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ABSTRACT

Chondrocyte Biomechanics and Chondrogenesis

By Eugene J. Koay

This thesis contributes to two aspects of cartilage research: understanding the 

biomechanical characteristics of single chondrocytes, and tissue engineering 

musculoskeletal cartilages with human embryonic stem cells (hESCs). Both of these 

areas of investigation are motivated by the significant economic and social burdens of 

cartilage afflictions. Mechanical forces directly influence the biological processes of 

native chondrocytes; understanding and controlling this phenomenon begins at the single 

cell level. Thus, the first aspect of this thesis analyzes the biomechanical nature of the 

single chondrocyte by developing (1) a creep cytoindentation apparatus (CCA) to obtain 

the viscoelastic properties of single chondrocytes and (2) a new method to investigate the 

response of single chondrocytes to direct compression. The CCA was built, validated, 

and used to show that chondrocytes are three orders of magnitude less stiff than reported 

values for their surrounding extracellular matrix, suggesting that the cellular mechanical 

milieu is markedly different from the rest of the tissue. Chondrocytes were also found to 

alter their biomechanical properties in response to physicochemical stimuli while 

exhibiting a mechanical yield behavior. These results counter current theories of 

cartilage that assume fixed cellular properties and illuminate a possible threshold between 

physiological and detrimental mechanical stimuli. The second aspect of this thesis 

involves the design and application of a strategy to engineer musculoskeletal cartilages 

with hESCs. These cells, which have been scarcely studied to date, possess unique 

properties, such as pluripotency and self-renewal, that make them advantageous for tissue
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engineering. A novel modular experimental approach was established, involving hESC 

chondrogenic differentiation followed by a scaffold-less engineering strategy called self- 

assembly. Results showed that the properties of hESC-derived cartilage can be 

modulated through biochemical growth factors, differentiation timelines, and hypoxia, 

raising the possibility of engineering tissue with hESCs for various cartilage applications, 

including fibrocartilages and hyaline articular cartilage. Additionally, serum-free, 

chemically defined conditions were developed for the entire modular approach, aiding 

future translation of this research to a cartilage therapy. This thesis generates new 

directions for understanding and utilizing mechanical forces to stimulate chondrocytes 

and opens avenues to further investigate a powerful cell source for tissue engineering in 

hESCs.
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INTRODUCTION

The need for cartilage replacements stems from the inability of articular cartilages 

to effectively heal. Damaged or diseased cartilages are unable to maintain their functions 

of low-friction joint movement, protection of bones, and shock absorption. The result 

can be debilitating for afflicted individuals, and the cost to society is large. This study 

fits into a larger research plan that has the overarching goal of engineering replacement 

tissues to treat damaged or diseased musculoskeletal cartilages. Towards this end, the 

present study had two global objectives. The first was to understand the mechanical 

nature of single chondrocytes. The second was to engineer articular cartilages with 

human embryonic stem cells (hESCs).

The first objective subscribes to the idea that elucidating the mechanobiology of 

cartilage requires an understanding of the chondrocyte’s mechanical properties and 

behavior. Characterizing these cellular properties is part of a complex picture depicting 

how mechanical forces are transmitted from the macroscopic tissue down to the 

microscopic level. Thus, the viscoelastic properties of single chondrocytes were obtained 

after building and validating a creep cytoindentation apparatus. Furthermore, a method 

was developed to analyze the biomechanical behavior of single chondrocytes after direct 

compression, allowing for the quantification of cell morphology, compressibility, 

recovery behavior, and stiffness.

The second objective to engineer cartilage with hESCs was partly motivated by 

the fact that there is a dearth of information regarding how to use hESCs for cartilage 

applications. These cells have tremendous therapeutic potential due to their pluripotency 

and ability to self-renew. These features are especially advantageous for cartilage
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applications, such as fibrocartilages and hyaline articular cartilage, since identifying a 

readily available cell source for tissue engineering therapies remains a challenge. As the 

stem cell field advances, it is conceivable that hESC-based therapies could be tailored to 

specific patients through somatic cell nuclear transfer, stem cell banks, or even genetic 

manipulation of somatic cells. As a first step in using hESCs for cartilage therapies, this 

study investigated how to differentiate hESCs into cartilage-producing cells and

subsequently evaluated ways to engineer cartilage with the differentiated cells. After

establishing a framework to study cartilage engineering with hESCs, a series of studies 

were conducted to understand the effects of biochemical agents, differentiation timelines, 

and hypoxia on the cells and the cartilage they produced. Additionally, serum-free, 

chemically defined methods were developed as one step towards translating this 

technology from the laboratory to a patient therapy.

These two separate objectives were conducted under the following governing 

hypotheses. First, the cells of cartilage, chondrocytes, will exhibit viscoelastic behavior 

that can be quantified in terms of mechanical properties and according to levels of strain 

on the cell. Second, cartilage can be engineered using human embryonic stem cells. 

These overall hypotheses were investigated via the following specific aims:

1. To obtain the biomechanical properties of single chondrocytes. This aim was 

accomplished by building, validating, and using a creep cytoindentation

apparatus (CCA). The hypothesis o f this aim was that the viscoelastic

properties o f single chondrocytes could be obtained through creep indentation.

2. To study the biomechanical behavior of single chondrocytes. Studies were 

carried out to investigate how single cells responded to direct compression and
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growth factors. A method was developed to analyze the cellular characteristics 

of morphology, compressibility, stiffness, and recovery behavior. The 

hypotheses of this aim were 1) that cells would exhibit strain-dependent and 

growth factor-dependent characteristics and 2) that there exists a mechanical 

threshold beyond which chondrocytes will exhibit a change in biomechanical 

behavior.

3. To engineer functionally distinct cartilages with hESCs. This required the 

development of a method to differentiate hESCs and use them in a tissue 

engineering strategy. A modular experimental approach was achieved that 

allowed for the testing of the hypothesis that functionally distinct cartilages 

could be produced by altering the differentiation conditions. A series of 

studies were conducted to understand the effects of biochemical growth 

factors, differentiation timelines, and hypoxia on hESC-derived 

chondrogenesis.

4. To establish serum-free methods to engineer cartilage with hESCs. This was 

accomplished by systematically testing formulations of chondrogenic media 

that contained serum, serum substitutes, or TGF-pi. The hypothesis was that 

serum-free methods would perform on par with serum-based methods to 

generate cartilage with hESCs.

The following chapters explain the experiments related to the specific aims of this 

thesis. Chapter 1 is a review of the current topics in articular cartilage biomechanics, 

mechanobiology, and tissue engineering, providing an introduction and motivation for the 

subsequent chapters. The general theme of this chapter is that the structure-function
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relationships of native articular cartilage should be the basis of design criteria and 

concepts for tissue engineering endeavors. In particular, the native tissue is a complex 

structure that can be analyzed at the molecular, cellular, chondron, and tissue levels with 

each level of complexity playing a role in the function of the tissue. Current 

understanding of the native tissue contributes to tissue engineering strategies by 

providing functional, quantitative goals as well as important principles concerning 

cartilage development, growth, and maintenance. Native tissue characterization at all 

levels is central to any successful functional tissue engineering strategy.

Characterizing the biomechanical properties of the chondrocyte, as delineated in 

Specific Aim 1, seeks to elucidate the roles of mechanical forces on these cells. This is 

addressed in Chapter 2, which describes the design, validation, and utilization of the 

CCA. Individual chondrocytes were subjected to creep indentation and a viscoelastic 

model was used to derive their properties. In the course of developing the CCA, it was of 

interest to record the deformation of the cell, which inspired a method to quantify the 

morphology, compressibility, and recovery behavior of the chondrocyte. Thus, Chapter 

3, which addresses Specific Aim 2, describes the general methodology and analysis of the 

behavior of chondrocytes as a function of compressive strain. Chapter 4 follows up on 

this study by analyzing how the cartilage-relevant growth factors, TGF-pi and IGF-I, 

affect the observed behavior from Chapter 3, while also developing a new way to obtain 

the stiffness coefficient of chondrocytes.

The objective of engineering cartilage with hESCs was addressed in the final four 

chapters of this thesis. Chapter 5 describes a modular experimental approach that entails 

the differentiation of hESCs and their use in a scaffold-less engineering strategy called
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self-assembly. While establishing this methodology, the hypothesis that functionally 

distinct cartilages could be obtained was addressed in this chapter through the use of 

specific growth factor combinations during hESC differentiation and self-assembling the 

differentiated cells. Two subsequent investigations were conducted to further test 

whether different cartilages could be obtained by altering the differentiation conditions.

In Chapter 6, the effect of differentiating the hESCs for varying amounts of time, 

termed differentiation timelines, was investigated, while simultaneously comparing the 

performance of two NIH-approved hESC lines. This experiment also supported the 

hypothesis of Specific Aim 3. Chapter 7 provided further proof that the differentiation 

conditions play an important role in determining the chondrogenic potential of hESCs, as 

the role of hypoxia on hESC-derived chondrogenesis was studied.

While Chapters 5-7 demonstrated that different types of cartilage could be 

produced with hESCs, one hurdle to translating the engineered cartilage from the 

laboratory to a patient therapy was addressed in Chapter 8 by producing constructs in 

serum-free, chemically defined conditions, which was geared towards Specific Aim 4. 

