently changed in the 

well every 24 h. Based upon prior results in our laboratory demonstrating 

enhanced tissue mechanical properties,19 self-assembled constructs were 

removed from confinement in the agarose well at 2 wks and transferred into 10-

mm diameter wells coated with 2% agarose, where they remained up to 8 wks. 

Preparation of agarose wells for chondrocyte seeding 

Agarose coated wells were constructed as described previously.19,30 

Briefly, a negative polysulfone mold consisting of 5-mm diameter x 10-mm long 

cylindrical prongs was constructed to fit into 6 wells of a 48-well plate (Costar, 

Corning, NY). Individual wells were constructed by pressing the negative mold 

into 1 ml of sterilized, molten 2% molecular biology grade agarose in phosphate-

buffered saline (PBS) (Sigma, St. Louis, MO). The agarose was allowed to gel at 

room temperature for 1 h with the mold in place. To each agarose well, 500 ul of 

chemically-defined medium was added and changed twice to saturate the well by 

the time of cell seeding. 

Histology and immunohistochemistry 

Samples from both phases were frozen in cryoembedding medium and 

sectioned at a thickness of 12 urn. Safranin-0 and fast green staining were used 

to visualize the GAG distribution within the constructs.51 Additional slides were 

processed for qualitative immunohistochemistry (IHC) examination of the 
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presence and spatial arrangement of collagen type I, II, and VI, using a Biogenex 

i600 autostainer (San Ramon, CA). After fixation in 4°C acetone, the slides were 

washed with a solution of PBS containing tween, quenched of exogenous 

peroxidase activity with 1% hydrogen peroxide in methanol and blocked with 

serum (Vectastain ABC kit, Burlingame, CA). The slides were then incubated 

with either mouse anti-collagen type I antibody (Axell, Westbury, N.Y.) at a 1:750 

dilution in PBS, rabbit anti- collagen type II antibody (Cederlane, Burlington, NC) 

at a 1:500 dilution in PBS, or rabbit anti- collagen type VI antibody (US 

Biological, Smapscott, MA) at a 1:300 dilution in PBS. The appropriate mouse or 

rabbit secondary antibody (Vectastain ABC kit) was applied, followed by the 

avidin-biotinylated enzyme complex (Vectastain ABC kit) and DAB reagent 

(Vector Labs). Slides were removed from the autostainer, counterstained with 

hematoxylin, dehydrated in graded ethanol, and mounted with a coverslip. Slides 

stained without the addition of a primary antibody served as negative controls. 

Native meniscal fibrocartilage and articular cartilage served as positive controls 

for collagen types I and II, respectively. The presence of N-cadherins was also 

examined on slides from Phase I and in a non-seeded cell suspension. Briefly, 

slides were fixed in 4% paraformaldehyde, blocked with 10% FBS, and incubated 

with a rabbit anti-N-cadherin primary antibody (US Biological, Smapscott, MA) at 

a 1:240 dilution in 1% BSA in PBS, followed by detection with a goat anti-rabbit 

secondary antibody (Alexaflour 546). Nuclei were observed using a Hoescht's 

stain. Porcine cardiac tissue served as a positive control for N-cadherin 

immunohistochemistry. 
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Biochemical analysis 

Approximately 3 - 4 mg pieces of each construct (n = 6 per time point) 

were frozen for biochemical analysis. Frozen tissue pieces were lyophilized and 

digested in pepsin (10 mg/ml) followed by pancreatic elastase (1 mg/ml) in acetic 

acid and Tris buffer solutions, respectively. Total DNA content was measured by 

Picogreen® Cell Proliferation Assay Kit (Molecular Probers, Eugene, OR). Total 

sulfated GAG was then quantified using the Blyscan GAG assay kit (Biocolor, 

Newtownabbey, Northern Ireland), based on the 1,9-dimethylmethylene blue 

binding.12,45 Samples were further assayed for total collagen content via 

hydrolysis in 2N NaOH, followed by a chloramine-T hydroxyproline reaction, as 

described previously.58 Specific levels of collagen type II were determined for 

Phase II samples using an Enzyme-Linked Immunosorbent Assay (ELISA) 

assay, developed by Chondrex, Inc. (Chondrex, Redmond, WA). 