This chapter had the overall goal of developing serum-free methods to engineer cartilage 

with hESCs, while also investigating any possible benefits of serum in the process.

The cumulative knowledge obtained in these studies is summarized in the 

Discussion— Conclusions chapter. Overarching principles for this work are developed, 

and directions for future studies are described.
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CHAPTER 1: Articular cartilage biomechanics, 

mechanobiology, and tissue engineering*

Abstract

Tissue engineering is a promising solution to address articular cartilage 

pathology. The creation of strategies for functional replacement of diseased cartilage 

relies heavily on knowledge of the physiology and development of articular cartilage, 

especially in terms of the influence of biomechanical forces on the tissue. This review 

will present the current knowledge of biomechanical structure-function relationships of 

native articular cartilage, and synthesize this knowledge with strategies to engineer the 

tissue in vitro.

* Chapter accepted as Koay and Athanasiou, “Articular cartilage biomechanics, 

mechanobiology, and tissue engineering,” Biomechanical Systems. Edited by C. T. 

Leondes. World Scientific Publishing, Inc. 2007.
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Introduction

The potential of biotechnology has been highly touted for many years. The field 

of tissue engineering, in particular, has captured the imagination of many. Being able to 

replace virtually any body part would have profound implications for the treatment of 

chronic diseases, such as diabetes and osteoarthritis, and may have a great impact on 

human longevity. Strategies for functional replacement of tissues vary greatly, but even 

with the widely disparate approaches to tissue engineering, it is clear that a successful 

strategy will require a multidisciplinary approach and sound understanding of the native 

tissue. Previously distinct fields of research are being redefined and melded together 

throughout academia and industry to address many pathophysiology problems. This 

approach to research is aptly illustrated in the case of articular cartilage.

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

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

surface that evenly distributes forces. To perform these functions, the tissue has an 

elegantly simple structure. Unfortunately, this structure is not conducive to repair, as the 

tissue is deficient of blood vessels and lymphatics, and has low cellularity. The loss of 

this tissue due to disease (i.e., osteoarthritis) or trauma can result in significant patient 

morbidity because the tissue is unable to restore itself naturally to a functional state. 

Currently, most treatments for joint disease are palliative, not curative. The burden of 

cartilage pathology on society encompasses not only patient pain and suffering but also a 

great economic cost. There are various methods to address this significant problem by 

assisting the healing process in articular cartilage. Tissue engineering has great potential 

for this purpose.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8

The idea of treating diseases related to structural tissues like articular cartilage 

and metabolic tissues such as the liver by engineering each tissue in vitro has been a 

tantalizing prospect ever since seminal papers were published on the use of bioabsorbable 

materials with the appropriate cells from the body.1, 2 The original idea was to place 

these cells, such as chondrocytes, onto a biocompatible scaffold. These scaffolds were 

made of biomaterials that would degrade as the cells built a neotissue, with the scaffold 

serving as a structural foundation and a biological stimulus (in some cases) for the cells 

to adhere and deposit their matrix molecules. The field quickly blossomed, growing into 

a major area of study covering a wide range of topics that span virtually every field of 

science and engineering. Today, teams of scientists and engineers work together in an 

integrated manner to address the challenges to articular cartilage tissue engineering.

Although the full potential of tissue engineering has not been realized yet, the 

field has made great strides toward the ultimate goal of treating major clinical problems 

such as osteoarthritis. As with any fertile field of study, even with major advances, there 

are always challenges and questions, new and old, to address. This review will examine 

some of the major challenges of articular cartilage tissue engineering. The objective is to 

provide a broad view of this field of study, emphasizing major tenets and identifying 

particular areas that require attention. Specifically, this chapter is divided into two major 

areas related to articular cartilage: 1) native structure-function relationships and 2) tissue 

engineering (Fig. 1).

Reflecting on the past two decades of tissue engineering research, much emphasis 

has been placed on the restoration of function to damaged tissues. In order to do this, 

particular focus has been placed on understanding the normal, healthy tissue. For
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articular cartilage, it is clear that the tissue serves a biomechanical function. The tissue’s 

structure facilitates this function very well, and biomechanical forces play a major role in 

determining the tissue’s architecture, maintaining the tissue’s health, and causing the 

tissue’s failure. Thus, the first section of this paper describes the native biomechanical 

structure-function relationships of articular cartilage, where these roles of biomechanics 

will be described in detail.

The second part of this chapter pertains to efforts attempting to engineer 

functional articular cartilage tissue in vitro. Organizing the chapter in this manner 

emphasizes a well-accepted idea that understanding the native tissue will provide insight 

and design parameters for the engineering of tissue in the laboratory. During the 

discussion of the major results in the field, an effort will be made to identify certain 

challenges and future directions. Overall, this review should serve to provide a 

foundation for understanding native articular cartilage and the pursuits related to its tissue 

engineering.

Native biomechanical structure-function relationships

The structure and biomechanical function of articular cartilage are intimately 

related. In this section, these structure-function relationships will be analyzed at different 

levels, from the tissue composition and architecture down to the single chondrocyte (Fig. 

2). Additionally, the changes in articular cartilage structure with disease will be analyzed 

to help explain how the tissue’s function becomes compromised. Basic studies of native 

articular cartilage have set benchmarks and design criteria for tissue engineers, vital 

pieces of information for any successful engineering project.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

Structural components o f native articular cartilage 

Composition

Much effort in tissue engineering has been placed on the characterization of 

native cartilage, with the hope of setting benchmarks for the engineering of functional 

tissue. Grossly, normal articular cartilage is a white, smooth, and glistening tissue. The 

tissue is composed mostly of water (60-85%), and the remaining tissue is extracellular 

matrix (ECM) composed of cross-linked collagen II (15-22% by wet weight and 80-85% 

of the total collagen), proteoglycans (4-7% by wet weight), and lesser amounts of other 

collagen types, such as collagens IX and XI,3 and proteins, such as decorin, biglycan, and 

fibromodulin.4'7 The structure of selected molecules is shown in Fig. 2.

Collagen II is one of the most abundant proteins found in the animal kingdom, 

and it is a defining component of articular cartilage structure and function. Like other 

common collagens such as I and III, it forms a fibril structure, consisting of three coiled 

subunits. In the particular case of collagen II, it is composed of three al(II) chains, a 

homotrimer. Collagen molecules are approximately 300 nm long and form striated fibrils 

due to lateral alignment between the molecules, which are staggered by 67 nm (D 

bands).8 Concerning the bulk tissue properties, collagen II contributes to the tensile 

strength of the tissue.9 This tensile strength depends on the fibril diameter and on 

crosslinks between collagen molecules within the triple helix that form the collagen 

fibril.10 The crosslinks are mostly based on pyridinoline and occur at a higher rate than 

other tissues such as tendon.11 These crosslinks are necessary for the formation of a 

collagen network that is under constant tension due to the swelling pressure created by 

the surrounding proteoglycan and water gel.12
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Proteoglycans are a special class of glycoproteins with long, unbranched, and 

highly charged glycosaminoglycan (GAG) chains.13 The major type of proteoglycan 

found in cartilage is aggrecan, which provides the tissue’s compressive strength.14 The 

highly charged GAG chains in cartilage attract cations, and this creates a positive osmotic 

pressure that causes cartilage to swell.15’ 16 During a compressive load, the interstitial 

water supports much of the initial load,17 and friction between the water and matrix helps

dissipate the applied force, eventually reaching equilibrium when the osmotic pressure

1 8equals the load. Removal of the load allows fluid back into the GAG network.

This fluid movement is essential for the transport of nutrients to chondrocytes, 

which are the cells that produce and maintain articular cartilage. These cells are adapted 

to a relatively low nutrient, low oxygen-tension environment, which is a result of the 

avascular nature of cartilage. Chondrocytes are metabolically active, primarily using 

glycolysis to fuel the constant remodeling of the matrix around them.19 While collagens 

have a low turnover rate, proteoglycans have a half-life of a couple of weeks.

In osteoarthritis, the degradation of these matrix components exceeds the ability 

of chondrocytes to replace them, resulting in functional failure of the tissue.20 

Macroscopically, osteoarthritic cartilage is yellowish or brownish, in stark contrast to its 

normal white appearance. The tissue progresses through stages of degradation, showing 

surface roughening initially and noticeable fibrillation and matrix loss later. These 

changes in the tissue appear to result from both biochemical (i.e., degradative enzymes 

and proinflammatory mediators) and biomechanical influences, leading to degradation of 

molecular components and supramolecular structures.20
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During this process of degradation and change, the biomechanics of the tissue 

alter. While collagen content remains relatively steady throughout the disease process, 

the collagen network transforms drastically.21,22 Intimately linked to this change is the 

loss of fixed charges in articular cartilage. In fact, an early sign of osteoarthritis is a loss 

of aggrecan.21 While it is understood that a loose collagen network leads to aggrecan loss 

and vice versa, it is not clear which event occurs first. Even with the loss of the majority 

of the fixed charges in the tissue, which normally hold water in, the failure of the 

collagen network results in the diseased tissue’s swollen, hyperhydrated appearance. 