The relative levels of collagen type VI was examined through western 

blotting in Phase II. Based upon the results of the hydroxyproline assay, the 

equivalent amount of each tissue digest containing 20 ug of total collagen was 

precipitated for blotting. The samples, collagen type VI protein standard, and a 

prestained SDS-PAGE protein ladder (Bio-Rad) were loaded into a 10-20% 

Ready Gel Tris-HCI Gel (Bio-Rad) and run at 50 mA for 30 min. The gels were 

then transferred onto blotting paper at 350 mA for 60 min. Blots were blocked in 

2% BSA for 3 h at room temperature and then incubated with a rabbit anti-COL6 

antibody (USBiological, Smapscott, MA) at a 1:1500 dilution. A rabbit secondary 

antibody (Vectastain ABC kit) was applied, followed by the avidin-biotinylated 
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enzyme complex (Vectastain ABC kit) and DAB reagent (Vector Labs) to 

visualize protein bands. The integrated optical density of each band was 

determined using GelPro® software (Media Cybernetics, Bethesda, MD). 

Fluorophore-assisted carbohydrate electrophoresis (FACE) analysis was 

additionally performed on Phase II samples (n=6) to quantitatively determine 

changes in CS-4 and CS-6 during construct development, as previously 

described.14,23,24 Separate tissue construct portions were frozen, lyophilized, and 

rehydrated in 100 mM ammonium acetate. Tissue pieces were digested in 10% 

(w/v) proteinase-K (EMD Pharmaceutical, Durham, NC) for overnight at 60°C. 

An additional 100 mM ammonium acetate was subsequently added to each 

sample, followed by further digestion with chondroitinase ABC and 

chondroitinase AC II (Associates of Cape Cod, Falmouth, MA). FACE gels were 

then run exactly as described in prior literature and individual GAG bands were 

analyzed using GelPro® software (Media Cybernetics, Bethesda, MD). 

Mechanical assessment 

The compressive mechanical properties of Phase II samples (n=6 per time 

point) were evaluated with an indentation apparatus.8 A 3-mm punch was 

extracted from each construct, attached to the sample holder by use of 

cyanoacrylate glue, and submerged in PBS. The sample was positioned under 

the load shaft of the apparatus, such that the sample surface test point was 

perpendicular to the indenter tip. A tare load of 0.2 g (0.002 N) was applied 

using a 1-mm diameter rigid, flat-ended, porous indenter tip and samples were 

allowed to reach tare creep equilibrium. A step load of 0.7 g (0.007 N) was then 
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applied and the displacement of the sample surface was measured until 

equilibrium was reached. The intrinsic mechanical properties of the samples, 

aggregate modulus (HA), permeability (k), and Poisson's ratio (u) were 

determined using the linear biphasic theory.38,39 

Tensile tests were performed on Phase II samples (n=6) with an 

electromechanical materials testing system (Instron Model 5565, Canton, MA) 

containing a 50 N load cell. Samples were cut into a dog-bone shape with an 

approximate gauge length of 1.5-mm and glued onto paper tabs for gripping. 

The thickness and width of each sample were appropriately measured to 

calculate the cross sectional area for the applied forces. Samples were pulled at 

a constant strain rate of 0.01 s"1. Stress-strain curves were developed from the 

load-displacement curve and analyzed for the tissue's tensile Young's modulus 

(Ey) and ultimate tensile strength (UTS). 

Statistical analysis 

A single factor ANOVA was used with a Tukey's post-hoc when 

warranted. Significance was defined as p < 0.05 throughout the study. 