This may be explained by the failure of the collagen network to provide tensile resistance 

to the swelling pressure in the tissue. As the tissue’s internal structure and, subsequently, 

biomechanics change, the bulk tissue begins to experience an altered biomechanical 

environment during activity in the joint. A vicious cycle emerges where a loose collagen

network leads to loss of aggrecan, and this proteoglycan loss results in mechanical

12overloading, further loosening the collagen network. A number of other changes occur 

in osteoarthritic tissue, especially the expression of proteins not found in normal

23  25cartilage. ' Additionally, there are changes that occur in specific aspects of the tissue’s 

architecture, disrupting what is commonly referred to as the zones of articular cartilage. 

The structure and function of these zones in articular cartilage health and disease will be 

described in detail in the next section.

Tissue architecture

The zonal structure of articular cartilage is closely related to the tissue’s 

biomechanical function. Articular cartilage covers the subchondral bone of diarthrodial
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joints, and can be divided into different zones, corresponding to depth from the cartilage 

surface down to the bone. These zones are named superficial, middle, deep, and 

calcified. They are characterized by their depth in the tissue, cellular morphology, 

collagen orientation, and GAG content, among other characteristics (Fig. 2).

At the surface is the superficial zone, comprising about 10-20% of the thickness 

of the tissue.26 The superficial zone ECM is composed primarily of collagen and a small

on oramount of proteoglycans. ’ This zone has a high water content and densely packed 

collagen fibers aligned tangential to the tissue surface, imparting a high tensile strength

0 Q
and stiffness to this zone. Superficial chondrocytes appear flat and elongated, and they 

have been shown to be distinct from chondrocytes in the other zones of cartilage in terms 

of their metabolic activity and protein production.30,31 In particular, these cells do not 

produce very much matrix and secrete a protein called superficial zone protein (SZP). 

SZP, like aggrecan, is a proteoglycan. Unlike aggrecan, it is not found throughout 

articular cartilage, but instead, it is synthesized by superficial zone chondrocytes. SZP 

has long been believed to play a role in lubricating the cartilage surface,32 helping to 

provide for the tissue’s biomechanical function of reducing friction between joint 

surfaces, although recent work has challenged this notion.33

Below the superficial zone, collagen fibers are more randomly aligned, and the 

chondrocytes appear larger and are rounded. These morphological characteristics define 

the middle zone of cartilage. The general trend that occurs from superficial to deep zones 

is that chondrocytes become sparser and more metabolically active. Middle zone 

chondrocytes fit into this trend. The middle zone takes up to 60% of the thickness. 

These cells synthesize more ECM containing a higher amount of proteoglycans than
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• • 27  28  34  37superficial cells. ’ ’ ' They have also been shown to express more collagen II mRNA 

than superficial cells.38

Farther down into the tissue is the deep zone of cartilage, where the cells appear 

ellipsoid in shape. These cells have proliferative ability and produce the largest amount

-a i  -3Q

of matrix. ’ The chondrocytes and collagen fibers in the deep zone align perpendicular 

to the subchondral bone (Fig. 2). While collagen II is the predominant form, other 

collagens (VI, IX, X, and XI) are dispersed throughout the tissue.8 A transitional 

calcified zone is below the deep zone, leading to the subchondral bone. The deep and 

calcified zones are separated by the tidemark, a narrow band of aggregates of mineral 

associated with matrix vesicles. These vesicles seem to be secreted by the chondrocytes 

in this area, playing a role in mineralization of the cartilage matrix.40

The layered structure of articular cartilage develops after birth as an adaptation to 

increased physical activity (see Biomechanical development). The establishment of the 

mature stratified structure of articular cartilage is necessary for a normal joint to 

withstand physiological forces. Each zone of cartilage is specifically adapted to perform 

a role in carrying out the tissue’s primary functions of load distribution, joint protection, 

and low friction movement. As described previously, the collagen network and GAGs 

also play a vital part in the normal functions of articular cartilage. It is the specific 

arrangement of these components that truly defines the mature tissue. The thin collagen 

fibrils of the superficial zone form a sheath parallel to the surface40 and, during physical 

activity, this zone acts partly as a seal at the joint surface, experiencing high fluid flow 

across the surface, fluid pressure and tension, large compressive strains that result in 

consolidation of the surface, and tensile surface strains.41 The superficial zone constrains

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

the middle zone of cartilage from above, while adjacent tissue and the subchondral bone 

restrict the middle zone from the sides and from below, respectively. These restraints 

result in low fluid flow and high fluid pressurization in the middle zone, and this 

hydrostatic pressure supports the bulk of the load.

Corresponding to these different mechanical environments between zones, the 

heterogeneous, zonal structure of mature articular cartilage is also manifest in differing 

mechanical properties between zones.42, 43 Studies of the deformation behavior of full 

thickness articular cartilage have demonstrated that the strain fields in the tissue vary 

according to depth, in agreement with the varying mechanical properties between zones 

and their corresponding biomechanical functions.44 In subsequent sections, the 

implications of these biomechanical structure-function relationships will be analyzed in 

terms of the tissue’s physiology and tissue engineering.

The importance of the zonal structure of articular cartilage to normal function is 

perhaps best demonstrated by describing how alterations to this structure affect the tissue, 

namely in diseases like osteoarthritis. Effectively, erosion or degradation of the zonal 

architecture will result in a loss of tissue function. Degradative processes seem to be 

especially prominent in the superficial zone during osteoarthritis and experimental 

models of osteoarthritis.22,45,46 In this zone, it appears that biochemical changes mirror 

those of the rest of the tissue, including an increase in water content, decrease in fixed- 

charge density, and loosening of the collagen network (possibly by a decrease in 

hydroxypyridinium cross-links). However, these changes are more pronounced in the 

superficial zone than the rest of the tissue.22 With these compositional changes come 

structural changes that impair the tissue’s biomechanical function, resulting in
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progressive degradation of the tissue. Part of the reason for this failure is the ineffective 

response of chondrocytes to these disease processes.

Chondrocytes

In mature articular cartilage, chondrocytes are believed to be the single population 

of cells and occupy 10% of the volume. In immature, growing articular cartilage, there is 

evidence that a precursor cell exists that may aid in appositional growth.47 As the 

evidence for the presence of cell types other than chondrocytes in articular cartilage is 

limited, the remaining discussion will pertain only to mature, differentiated chondrocytes. 

These cells have limited capacity for replication and migration within the tissue, and they 

secrete ECM molecules such as collagen II and aggrecan.19,48 While matrix production is 

sufficient for tissue maintenance from normal activities and ECM turnover, there is a 

limited increase in matrix synthesis in response to injury or inflammation, as occurs in 

osteoarthritis. The factors that control chondrocyte proliferation, migration, and matrix 

synthesis are of great interest for regenerative therapies, including in vitro tissue 

engineering strategies.

There are few sites in the body available for articular chondrocyte harvest, 

making the use of primary cells in a tissue engineering strategy difficult49 Expansion of 

these cells is possible, but many studies have shown that the expanded cells lose their 

phenotype with each passage.38,50,51 Compounding this issue is the fact that chondrocytes 

seem to lose their main functions, and thus effectiveness, over time. For example, it is 

well accepted that the matrix produced by older chondrocytes is different compared to 

that produced by younger cells.52,53 Another age-related change in chondrocytes includes
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senescence, which would affect their ability to proliferate, synthesize matrix, and respond 

to normal physiological cues.54'56 This loss of efficacy is true for many systems in the 

body. For articular cartilage cell-based therapies, this is especially problematic since the 

afflicted population is characteristically older. Beyond age-related changes, there are 

many biochemical and biomechanical factors that affect the functions of articular 

chondrocytes. Growth factors, ion concentrations, and nutrient supplies all dictate the 

metabolism of these cells. Understanding the influences of each has been the subject of 

intense study due to their potential for regenerative therapies. Biomechanical factors 

have been shown to have a profound influence on chondrocytes, causing changes in gene 

transcription and metabolism.57'59 This phenomenon of mechanotransduction has been 

studied in a number of different manners, which will be examined further in subsequent 

sections.

Pertaining strictly to the chondrocyte’s biomechanical experience, a growing body 

of work is demonstrating that understanding the phenomenon of mechanotransduction 

begins at the single cell level. A theoretical model of articular cartilage demonstrated 

that to obtain a full picture of how mechanical forces acted on cartilage, it was necessary 

to quantify the local stress and strain fields around chondrocytes.60 This study, along 

with several other theoretical studies, have demonstrated that the mechanical 

environment around the cell is non-uniform and dependent on the intrinsic material 

properties of the cells and their pericellular matrix. Thus, there was an impetus to 

measure these properties, which required the development of methods to mechanically 

test samples at the single cell level. Several methods had been developed at that point— 

and others have since been developed— to study cellular mechanics, including
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cytodetachment,61' 62 cytoindentation,63' 64 cytocompression,65-67 micropipette

r o  •yy H A

aspiration, ' magnetic bead rheometry, laser tweezers, and atomic force 

microscopy.75 Each of these methods has contributed significantly to the study of single 

cell mechanics, but only cytodetachment, cytoindentation, cytocompression, and 

micropipette aspiration have been used to study single chondrocyte biomechanics.

While cytodetachment has been used to characterize the adhesion of 

chondrocytes,61’ 62 cytoindentation,63’ 64 cytocompression,65-67 and micropipette 

aspiration69’72 have been used to obtain the mechanical properties of single chondrocytes. 

This work has revealed that the chondrocyte experiences stresses and strains that are 

vastly different that those of the surrounding ECM. Particularly, these cells have a 

stiffness modulus that is about three orders of magnitude less than the bulk tissue.63-66,69’ 

72 The chondrocyte also appears to change its mechanical properties with 

osteoarthritis.69, 72 Just as the stress-strain environment changes between zones of 

cartilage due to changes in the zonal mechanical properties, the local stress-strain field of 

each chondrocyte differs from the surrounding tissue. These single cell studies have 

demonstrated that obtaining a full picture of how mechanical forces are transmitted from 

the tissue down to the cell in both health and disease will require understanding the 

mechanical nature of single chondrocytes. These techniques can also be used to study 

chondrocyte mechanobiology, as will be described in the Tissue engineering section.

Chondrons

Each chondrocyte is surrounded by a pericellular matrix (PCM), with the 

combined structure of cell and PCM making the functional unit of cartilage called the
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76chondron. The PCM has been studied for years, and significant progress has been made 

to understand its roles. In particular, it was shown that the PCM regulates the osmolarity 

of the cell77 and organizes and constructs collagen fibrils.78 Considering the PCM’s role 

in organizing collagen fibrils, its possible role in tissue engineering efforts has been 

analyzed, demonstrating cells that retain their native PCM produce more ECM and create 

stiffer engineered constructs.79 Structurally, the chondron has been shown to contain 

collagens II, VI, and IX, the aggrecan components chondroitin 4-sulfate, chondroitin 6- 

sulphate, keratin sulphate, core protein, and hyaluronan binding region, and the 

glycoprotein fibronectin.80-84

Biomechanically, it was hypothesized that the PCM acted as a buffer of 

mechanical stress, with recent studies of the single chondron supporting this idea.85,86 In 

particular, it was shown that the PCM stiffness was significantly higher than that of the 

chondrocyte but generally lower than the surrounding extracellular matrix (ECM). This 

finding suggested that the PCM plays an important role in modulating the local stress- 

strain environment of the cell.85’86 More recently, confocal analysis of the chondron by 

collagen VI fluorescence immuno-labeling has demonstrated zonal variations in 

chondron shape and orientation, consistent with previous observations of zonal 

chondrocyte shapes. The structural changes in chondrons with depth in articular cartilage 

appear to reflect the collagen architecture in each zone.87 Considering the role of the 

PCM in modulating the biomechanical environment of the chondrocyte as well as 

coordinating cell-matrix interactions, understanding the morphology, biochemical 

content, and biomechanical properties of the chondron will be important in understanding 

articular cartilage mechanobiology. This may be especially true in elucidating the role of
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biomechanics in the pathogenesis of osteoarthritis. Several investigations have described

• 88changes in the PCM in disease, including an increase in size, an increased proteoglycan 

concentration,89 and the disruption of collagen fibrils.84, 90, 91 These changes result in a 

softer PCM, which may indicate that its biomechanical function is compromised in 

disease.85,86

Biomechanical physiology o f  articular cartilage

The preceding discussion has revolved around the biomechanical structure and 

functions of articular cartilage. In analyzing how these aspects are intertwined, it is clear 

that biomechanical forces play a central role in defining the tissue. In the following 

discussion, the role of biomechanical forces on the development, maintenance, and 

disease of articular cartilage will be scrutinized. These biomechanical studies have been 

fruitful areas of research, inspiring promising tissue engineering strategies that utilize the 

beneficial effects of mechanical stimulation to produce more robust engineered tissue. 

Similarly, these studies have shed light on biomechanical etiologies of cartilage diseases, 

such as osteoarthritis.

Biomechanical development

The formation of cartilage, or chondrogenesis, is a complex event that can be 

described in four stages: 1) progenitor cell migration to the site of chondrogenesis, 2) 

epithelial-mesenchymal interactions, resulting in 3) condensation formation, and 4) overt 

differentiation of chondroblasts. Condensation formation is a critical stage of 

mesenchymal development where a previously dispersed cell population gathers to
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differentiate into a particular mesenchymal tissue, such as cartilage, bone, or muscle. 

During this time, the shape, size, position, and number of skeletal elements are 

established.92 Towards articular cartilage formation, active cell movement results in an 

increase in the number of cells per unit volume, and both in vivo and in vitro work 

suggests that there is a high cell density requirement for chondrogenesis to occur.93 The 

major molecular events during these stages of chondrogenesis and skeletogenesis, in 

general, have been well characterized, though it is still not clear what triggers the final 

transition to overt differentiation.94

These developmental processes occur as a series of events that begin during fetal 

life and extend until skeletal maturation occurs. Towards the later stages of fetal 

development, the shafts of the long bones have ossified, though the bone ends, which are 

the sites of bone growth and articulation, are still cartilaginous. For humans, bone 

growth occurs at secondary ossification centers within the cartilaginous epiphysis present 

in most long bones. At these ossific nuclei, the growth plate cartilage and articular 

cartilage are progressively defined over time.41

The multitude of factors and agents acting on cartilage results in a dynamic tissue 

that changes over the course of a lifetime. Throughout these developmental stages, 

biochemical factors and biomechanical forces are working to direct the differentiation of 

progenitor cells and stem cells, as well as helping to shape the geometry of the tissue.95 

As articular cartilage matures under these influences, the morphological, biochemical, 

and biomechanical properties of the tissue are defined. Marked changes have been 

observed in equine articular cartilage within a short period of time after birth. From birth 

to 5 months of age, cartilage changed from uniformity to heterogeneity in terms of
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biochemical and biomechanical parameters, likely as a functional adaptation to weight 

bearing.96, 97 In fact, different levels of exercise resulted in differences in biochemical 

parameters, with heterogeneity (and hence maturity) of cartilage being delayed in those 

deprived of exercise.98

The zonal architecture is a result of the developmental history and biomechanical 

milieu of the tissue.41 The distinguishing characteristics of the different zones can be 

understood in terms of the local biomechanical environment of each. In the superficial 

zone, cells are subjected to fluid flow, hydrostatic pressure, and compression, giving 

them a flattened shape and requiring that they maintain a higher proportion of collagen 

relative to proteoglycans. In the middle and deep zones, the primary loading is 

hydrostatic pressure with little strain or fluid flow 41 As a result, the cells in these regions 

are rounded and synthesize high amounts of GAGs and collagen II, as described in the 

previous sections. The effects of growth factors, cell-matrix interactions, cellular 

signaling, and nutrients, among other factors, play significant roles in the development 

and maintenance of the tissue as well.57,92' 99

While these patterns can be generalized for articular cartilage of any joint, it is 

important to note that different joints can experience markedly different biomechanical 

environments. One way to assess these differences is by mechanically testing articular 

cartilage to derive intrinsic biomechanical properties of the tissue. This has been 

demonstrated by experiments in the ankle,100 hip,101 knee102 and first metatarsophalangeal 

joints,103 where the anatomical location of the articular cartilage resulted in different 

biomechanical properties. Even within a joint, high- and low-weight bearing areas exist, 

and this results in different biomechanical properties.100' 103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

Biomechanical regulation

Beyond the goal of understanding the fundamental processes involved in 

mechanotransduction, studying native articular cartilage responses to mechanical stimuli 

can have utility for cartilage tissue engineering. With a grasp of native responses, 

researchers have been guided to enhance engineered constructs, with the goal of making 

them suitable for possible cartilage therapies. Particularly, these native tissue studies 

have demonstrated that cartilage has certain physiological thresholds within which it can 

adapt functionally.

While these thresholds remain poorly defined, it is clear that articular cartilage 

can withstand a wide range of stress magnitudes. Contact pressures in the hip and 

patellofemoral joints have been measured between 3 to 18 M Pa.104'106 The predominant 

stresses experienced by the tissue include, compression, hydrostatic pressure, fluid shear, 

and tension (Fig. 3). Understanding how mechanical forces influence native cartilage 

began with animal experiments where the effects of joint loading were studied. These 

studies demonstrated that the tissue’s morphology, biochemistry, and biomechanics 

altered in response to a change in joint loading. The nature of the response depended on 

whether the load was increased or decreased as well as the degree of change. In several 

animal models, including dogs, rabbits, and horses, “physiological” exercise caused 

changes in articular cartilage thickness, proteoglycan content, and mechanical 

stiffness.107’111 A measurable change in overall tissue mass as a functional adaptation to 

exercise does not appear to occur in humans, though some efforts suggest that GAG

119content may increase with exercise.
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In contrast to normal exercise, “strenuous” exercise was shown to result in gross 

cartilage lesions due to alterations in the collagen network.113 A severe decrease in joint 

loading such as immobilization led to healthy tissue thinning and softening.114'116 

Interestingly, there appears to be a level of tissue recovery that can be achieved, if the 

joint is mobilized back into the physiological range.117'119 The most widely studied 

methods of altering joint biomechanics include ligament transection and meniscectomy. 

These methods have proved particularly useful in studying the progression of joint 

degeneration and are well accepted as experimental models of osteoarthritis.