Results 

Based upon statistical changes in total collagen/ww and GAG/ww levels 

within the constructs in Phase I, the following four time points were selected for 

further investigation in Phase II: Day 7, Day 14, Day 28, and Day 56. 
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Gross appearance 

The physical characteristics of self-assembled engineered articular 

cartilage constructs followed similar trends in development during both 

experimental phases (Table 1). At day 1, constructs appeared non-uniform and 

did not have smooth surfaces. Beginning at day 7, the surfaces of the construct 

began to glisten, suggesting an increased hydration and presence of GAGs. The 

wet weight, thickness, and diameter of the constructs all increased over time, 

reaching values of 35.89 + 1.84 mg, 0.8 ± 0.19 mm, and 7.25 ± 0.11, 

respectively, for phase I and 34.25 ± 5.81 mg, 0.75 ± 0.11 mm, and 7.09 ± 0.22, 

respectively, for phase II at 8 wks. 

Histology and immunohistochemistry 

The spatial arrangement of GAGs and collagen type II and VI was 

modulated throughout the course of neotissue development (Fig. 1). Safranin-0 

staining for GAGs was observed in a pericellular distribution initially, with the 

staining intensity increasing over time throughout the construct. Collagen type II 

appeared evenly distributed within the extracellular matrix. Interestingly, collagen 

type VI staining was observed in abundance initially throughout the tissue matrix 

and then could be seen localized around individual cells by 4 wks. Based on 

IHC, there was no collagen type I production at any time point. Additionally, N-

cadherin staining demonstrated a minimal presence of the protein in cell 

suspension. During the first 24 hours, however, the intensity of N-cadherin 

staining increased drastically and peaked at 4 days (representative images 

shown as part of Fig. 5). Minimal N-cadherin staining could be observed 
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onwards of 2 wks. Similar histology pictures could be seen for Phase II (not 

shown) as was observed for Phase I. 

Biochemical analysis 

In the first phase, an increasing trend for GAG/ww was observed, with 

statistically significant increases occurring between days 7 and 14, days 14 and 

28, and days 28 and 56. The GAG/ww values were 1.0 ± 0.59%, 1.3 ± 0.35%, 

1.9 ± 0.23%, 2.1 ± 0.67%, 3.5 ± 0.77%, 7.5 ± 1.1%, 8.2 ± 1.2%, and 9.1 ± 0.31%, 

at days 1, 4, 7, 10, 14, 28, 42, and 56, respectively. Total GAG per construct 

also increased during tissue development, attaining a maximum value of 3.2 ± 

0.2 mg at 8 wks. In contrast to GAG/ww, a decreasing trend was found for total 

collagen/ww, with statistically significant changes between days 28 and 56. 

However, total collagen per construct displayed an increasing trend over time 

reaching a value of 1.9 ± 0.3 mg at 8 wks. The collagen/ww values were 19.0 ± 

6.2%, 19.0 ± 4.4%, 18.1 ± 4.4%, 12.5 ± 2.4%, 12.0 ± 2.7%, 9.6 ± 2.1%, 6.5 ± 

0.9%, and 5.3 ± 0.9%, at days 1, 4, 7, 10, 14, 28, 42, and 56, respectively (Fig. 

2). There were no statistical differences in construct cellularity during neotissue 

maturation. 

The second phase of this study displayed similar values and trends for 

total GAG and collagen (Fig. 4 - B, D). The GAG/ww levels were 2.4 ± 0.34%, 

5.9 ± 0.21%, 9.4 ± 0.72%, and 10.0 ± 0.10% for 1, 2, 4, and 8 wks, respectively. 

Statistical changes were observed for GAG/ww between 1 and 2 wks, and 2 and 

4 wks. The collagen/ww levels were 8.9 ± 1.0%, 10.0 ± 1.6%, 9.4 ± 0.92%, and 
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6.9 ± 0.96% at 1, 2, 4, and 8 wks, respectively. A statistically significant drop in 

collagen/ww was observed between 4 and 8 wks. 