The use of ligament transection as a model of osteoarthritis was partly based on

the idea that biomechanical forces play a crucial role in the initiation and progression of 

120 121osteoarthritis. ’ In fact, clinical evidence demonstrates that human knee degeneration 

occurs when joint instability follows cruciate ligament rupture.122 Osteoarthritis has been 

characterized in a number of ways, with changes demonstrated in the structure, 

composition, and cells of articular cartilage and surrounding tissues. The sequence of 

events that lead to the observed changes is still unclear, however. In particular, it is not 

known whether the biomechanical changes in the tissue precede or are the result of the 

disease. Ligament transection and meniscectomy have been demonstrated to exhibit 

osteoarthritic changes in many animal models, and are performed to help elucidate these 

open questions.

These in vivo studies inspired in vitro work on cartilage explants, tissue- 

engineered constructs, and individual chondrocytes with the major goals of isolating the 

negative and positive effects of the predominant forces experienced in the tissue and
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enhancing tissue-engineered cartilage. These details are discussed in the next major 

section.

Future directions fo r  native biomechanical structure-function investigations 

The work on native articular cartilage has helped guide the engineering of the 

tissue in vitro. One important contribution of this basic work is the understanding that 

while biomechanical forces dictate many normal processes of articular cartilage, they can 

also lead to its detriment. As this structure-function work progresses in conjunction with 

engineering efforts, it will be important to elucidate the specific control mechanisms that 

push native and engineered cartilage to synthetic or degenerative states. Additionally, 

understanding the remodeling of the tissue may be important in developing ways to 

control these processes through bioreactors or bioprocesses. Finally, a better 

characterization of the tissue biomechanics (i.e., failure and sub-failure properties) will 

help establish better design parameters for the engineering of the tissue.123

Tissue engineering of articular cartilage

This review has covered some key areas involved in articular cartilage research. In 

any tissue-engineering endeavor, it is important to identify specific design criteria for 

functional replacement of diseased tissue. Therefore, articular cartilage tissue 

engineering has focused heavily on understanding structure-function relationships in the 

native tissue, such as tissue composition and architecture, as well as its normal 

developmental processes and physiology, particularly as these bioprocesses relate to 

biomechanical influences. The previous sections discussed evidence that biomechanical
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forces strongly dictate the morphogenesis, health, and disease of articular cartilage. This 

understanding of the tissue’s structure-function relationships and physiology has been 

critical to the development of innovative tissue engineering strategies.

In this section, the state-of-the-art in articular cartilage regeneration efforts will be 

presented and synthesized with the major points of the previous topics. The major aims 

are to identify challenges for this field of research and propose possible solutions. This 

section will be divided into research areas related to articular cartilage tissue engineering. 

The possible building materials for neocartilage will be presented, focusing on 

biomaterials and cell sources for articular cartilage. Also, the use of exogenous stimuli, 

such as growth factors and bioreactors, will be examined for their potential to enhance 

regeneration efforts. First and foremost, however, we will evaluate the field as a whole, 

especially pertaining to the establishment of standard success criteria for articular 

cartilage tissue-engineering endeavors.

Standards fo r  tissue engineering studies

The field of articular cartilage tissue engineering is progressing towards a long

term treatment for articular cartilage diseases. While many researchers share the same 

goal, they approach the problem using a wide array of methods. The areas of 

biomaterials, stem cells, bioactive agents, and mechanical stimulation are fueling 

innovation and making the ultimate goal tenable. The field, as a whole, is fertile ground 

for research. As it grows and matures, however, the need for standardization is becoming 

readily apparent.
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To demonstrate, a sample of cartilage tissue-engineering studies was randomly 

selected from a Pubmed search to analyze how engineered constructs were evaluated, 

dating from 1992 to 2006 (Table 1). For this analysis, only studies that used mature 

native articular chondrocytes were included, since any stem cell, fibrochondrocyte, or 

purely computational study would likely skew the results. Functional assays were 

categorized into one of seven general groups: morphology, histology, gene expression, 

biochemistry, biomechanics, metabolism, and in vivo implantation. Simple tabulation of 

the assays in this way revealed a wide disparity in assessment practices. Morphology at 

any scale (gross pictures, light microscopy, SEM, etc.) was described in 65% of the 

studies. A large number (85%) provided histological analysis. Biochemical content was 

quantified in 68% of the sampled studies, while less than 24% assessed construct 

biomechanics. Gene expression (26%), metabolic assays (11%), and in vivo testing of 

constructs (10%) were also used infrequently. While this survey of tissue engineering 

studies has limitations, it shows that the field has no consensus regarding how to 

characterize cartilage constructs (one would expect the percentages to approach 100%, if 

consensus existed for a particular type of assessment).

This lack of standardization in the field makes it difficult to compare results 

across studies. In addition to comparing different types of data (histology vs. gene 

expression, for example), researchers may be comparing different animal species and 

joints, which can have a profound impact on results. The results of the survey also reveal 

that definitions of successful cartilage tissue engineering are not always consistent with 

the native structure and function of articular cartilage. The survey suggests a tendency in 

the field to concentrate on qualitative information (morphology and histology) and
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protein production by cells (biochemistry), while largely ignoring the biomechanical 

function and in vivo performance of the constructs. In essence, the seven groupings of 

assays represent a functional spectrum for engineered cartilage, with the qualitative data 

complementing the quantitative data. Within each general grouping of assays, it is 

apparent that another degree of variability in the field exists. For example, there are a 

number of ways to characterize the biomechanics of constructs, including compressive, 

tensile, and shear properties. Also, there are a number of ways to evaluate the presence 

of specific cartilage markers. The point is that the tools available for a specific genre of 

assays require standardization, just as the field needs to standardize which genres to use 

in defining successful engineering. These different levels of uniformity need to be 

adopted eventually, but it is more realistic, and perhaps more pressing, that the field 

adopt a consistent and sufficiently general definition of success to accommodate the 

variability within each group of assays.

Achieving this level of order will logically depend on the functional information 

that a group of assays provides. Concerning functionality, long-term evaluation in vivo is 

the best indicator of successful regeneration, but this is not always feasible. For 

strategies that are not ready for in vivo evaluation, the biomechanical properties of the 

construct are arguably the best means of demonstrating functionality. Again, there are 

various manners to evaluate the biomechanics of a construct, and a major question for the 

field will be how to prioritize the various mechanical properties of the tissue.123 Among 

these include the compressive, tensile, shear, and frictional properties. Characterizing all 

of these properties would be very difficult to set as a standard, which is why ranking 

these properties will be of utmost importance. The key consideration in doing so must be
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the functional replacement of articular cartilage. Given the closely intertwined form and 

function of the tissue, the best complement of assays for in vitro work is one that allows 

analysis of the biomechanics of engineered constructs in terms of biochemical content, 

morphological assessment, and histological structure. Although an exact replication of 

native articular cartilage may not be possible, functional replacement may be achieved if 

an understanding of native tissue is fully utilized to guide the design and engineering of 

in vitro generated cartilage. A standardized definition of successful articular cartilage 

tissue engineering will greatly facilitate these efforts.

Building blocks fo r  engineering articular cartilage 

Biomaterials

Beyond defining criteria for successful articular cartilage tissue engineering, the 

field faces key questions regarding the basic components of a regeneration strategy. One 

of these key questions is what biomaterial to use. Subsequent to this question is how to 

use the biomaterial to promote or direct regeneration. There are many studies that have 

demonstrated the use of biomaterials as scaffoldings or cell carriers for chondrocytes and 

various other cell sources with chondrogenic potential to produce articular cartilage 

matrix. More recently, biomaterials like agarose have been used as moldings to direct 

tissue formation. A number of different variables can be taken into account when 

analyzing the data for the following discussion. These include the animal model, joint 

location of cells, age of the animal, and the media components, among many others. 

Although these are important considerations, they will not be emphasized here, as the
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discussion is aimed at demonstrating general trends in the field and major principles by 

using select examples.

Among the most intensely studied biomaterials include substances such as 

collagen,124'126 fibrin,127' 129 hyaluronic acid,130 chitosan,131 and agarose.132,133 Synthetic 

polymers that have received a great amount of attention due to their approval for clinical 

use in the United States include poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and 

their copolymers poly(lactic-co-glycolic acid) (PLGA).134'145 Each substance has distinct 

characteristics that researchers have sought to take advantage of in their engineering 

schemes. Generally speaking, some of the most important characteristics for a 

biomaterial include the biocompatibility/toxicity of the material and its degradation 

products, the kinetics of the biomaterial’s degradation, and the ability of chondrocytes or 

chondrogenic cells to attach to the substrate and maintain their phenotype. In each of 

these respects, the aforementioned biomaterials demonstrate a spectrum of properties. A 

number of strategies have been employed to modify each characteristic so that the 

properties of the biomaterial can be optimized for articular cartilage regeneration. 

Among these strategies are crosslinking the polymers to alter degradation profiles and 

scaffold properties,146 modifying the material with adhesive peptides,147 and 

incorporating growth factors to stimulate cellular proliferation and synthesis of ECM 

molecules.148 Another popular strategy involves the combination of biomaterials to make 

hybrid structures.149,150 The basic premise of hybrid biomaterials is that the advantages 

of the individual components can be harnessed. These hybrids take many forms, using 

many different combinations of biomaterials. For example, recent advances in
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biomaterials research have aimed at engineering a zonal architecture by varying material 

properties and architecture of the scaffold.151

These biomaterial studies and strategies represent a vast body of work with one 

common denominator: using the biomaterial as a scaffold or cell carrier. While some of 

these studies have shown certain degrees of efficacy, many have encountered various 

drawbacks. These include contraction of the construct, excessive cellular stresses 

(possibly leading to inflammatory responses) due to crosslinking processes or toxic 

degradation products, loss of the chondrocytic phenotype, inhibition of cell migration, 

lack of cell to cell communications, stress shielding of cells from mechanical stimuli, 

obstruction of cell growth, and prevention of ECM remodeling. Many of the biomaterial 

modifications previously mentioned were designed specifically to address some of these 

issues, but a robust engineered tissue has remained elusive using these approaches.

While the promise of tissue engineering through the use of biomaterials as 

scaffolds or cell carriers has not been completely fulfilled, many valuable lessons have 

been learned. For example, various biomaterials have demonstrated their ability to 

maintain the chondrocytic phenotype. Though it does not form strong adhesive 

interactions with chondrocytes, agarose has been shown to encourage the retention of the 

characteristic spherical shape of chondrocytes and hence their definitive ECM 

production.133 Also, studies of articular chondrocytes seeded onto biomaterials 

consistently demonstrated that a high density of cells resulted in better ECM production 

and hence mechanical properties.152 This result was echoed by studies using aggregate 

culture153’ 154 and pellet culture.79 In each of these strategies, chondrocytes are in direct
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contact with each other upon initial seeding and appear to receive the necessary cues to 

produce articular cartilage matrix components.

Considering these results, a recently developed scaffold-less approach, termed 

self-assembly, harnessed a high-density culture of primary chondrocytes to produce 

articular cartilage constructs with morphological, biochemical, and biomechanical 

properties approaching native tissue values after 12 weeks of culture.155 A relatively 

simple, but pivotal innovation in this strategy was the use of agarose as a mold, rather 

than a cell carrier or scaffold. One of the considerations in using agarose in this manner 

was that chondrocytes do not adhere to the agarose and retain their characteristic shape 

and phenotype. Thus, creating a cylindrical well coated with agarose and allowing 

primary chondrocytes to sediment inside the well established a high-density culture that 

encouraged cell-to-cell contacts and communication and articular cartilage protein 

production.

The advantages to this approach over traditional scaffold-based approaches 

pertain mainly to the disadvantages of the methods mentioned previously. Since agarose 

is a hydrogel without toxicity to chondrocytes and no scaffold is utilized, there is no 

concern about degradation products, stress shielding from mechanical stimuli, contraction 

or loss of construct shape. The constructs produced in this manner demonstrate ECM 

remodeling and appear to follow a maturation path similar to native articular cartilage.155 

On a wet weight basis, the collagen content of self-assembled constructs showed similar 

results to PGA cultures (-1.5% ww), though they were lower compared to constructs 

cultured within agarose. It is likely that specific media containing chondrogenic agents, 

such as ascorbic acid, dexamethasone, and growth factors like TGF-J33, can increase the
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ECM content of self-assembled constructs. Another exciting prospect for this scaffold- 

less approach is the ability to control the shape of the cartilage produced (Fig. 4). Thus, 

tissue engineers can conceive replacing more than just focal defects.

While the field of articular cartilage tissue engineering has seen major advances 

recently, it remains to be seen whether the strategies of self-assembly, scaffold-based, or 

cell carrier approaches can produce viable tissue-engineered products for clinical use. 

Several challenges need to be addressed. One particularly vexing problem is the issue of 

a cell source. The major drawback to both scaffold-less and scaffold-based strategies is 

that many cells are required to produce the constructs. Initially, sub-culturing procedures 

were used to expand chondrocytes to fulfill the cellular requirements of these strategies. 

As previously mentioned, monolayer culture of these cells results in a loss of phenotype. 

Efforts to rescue this phenotype after expansion may hold some promise.156'158 Another 

strategy involves the use of precursor and stem cells. These cells have been investigated 

for their chondrogenic potential and have gained popularity in all aspects of tissue 

engineering. The plethora of sources for these cells and their chondrogenic potential will 

be analyzed next.

Cell source

The use of primary native chondrocytes for an in vitro tissue engineering strategy 

is not currently a practical solution for patient therapies.49 There are simply too few 

chondrocytes in the body (donor tissue scarcity) that can be reasonably harvested to 

support the generation of tissue constructs for effective treatment of clinically relevant 

articular cartilage pathology. Although expansion of these cells is possible, the expanded
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38 50 51cells lose their phenotype with each passage. ' ’ Stem cells and other adult cell

sources, such as dermis cells with chondrogenic potential159, have emerged as a possible 

solution. Particularly attractive in using these cells is the characteristic that they can be 

expanded in vitro to the desired number of cells and subsequently differentiated to 

express a particular phenotype. Stem cells can be found in many parts of the body and at 

many stages of development. Pertaining to cartilage, a vast amount of work has focused 

on mesenchymal stem cells (MSCs), adult stem cells that can be found in the bone 

marrow. Other stem cells also have been investigated for their chondrogenic potential, 

such as adipose derived stem cells,160 embryonic stem (ES) cells,161' 166 embryonic germ 

cells,167 progenitor cells from the placenta,168 and umbilical cord blood stem cells.169

When considering which class of stem cells to use for therapeutic applications, it 

is important to understand their basic differences. The first major difference is the 

differentiation capacity of each. Embryonic stem cells are termed pluripotent, as they 

hold the ability to become any of the three germ layers. This has been demonstrated with

170each of the NIH-approved human embryonic stem cell (hESC) lines, such as H9 and

171 179BG01V. ’ Efforts into the directed differentiation of each of these cell lines into cells 

or tissues with therapeutic potential have been pursued for musculoskeletal173 and neural

179tissues, among others. The pluripotency of these stem cells largely embodies the 

excitement and danger of using these cells as a therapy. While they can theoretically 

differentiate into any cell in the body, they can also form tumors called teratomas. Other 

stem cells, such as MSCs, adipose-derived stem cells, embryonic germ cells, and 

umbilical cord blood stem cells do not form tumors, but also do not have the 

differentiation potential of ES cells. Each of these classes of stem cells has been shown
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to have the capacity to differentiate into cells that produce cartilaginous matrix.160,167,169 

In contrast to other stem cells, it appears that ES cells are immortal, meaning that they 

theoretically can be expanded without losing phenotype. However, the culture of hESCs 

remains an issue because of the use of feeder layers, such as mouse embryonic fibroblasts 

(MEFs). These feeders or media conditioned by the feeder cells have been generally 

used for the culture of hESCs in an undifferentiated state. This co-culture system 

involving human and animal cells presents practical problems for future therapies since 

animal products or pathogens can be transmitted. Efforts are underway to address

• 174  177this, ' although no alternative to MEFs has been adopted universally. As indicated in 

their nomenclature, the source of the stem cells is also a major difference, and the 

successful isolation of each type of stem cell varies. For example, MSCs constitute a low 

proportion of bone marrow stromal cells and may contain genetic abnormalities, caused 

by exposure to metabolic toxins and errors in DNA replication accumulated during the 

course of a lifetime.49 ES cells, on the other hand, have been shown to be relatively 

homogenous and genetically stable in culture.

Regarding the chondrogenic differentiation of stem cells, most information 

gathered centers around MSCs. In addition to cartilage, these are the progenitors of 

multiple other lineages, including bone, muscle, and fat. The multipotent properties of 

MSCs has been elegantly exploited in the design of composite structures such as the

178  180articular condyle. ' There have been many different strategies to induce 

chondrogenic differentiation. One of the most common is the use of differentiation 

factors, such as TG F-pl, BMP-2, and IGF-I.181"184 These factors have been applied 

directly, in the form of soluble agents added to growth media, or cells have been
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modified to produce the factors. For example, genetic manipulation has been used to

1 82induce MSCs to produce growth factors. Another strategy that involves genetic 

manipulation is a modification of cells to express key signaling and transcription factors 

of cartilage.185, 186 Despite this progress, it remains to be seen whether pursuits with 

MSCs will demonstrate the generation of tissue that has the biomechanical wherewithal 

of native cartilage, or that MSC-derived cartilage can provide long-term solutions to

1 87cartilage pathology.