Further investigation in Phase II into the specific levels of collagens type II 

and VI exposed differing trends. Through ELISA quantification, the levels of 

collagen type ll/ww were 0.7 ± 0.2%, 1.4 ± 0.1%, 3.9 + 0.1%, and 4.9 ± 0.7% for 

1, 2, 4, and 8 wks, respectively, with statistical differences between 2 and 4 wks, 

and 4 and 8 wks. When normalized to total collagen, percentages of collagen 

type to total collagen were 8.1 ± 2.0%, 13.8 ± 3.0%, 42.3 ± 3.9%, and 69.1 ± 

12.9% for 1, 2, 4, and 8 wks, respectively (Fig. 3-A). Statistical changes were 

observed between 2 and 4 wks, and 4 and 8 wks. Through western blotting, the 

proportion of collagen type VI to total collagen also changed during development 

(Fig. 3-B). In the example blot, the integrated optical density of the band 

decreased by approximately 40% between 1 and 2 wks. No change was 

observed between 2 and 4 wks, and a 15% increase in band density occurred 

between 4 and 8 wks. Similar trends were observed in all samples tested. 

Examination into the specific chondroitin sulfate GAGs in Phase II 

samples revealed a decreasing ratio of CS-6 to CS-4 over time (Fig 3-C). At 1, 

2, 4, and 8 wks the relative levels of CS-6 to CS-4 was 2.5 ± 0.4, 2.1 ± 0.2, 1.8 ± 

0.1, and 1.4 ± 0.3, respectively. Statistical differences were observed between 1 

and 4 wks, 1 and 8 wks, and 2 and 8 wks. 

Mechanical assessment 

The compressive and tensile properties of the constructs were assessed 

in Phase II (Fig. 4 - A, C). The aggregate modulus of the constructs were 37 ± 
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15 kPa, 85 ± 19 kPa, 280 ± 52 kPa, and 304 ± 72 kPa, for 1, 2, 4, and 8 wks, 

respectively, with a statistically significant increase between 2 and 4 wks. A 

significant linear correlation (R2 = 0.963, p < 0.05) was further observed between 

the mean aggregate modulus and GAG/ww of each group. The permeability of 

the constructs was 1 ± 2 (x 10'15) m4/N-s, 8 ± 7 (x 10"15) m4/N-s, 6 ± 5 (x 10"15) 

m4/N-s, and 11 ± 4 (x 10"15) m4/N-s at 1, 2, 4, and 8 wks, respectively. A 

significant difference in permeability was observed between 1 and 8 wks. The 

Poisson's ratio of the constructs also increased over time, with values of 0.10 ± 

0.07, 0.20 ± 0.08, 0.27 ± 0.09, 0.34 ± 0.05 at 1, 2, 4, and 8 wks, respectively. 

Significant changes in Poisson's ratio were observed between 1 and 4 wks, 1 

and 8 wks, and 2 and 8 wks. 

The Young's modulus of the 4 wk constructs at 1035 ± 96 kPa was 

statistically greater than any other time point (Fig. 4). The ultimate tensile 

strength of the 2 and 4 wk constructs at 293 ± 55 kPa and 342 + 52 kPa, 

respectively, were significantly different from the 1 and 8 wk groups at 143 ± 38 

kPa and 200 ± 51 kPa, respectively. Univariate regression analysis revealed that 

total collagen/ww had a closer, albeit not statistical, correlation with the ultimate 

tensile strength (R2 = 0.29, p = 0.464) than the Young's modulus (R2 = 0.001, p = 

0.97) of each group. Conversely, collagen type ll/ww was more closely related to 

the Young's modulus (R2 = 0.49, p = 0.30) than the ultimate tensile strength (R2 = 

0.098, p = 0.68) at each time point. 
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Discussion 

This study was designed to examine the maturation of neotissue within a 

self-assembling process to engineer articular cartilage over an 8 wk culture 

period. It is important to understand how neotissue develops, since this may 

elucidate potential intervention windows for biochemical or biomechanical 

stimulation, as well as provide an essential characterization of structure and 

function of tissue replacements. This study presents several notable findings 

pertaining to the self-assembling process. First, we demonstrate that collagen 

type VI is present throughout the ECM at early stages of neotissue growth and 

then localizes to a pericellular matrix around 4 wks, thereby recapitulating a 

major characteristic of in vivo cartilage development.37 Second, our results 

suggest that the initial cellular aggregation and construct formation within the 

self-assembling process is mediated by cadherin-cadherin interactions. Third, 

the protein content for collagens type II and VI, relative levels of CS-4 and CS-6, 

and tissue compressive and tensile mechanical properties over time follow 

similar trends to that of native cartilage development. Finally, this study identifies 

4 wks as a potential time point for exogenous stimulation to further augment the 

functional properties of the tissue constructs. 