The evidence remains scarce regarding the use of ES cells for cartilage tissue 

engineering strategies. Much of the evidence supporting the use of ES cells for cartilage 

tissue engineering comes from work with mouse ES cells.188 The chondrogenic 

differentiation of these cells has been demonstrated in vitro using BMP-2 (2 ng/ml; 10 

ng/ml) and BMP-4 (10 ng/ml).164 Their phenotypic stability in a differentiated state has 

also been investigated.164,166 Others have also been able to differentiate ES cells into a 

chondrogenic lineage with the use of special culture conditions with growth factors,161,163 

without growth factors,165 and in co-culture with limb bud progenitor cells.162 Hwang 

and associates189 have investigated the use of hydrogels with mouse ES cells that were 

chondrogenically differentiated with TGF-pl or BMP-2. Recently, hESCs were 

differentiated into mesenchymal precursors, which could be subsequently 

chondrogenically differentiated with TGF-P3 (10 ng/ml).173 Nakayama and associates161 

have also induced a mesodermal lineage from mouse ES cells. They used TGF-P3 (10 

ng/ml) and formed hyaline-like cartilage in pellet culture. This study was particularly 

notable since the differentiation was performed in serum-free conditions. The 

musculoskeletal differentiation of human embryonic germ cells has also been achieved
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with a chemically defined chondrogenic differentiation medium with 1 % serum and with 

one of two differentiation factors, BMP-2 and TGF-(33.167

In critically analyzing the use of stem cells for cartilage tissue-engineering 

therapies, the issue of animal products or cells is an important consideration. For clinical 

applications of stem cells, it is important that protocols exclude the use of animal or 

human products, like MEFs or serum, that may carry pathogens or potentially increase 

the antigenicity of the transplanted cells.49 This problem has been recognized for some 

time and attempts to eliminate the use of murine feeder cells in the media are 

underway.174'177 The introduction of serum for in vitro applications also increases the 

variability of components in the culture media. However, culturing stem cells under 

serum-free conditions may result in a lower mitotic index for cells, apoptosis, and poor 

adhesion.190, 191 Additionally, there are many interactions between individual growth 

factors and serum components that cannot be ignored. Due to the interrelated 

mechanisms of growth factor action, in order to study the effect of differentiation factors, 

it may be necessary for serum (which includes several types of growth factors) to be 

present. Chondrogenic effects of individual growth factors were demonstrated with 

levels as high as 20% serum.164,166 One has to be cognizant, however, that when serum is 

used, there is a risk of saturating the experiment with growth factors, yielding results that 

suggest the growth factor of interest has had no effect compared to controls. This 

limitation can be addressed by using a minimal amount of serum.192

Another major challenge in stem cell research is in defining success criteria for 

differentiation. Part of the problem in characterizing or defining differentiation is the fact 

that the pathways of differentiation are poorly understood. A better grasp of how
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differentiation occurs and what defines a particular cell lineage will be challenges for 

stem cell research, in general. Typically, cells can be identified by a distinct set of cell 

surface markers or the expression of key genes. These approaches have been applied to 

MSCs and ESCs alike. For in vitro and in vivo work with stem cells, investigations into 

their ability to chondrogenically differentiate is commonly defined as a process that 

results in cells with the ability to produce both collagen II and GAGs.161’ 164, 188, 193 In 

pursuits related to articular cartilage, there is a growing recognition that the presence of 

collagen I is also an important consideration, as native tissue does not contain any of this 

protein.194' 196 However, the presence or absence of these proteins should not be the only 

end points of stem cell based tissue-engineering studies. The goal remains functional 

tissue replacement, which should entail the same set of standards that have been laid out 

previously regarding structure-function relationships.

External stimuli

Regardless of which biomaterial or cell source is used in a particular tissue 

engineering strategy, many researchers have attempted to enhance engineered tissue 

through the use of exogenous stimuli, especially bioactive agents (i.e., growth factors) 

and mechanical stimulation. Considering the role of these factors in normal articular 

cartilage development and maintenance, it should not be surprising that their in vitro 

effects are potent, and, as some have shown, their combined effects are synergistic.
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Bioactive agents

In studying the effects of growth factors, several experimental variables can be 

considered. Among these variables include the concentration of the growth factor, the 

dosage frequency, the presence of serum, and the combination of growth factors. The 

multitude of experimental groups that these variables can generate is overwhelming. A 

generalized approach to tackling this problem has not emerged, and research has relied 

mainly on knowledge of physiological levels of particular growth factors and their 

empirically studied effects.

There are numerous growth factors that have been studied for articular cartilage 

regeneration. In addition to controlling ECM synthesis, many of these growth factors 

play roles in the proliferation of precursor cells and differentiation of chondrocytes, as 

mentioned in the previous section. The transforming growth factor (TGF) family has 

received particular attention. At least 10 ng/ml TG F-pi was shown to promote the 

synthesis of collagen II197 and sulfated GAGs198'200 and to increase chondrocyte 

proliferation.198,201 TGF-pi was employed in a goat model to show that it can promote 

neocartilage formation.142 TGF-P3 has high homology to TG F-pl, and produces similar 

effects on cells. However, it has been shown to have a different potency than TGF-Pl.202 

Various concentrations and dosage regimens of TG F-pi, ranging from 100 ng/ml for 30 

min to 10 ng/ml continuously, showed enhancement of cartilage formation.203 Treatment 

of chondrocytes with TGF-P3 was shown to inhibit physeal chondrocyte hypertrophy,204 

as well as to stimulate cartilage-specific proteoglycan production 205 It is believed that 

TGF-p3 may enhance cartilage formation206 through mechanisms such as induction of 

chondrogenesis in pre-chondrocytes and enhancement of chondrogenesis by
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chondrocytes.207 Other isoforms of TGF have been studied also.208,209 The TGF family 

also includes bone morphogenetic proteins (BMPs). BMP-2 at 100 ng/ml was shown to 

maintain the articular chondrocyte phenotype in long term culture by way of mRNA

910  9 1 1 .expression for collagen II. An in vivo study in murine knees found that BMP-2 

(single dose of 200 ng) induced an earlier stimulation of proteoglycan synthesis than 

TGF-Pl (same single dose), but this lasted only 3-4 days, while the TGF-(3l effect lasted 

up to 21 days.

Promising results in articular cartilage regeneration have been seen when using 

IGF-I.212 The interaction of TGF-pl (1 ng/ml) and IGF-I (25 ng/ml) resulted in a 

synergistic effect, as shown by increased DNA synthesis of chondrocytes in monolayer 

and the expression of aggrecan mRNA.213 Synergy was also seen when TGF-Pl (10 

ng/ml) and IGF-I (300 ng/ml) were combined with dynamic loading, as demonstrated in 

biochemical and biomechanical properties.214 One application of IGF-I (300 ng/ml) 

exhibited an additive effect when used in conjunction with direct compression, resulting

91 r
in major increases in ECM synthesis in explants. Another benefit of using IGF-I is the 

autoinductive autocrine/paracrine response that occurs in vivo.216

Other growth factors that have been studied include PDGF, HGF, and bFGF.

9 1 7  91 RPDGF has an effect on proliferation, ’ but its effects on synthesis and differentiation 

have not been recorded extensively. HGF is another growth factor that may promote 

cartilage and bone regeneration.219"221 bFGF has been shown to increase proliferation and

222 224 225 227synthesis in articular cartilage, ' but primarily in fibrocartilages.

In most of the studies mentioned above, continuous application of growth factors

was employed. Recent studies have investigated intermittent dosing regimens of
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exogenous growth factors as a means to maintain phenotype and enhance ECM 

production.228, 229 Intermittent regimens, which include treatment once per week as 

opposed to traditional continuous treatment, aided in phenotype maintenance as well as 

matrix production.

These data demonstrate the potential of these agents to modulate cellular activity. 

There are several challenges that these studies present. First, while the individual effects 

of growth factors may be apparent, there are complex interactions between different 

growth factors and serum components that are poorly understood. Explicating these 

interactions through basic science and engineering will significantly boost efforts to 

engineer articular cartilage. Apropos to understanding these mechanisms, the optimal 

conditions for growth factor application may be revealed. Particularly, it will be 

important to understand how frequently and at what concentration these growth factors 

should be applied. Finally, it will be of interest to expand the study of interactions 

between biochemical and biophysical stimuli, as performed with IGF-I already, to 

enhance in vitro generated articular cartilage. Similar to other pursuits related to articular 

cartilage, native tissue is an excellent starting point to understanding these interactions.

Biophysical forces

Towards functional replacement of articular cartilage, physical stimuli are 

increasingly receiving attention. As discussed in Biomechanical development section, 

these stimuli are responsible for modulating matrix synthesis by chondrocytes as well as 

matrix remodeling during development. Various bioreactor and instrument designs have 

emerged to apply specific types of loads at various scales in vitro. Tissue explants or
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tissue-engineered constructs have received the most attention, being exposed to forces 

such as hydrostatic pressure, fluid shear, and direct compression. The effects of shear 

have also been studied using isolated cells from cartilage. Recently, a method has been 

developed to study the effects of direct compression on individual cells. Studies with 

these systems have yielded a wealth of information regarding the physical and 

biochemical responses of cartilage to these biomechanical conditions. Particularly, these 

studies have demonstrated that the responses of articular cartilage explants, engineered 

cartilage, or isolated chondrocytes depend on a number of variables, including the type of 

load applied, the magnitude of the load, and the load frequency.

Selecting loading regimens for articular cartilage tissue engineering has utilized 

observations of normal loading conditions. Normal adult cadence corresponds to 0.6 to 

1.1 Hz loading per leg,230 which can increase to >1.5 Hz during running.231 The 

patellofemoral and hip joints can experience contact pressures between 3-18 MPa.232'234 

It is believed that physiological levels of deformation in femoral head articular cartilage 

range between 2-10%. Stresses and strains in these ranges have guided efforts with an 

assortment of bioreactors and experimental apparatuses to understand how native tissue 

and engineered tissue respond to mechanical stimuli.