To our knowledge, this is the first study to demonstrate the localization of 

collagen type VI in a scaffold-less tissue engineering approach. Previous 

research has identified the protein in tissue engineered cartilage scaffolds,21 and 

chondrocyte-seeded agarose constructs,18 but not in a self-assembly cell-based 

approach which seems to capture the developmental nature of articular cartilage. 
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Collagen type VI is the primary marker for the pericellular matrix (PCM).47,48 The 

PCM, together with its enclosed cell, is defined as the chondron and is 

considered to be the smallest metabolic and functional unit of articular cartilage.49 

In particular, it is known that the PCM surrounding the chondrocyte organizes 

and constructs collagen fibrils,49 regulates cellular osmolarity,27,29 and modulates 

growth factor interactions with the enclosed cell.52 The PCM also acts as a 

biomechanical buffer of applied stresses1,2,25,26 and may play an important role in 

the mechanotransductive response of chondrocytes to exogenous stimulation 

within a tissue engineering approach. Future work may focus on investigating 

the three-dimensional structure of chondrons59 in self-assembled cartilage 

constructs, to further characterize the chondrocyte's developing 

microenvironment. In addition, chondrons can be isolated from cartilage 

constructs at various stages of development and directly tested to determine the 

mechanical properties of the newly-formed PCM.1,3 

A concrete understanding of the emergent PCM surrounding individual 

chondrocytes will significantly aid scientists toward creating models which 

accurately depict the biomechanical milieu of the cells within tissue engineered 

constructs. Multi-scale finite element models have been developed to account 

for the intrinsic matrix variation and cellular spatial arrangement within articular 

cartilage, which may further be adapted to the specific stages of tissue construct 

development. These models can be utilized to predict the local mechanical 

environment of chondrocytes under various loading conditions.11,26,55 Therefore, 

one can certainly envision using computational models to formulate mechanical 
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loading regimens that elicit favorable cellular responses tailored to nascent PCM 

formation during neotissue maturation. 

We propose that the early stages of tissue development within the self-

assembling process are mediated by cadherin-cadherin interactions, as 

described by the differential adhesion hypothesis.20 These interactions act to 

minimize the free energy of the population of cells by sorting cells with varying 

intracellular adhesiveness. In articular cartilage, it has been shown that N-

cadherin activity spikes to its highest level during mesenchymal condensation 

and subsequently decreases around the central condensation region, as the cells 

spread apart and begin to differentiate into chondrocytes. 41 At later stages of 

joint development, N-cadherin staining is only evident in the perichondrium and 

not in mature cartilage tissue.42 A similar trend is observed in the maturation of 

self-assembled engineered cartilage, suggesting that our process captures this 

integral component of native articular cartilage development. N-cadherins are 

minimally present in the initial cell suspension, and then are observed with an 

intense staining upon 24 hours of seeding. Therefore, it can be inferred that N-

cadherin activity plays a significant role in cellular aggregation during the self-

assembling process. Indeed, this may have broad implications for future tissue 

engineering studies attempting to recapitulate the zonal architecture of various 

cartilaginous tissues through co-cultures of cells with varying cadherin levels. 

Parallel biochemical trends can be observed in the maturation of tissue 

within the self-assembling process and native articular cartilage development. In 

our study, collagen type II represented a small fraction (8%) of the total collagen 
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at early stages of neotissue maturation. Over time, collagen type II levels 

significantly increased, reaching 69% of the total collagen at 8 wks. Similarly, 

collagen type II is not found in native tissue until after partuition, both in terms of 

mRNA expression or protein production.10 In mature cartilage, however, collagen 

type II is observed throughout the extracellular matrix10,37 and composes 

approximately 85 - 90% of the total collagen.40 It was further observed in this 

study that collagen type VI was present in high abundance initially, and then 

decreased in proportion to total collagen, as the protein localized around 

individual cells. An analogous trend has been observed in native articular 

cartilage for collagen type VI. The expression of collagen type VI spikes at 

chondrocyte differentiation50 and is present throughout matrix development.37'53 

This steep rise in collagen type VI expression in native tissue soon levels off at 

later stages of chondrogenesis, coinciding with an upregulation in collagen type 

II.50 Finally, the decreasing ratio of CS-6 to CS-4 (from 2.5 at 1 wk to 1.4 at 8 

wks) observed in this study is mirrored in native tissue development. During 

embryogenesis, CS-6 can be found throughout the developing matrix, then from 

parturition onwards the staining intensity and relative abundance for the GAG 

increase uniformly.4 Conversely, CS-4 is observed in trace amounts in the 

developing ECM,4 and then increases in content at a greater rate than CS-6 post 

parturition.46,54 However, it should be noted that species dependant sulfation 

patterns have been previously reported in developing tissues.9,22 

Similar trends can also be drawn between the maturing biomechanical 

properties of self-assembled articular cartilage and those of native tissue. 
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Excitingly, this study observed analogous trends in compressive mechanical 

properties to reported results in the aggregate moduli of developing bovine 

articular cartilage. Our 2 wk (85 ± 19 kPa), 4 (280 ± 52 kPa), and 8 wk (304 ± 72 

kPa) values are right on par with the aggregate moduli of third trimester fetal (110 

± 30 kPa), 1 -3 wk old calf (270 ± 20 kPa), and young adult bovine (310 ± 30 

kPa) articular cartilage explants, respectively, from the knee joint.56 Additional 

comparisons can be made between the changes in the emergent tensile 

properties of self-assembled cartilage constructs and the developing cartilage 

from the femoral condyle. Significant increases in the Young's moduli of our 

constructs between 2 and 4 wks and decreases between 4 and 8 wks mirrored 

the changes observed between third trimester fetal, 1 -3 wk old calf, and young 

adult bovine articular cartilage.57 These similarities in compressive and tensile 

properties are additionally noteworthy since our current study utilized immature 

bovine articular chondrocytes in the self-assembling process. Taken together 

with the observed trends in biochemical components, our results suggest that the 

self-assembling process embodies many of the known developmental 

characteristics for articular cartilage. Future studies, therefore, should look to 

identify key developmental signaling patterns, such as in Wnt17,32 or bone 

morphogenetic protein expression,43 to confirm this tissue engineering approach 

as an appropriate model for in vitro cartilage development. Moreover, further 

research may examine matrix maturation during self-assembly of differentiated 

embryonic stem cells,36 which more closely resemble the phenotypic state of 
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cells during the mesenchymal condensation phase of native articular cartilage 

development. 

Statistically significant changes in the developing compressive and tensile 

mechanical properties of the neotissue were accompanied by concurrent 

alterations in GAG and collagen levels, respectively. Significant increases in 

GAG/ww between 1 wk (2.4%), 2 wk (5.9 %), and 4 wk (9.4%) coincided with a 

stiffening of the constructs (37.17 kPa to 85.67 kPa to 280.33 kPa). Moreover, a 

significant correlation was observed between GAG levels and aggregate moduli. 

Notably however, no change was observed in the aggregate modulus or GAG 

content after 4 wks, although the Poisson's ratio did continue to increase. This 

suggests that other ECM components, possibly cross-linking proteins collagen 

type IX or fibronectin, may influence the apparent compressibility of the 

constructs. Similar relationships were observed between tensile properties and 

collagen content. Statistically greater ultimate tensile strength values at 2 and 4 

wks (293.47 kPa and 342.74 kPa, respectively) over 1 and 8 wks (143.44 kPa 

and 200.28 kPa, respectively) followed similar trends in total collagen/ww. The 

statistically significant decrease in total collagen/ww between 4 and 8 wks also 

coincides to a significant drop in Young's moduli (1035 kPa to 538 kPa). The 

significant increase in Young's modulus between 2 and 4 wks, however, was not 

accompanied by changes in total collagen/ww. Therefore, it is possible that the 

observed tensile stiffening may be due to collagen organizational changes or 

increased cross-linking within the ECM. Additionally, this difference in tensile 

properties may be accounted for by an increased presence of collagen type II. 
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Similarly significant increases in Young's moduli and collagen type ll/ww were 

observed between 2 and 4 wks, suggesting that the specific type of collagen, not 

just total collagen content, present in the neotissue can dramatically influence 

tensile properties. Moreover, this result confirms the substantial role that 

collagen type II has on tensile characteristics,33 and therefore may be a preferred 

target for growth factor treatments to augment these properties.6 

Examining the structural and biochemical changes during tissue construct 

growth within the self-assembling process sheds light on potential intervention 

strategies employing exogenous stimulation. At 4 wks, the GAG content of our 

constructs (9.4% GAG/ww) far exceeds that of native tissue (-5% GAG/ww).40 

While it is important not to hinder the developing compressive properties, the 

application of small doses of chondroitinase-ABC7 or other treatments may be 

necessary to reorganize the tissue matrix and bring GAG levels closer to that of 

native tissue. This is essential for later in vivo work where a mismatch between 

the osmolarity of the constructs and the surrounding host tissue is not desirable. 

Potential mechanical stimulation windows can also be identified. Our current 

finding of PCM formation after 4 wks of growth suggests that this may be an 

appropriate time point for compressive mechanical stimulation, since the PCM is 

known to appropriately facilitate the transmission of mechanical stresses onto the 

enclosed chondrocytes.2,26,35 Moreover, our observation that the aggregate 

modulus of the construct plateaus and the tensile Young's modulus decreases 

after 4 wks further warrants consideration that an exogenous stimulation 

mechanism may be necessary at this time point to augment the functional 
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characteristics of the neotissue. In addition, by understanding the different 

stages of neocartilage maturation, subsequent research can pattern mechanical 

stimulation regimens to the forces typically experienced by developing cartilage 

tissue.15 

In conclusion, the development of neotissue within the self-assembling 

process can be described in four phases (Fig. 5). In the first phase, cells are 

seeded at a high density in a non-adherent agarose mold. Minimal N-cadherin 

activity is present at this stage, as the cells have not yet begun to recognize each 

other. In the second phase, N-cadherin activity increases, suggesting greater 

cell-cell interactions. According to the differential adhesion hypothesis, cells 

begin to coalesce at this stage to minimize the free energy within the biological 

system. In the third phase, cells begin to migrate apart and produce an ECM 

consisting of primarily collagen type VI, a known developmental marker, for 

collagens and CS-6 for GAGs. In the fourth phase, separations within the ECM 

can be identified, with notable differences in the spatial distribution of collagen 

types II and VI. The mature tissue matrix consists predominately of collagen type 

II, while collagen type VI decreases in proportion to total collagen and presumes 

a pericellular localization. In addition, the chondroitin sulfation patterns change 

during neotissue development, as the CS-6 to CS-4 ratio follows a downward 

trend over time. The composition of this ECM can be directly related to the 

emergent compressive and tensile mechanical properties of the neotissue. 
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Table A-l: Gross morphological properties 

Phase 1 
Day1 
Day 4 
Day 7 
Day 10 
Day 14 
Day 28 
Day 42 
Day 56 
Phase II 
Week 1 
Week 2 
Week 4 
Week 8 

4.24 ± 2.79 
6.65 ±1.32 
6.98 ±1.31 
8.92 ±1.05 
10.12 ±1.11 
15.88 ±2.73 
25.72 ± 3.67 
35.89 ±1.84 

5.6 ± 0.35 
8.85 ± 0.52 
18.62 ±0.76 
34.25 ± 5.81 

ThicKness {mm* 
0.35 ± 0.09 
0.36 ±0.12 
0.43 ± 0.05 
0.45 ±0.10 
0.45 ± 0.08 
0.59 ±0.15 
0.64 ± 0.23 
0.8 ±0.19 

0.26 ± 0.03 
0.43 ± 0.07 
0.61 ± 0.02 
0.75 ±0.11 

Diameter (mm) 
5.02 ± 0.24 
5.24 ± 0.27 
5.47 ± 0.20 
5.33 ± 0.20 
5.32 ±0.19 
5.87 ±0.18 
6.26 ±0.12 
7.25 ±0.11 

4.97 ±0.19 
5.02 ± 0.06 
5.87 ± 0.07 
7.09 ± 0.22 

Table A-1. Physical characteristics of self-assembled articular cartilage constructs. 
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Figure A-1: Gross morphology and histology 

Gross 
Morphology GAG Col II Col VI 

Day 10 

Figure A-1. Gross morphology (column 1) and histological sections (columns 2 - 4) of self-

assembled cartilage constructs. Original magnification, 40X. GAGs were initially concentrated 

pericellular^, but were observed throughout the tissue by 4 wks. Also at 4 wks, collagen type VI 

localized around the cells, while collagen type II appeared evenly distributed in the constructs. 
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Figure A-2: Biochemical content - Phase I 
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Figure A-2. GAG and collagen content in constructs during development in Phase I. Significant 

differences in GAG/ww can be observed between 7 and 14 days, 14 and 28 days, and 28 and 56 

days (A). Significant differences can be observed in collagen/ww between 7 and 14 days, and 28 

and 56 days (B). Increasing trends were observed for both total GAG per construct (C) and total 

collagen per construct (D). Data presented as mean ± standard deviation. 
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Figure A-3: Biochemical changes in cartilage maturation 
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Figure A-3. Three major biochemical changes can be observed in cartilage neotissue maturation 

with the self-assembling process, which mirror known developmental trends for articular cartilage. 

(A) The percentage of collagen type II to total collagen increased consistently over time, from 8% 

at 1 wk to 69% at 8 wks, with statistically significant increases between 2, 4, and 8 wks. (B) In a 

western blot for collagen type VI, normalized to total collagen content, it is observed that at the 

proportion of collagen type II to total collagen decreased by approximately 40% between 1 and 2 

wks and then increased slightly at 8 wks. Relative collagen type VI levels were determined by the 

integrated optical density of each band. (C) The ratio of CS-6 to CS-4 decreased steadily during 

construct maturation, from 2.4 at 1 wk to 1.4 at 8 wks. Data presented as mean ± standard 

deviation. 
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Figure A-4: Phase II construct properties 
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Figure A-4. Biomechanical and biochemical properties of the constructs in Phase II. Large and 

significant increases in the aggregate moduli (A) were observed between 2 and 4 wks, 

corresponding to increases in GAG/ww (B). The Young's modulus and ultimate tensile strength 

(C) increased during the first 4 wks, coinciding with increases in the percentage of collagen type II 

to total collagen. Both tensile mechanical properties then decreased significantly at 8 wks, 

concurrent with a similarly significant decrease in total collagen/ww (D). Data presented as mean 

± standard deviations. 
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Figure A-5: Self-assembly tissue development 
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Figure A-5. Tissue development within the self-assembling process can be described in four 

phases. In the first phase, a high density cell suspension is seeded in an agarose mold. In the 

second phase, chondrocytes begin to recognize each other and coalesce through a minimization 

of the free energy in the system, as described by the differential adhesion hypothesis. In the third 

phase, tissue constructs begin to form as the cells migrate apart and secrete predominately 

collagen type VI and CS-6 to compose its extracellular matrix. In the fourth phase, extracellular 

matrix separations become apparent, as indicated by a PCM surrounding individual 

chondrocytes. The initially abundant collagen type VI decreases in proportion to total collagen 

and localizes around individual cells, as the percentage of collagen type II to total collagen 

increases. The mature tissue matrix consists predominately of collagen type II and a slightly 

greater percentage of CS-6 than CS-4. 