Shear forces have been investigated by culturing cells in turbulent flow spinner 

flasks and laminar flow rotating bioreactors, as well as a cone viscometer. The basic 

design of the reactor involves a rotating piece that causes fluid flow. One of the simplest 

designs is the mechanically stirred bioreactor, which uses an impeller (spinner flask) or 

an orbital shaker to mix fluid and nutrients. While the fluid dynamics of these 

bioreactors have been characterized,238'240 there are problems using these devices for
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tissue engineering, including non-uniform mass transfer rates, shear gradients, and 

biochemical gradients. The cone viscometer can overcome some of these limitations. It 

can achieve uniform shear distribution by using a cone that rotates above a flat surface. 

A cell monolayer seeded onto the surface can experience shear stresses from 10'3 to 10 

Pa.241 Stimulation in this manner caused the release of the pro-inflammatory mediator, 

nitric oxide, decreased aggrecan and collagen II gene expression, and caused changes 

associated with apoptosis.58,59

Direct perfusion bioreactors and low-shear, high diffusion bioreactors have 

demonstrated more positive results towards engineering articular cartilage. Direct 

perfusion causes medium to flow through cell-seeded scaffolds. Various designs have 

emerged, showing increases in ECM molecules, such as GAG and collagen II.242’ 243 

Common to these designs is a unidirectional bulk flow, resulting in non-uniform 

mechanical stress as well as an uneven distribution of nutrients and other biochemical 

factors. The low-shear rotating-wall bioreactor attempted to address this problem by 

using fluid flow and gravity to exert a low level of shear on cells.244 The typical stresses 

applied with these systems have been calculated to be on the order of 0.1 Pa. This design 

demonstrated impressive results for bovine chondrocytes seeded onto PGA in terms of 

GAG and collagen II production.245

The configurations of hydrostatic pressure bioreactors are less diverse than 

bioreactors that apply shear forces. While some designs can handle batch processes,246 

others have been equipped to handle semicontinuous processes.247 Typically, a piston 

causes small displacements of fluid within a pressure vessel, quickly increasing the 

hydrostatic pressure inside. With these apparatuses, the major experimental variables are
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the amount of pressure applied, the duration of load application, the duration of 

unloading, and the frequency. A physiological range (3-15 MPa) of hydrostatic pressure 

applied for just 20 s was shown to increase metabolic activity, unlike pressures above the 

physiological range.248, 249 Application of 5 MPa to either articular cartilage explants or 

primary chondrocyte cultures at various frequencies (0.0167 to 0.5 Hz for explants and 

0.0082 and 0.0034 Hz for primary chondrocyte cultures) demonstrated that ECM 

interactions with chondrocytes are involved in regulation of proteoglycan synthesis and 

that the duration of loading influences metabolism, possibly due to the time necessary for 

pre- and post-translational effects to take place.250 With monolayer cultures of articular 

chondrocytes, increases in mRNA expression for aggrecan and collagen II have been 

demonstrated using 10 MPa at 1 Hz for both 4 hrs and 4 days of stimulation, using 

constant or intermittent application.246,251 Self-assembled constructs have also received 

similar loading regimens for a longer culture period (8 weeks), demonstrating increases 

in collagen production and prevention of GAG loss.252

Direct compression has been studied in a similar fashion as hydrostatic pressure, 

where different loading regimens are examined. The typical control variable, in contrast 

to hydrostatic pressure experiments, is strain, not stress. Typical deformations of the 

femoral head cartilage usually range between 2-10%.253 Beneficial effects (i.e., higher 

GAG content or increased 35S and 3H incorporation) have been observed for strains of 1- 

30% and frequencies of 0.5-2 Hz for 1-4 hrs per day.254'257 In explants, an increase of 20- 

40% for both 35S-sulfate and 3H-proline incorporation was shown at 0.01-1 Hz and ~1- 

5% strain.258 Possible synergy was observed for explant protein and proteoglycan 

synthesis when IGF-I was used in conjunction with direct compression.57 These dynamic
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loading regimens have generally shown beneficial effects, whereas static loading of 

constructs has been shown to be detrimental, for the most part.57 , 259, 260 While many 

studies use explants to understand how direct compression affects chondrocyte synthesis, 

dynamic stimulation (10% strain, at 1 Hz intermittently for 4 weeks) has been utilized to 

improve the biomechanical properties of cell-seeded agarose disks, causing a six-fold 

increase in the equilibrium aggregate modulus over free swelling controls.261

It is also notable that many of the methods described here have been applied to 

various populations of stem cells, for several tissue systems. It will be of tremendous 

interest to use mechanical stimuli to enhance cartilage constructs, as has been performed 

with native chondrocyte systems. Additionally, the influence of mechanical forces on 

cartilage development (see Biomechanical development above) may have important 

consequences for the tissue-engineering field. This topic has been reviewed in depth 

elsewhere, analyzing the effects of mechanical stimuli on stem cells using many loading 

regimens, including shear stress, hydrostatic pressure, and compressive stress.262

The studies summarized in this section so far have concentrated on the bulk 

effects of mechanical stimulation in native tissue, tissue constructs, or populations of 

cells. The characterization of stress and strain fields found in each of these stimulation 

modes has been investigated thoroughly. However, there are inevitably going to be local 

variations in stress and strains due to inhomogeneity in the system of study. This inspired 

a single cell approach to studying mechanical stimuli. These studies have also 

demonstrated that the quantitative gene expression response of chondrocytes may not 

follow a normal distribution, but rather a log normal distribution, suggesting that 

quantifying the gene expression of a population of cells may not be representative of the
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majority. Additionally, differential effects on the gene expression profile of single 

chondrocytes has been shown with dynamic compression of single cells.263 Studies of 

this nature may help direct tissue engineering efforts by identifying biomechanical factors 

most critical to stimulating regenerative processes. Additionally, they may help elucidate 

biomechanical etiologies of osteoarthritis.

Future directions fo r  articular cartilage tissue engineering

There are many exciting avenues to explore in the realm of articular cartilage 

research. The elegant interplay between tissue structure and biomechanical function 

strongly influences the approaches of scientists and engineers in designing strategies for 

tissue regeneration. While this review has provided a wide overview of the field, there 

are still other issues that were not covered that are receiving a great deal of attention and 

will likely be the focus of future endeavors. Among these are immunological concerns. 

For any in vitro work, the possibility of an adverse immune response from the recipient 

must be a consideration, since this issue can dictate success or failure. Another concern 

for the strategies discussed here is the integration of tissue into the defect site. This is 

crucial for an engineered tissue product to serve its purpose. Articular cartilage is 

naturally an anti-adhesive surface partly due to the presence of GAGs, and technologies 

need to be developed to address this problem. While these issues are being addressed, 

researchers must make a concerted effort to standardize definitions of successful articular 

cartilage regeneration, as discussed in the beginning of the Tisse engineering section. We 

propose a functional approach to this, combining quantitative biomechanical and 

biochemical evaluations with qualitative information such as morphological descriptions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

and histology. This approach to studying engineered constructs may not only facilitate 

understanding by a wider audience, but it may also reveal structure-function relationships 

in engineered tissue, leading to improvements in the technology.

Relating to the core strategies to engineering articular cartilage, a better 

fundamental understanding of the processes that control chondrocyte function will be of 

great benefit. It is becoming apparent that growth factors and biomechanical forces share 

certain molecular pathways, which may explain the observed synergistic effects that 

some have reported between these stimuli. Elucidating the effects of these same stimuli 

on the differentiation of stem cells will also be a major research thrust. Basic science 

approaches should be balanced with ‘engineering’ approaches that empirically test the 

effects of these stimuli in these different systems. This combination of approaches can 

reveal a great deal of information to guide regeneration efforts. Strong collaborations 

between basic scientists and engineers will prove fruitful in this endeavor.

Conclusions

An in vitro articular cartilage tissue engineering strategy is an exciting prospect 

for regenerative medicine. There are many hurdles to overcome before these strategies 

can become successful therapies. The major theme that this review has attempted to 

convey is that the native tissue offers many lessons for functional replacement of 

diseased articular cartilage. Engineering principles and strategies have developed from 

these lessons, which occur at all levels of the tissue. Even with the advent of new 

innovations, native articular cartilage will continue to serve as a benchmark and should 

be incorporated as an integral part of defining success for tissue engineering endeavors.
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Table 1: Tissue engineering assessments
Various types of assessments are used in articular cartilage tissue engineering. Generally, 
these can be categorized as morphological, histological, genetic expression, biochemical, 
biomechanical, metabolic, or in vivo testing. Morphological assessments include gross 
pictures and measurements (i.e., thickness, width), SEM pictures, and use of other 
microscopy. Histology includes both standard stains (i.e., Alcian blue, picrosirius red) 
and immunohistochemistry. Gene expression could be either qualitative or quantitative. 
Biochemistry encompasses assays such as picogreen, DMMB, hydroxyproline, and 
ELISAs for specific collagens. Biomechanics includes any biomechanical test (i.e., 
tensile, compressive, indentation, etc.). Metabolic tests are primarily the radiolabelling 
assays for 3H and 35S incorporation. Finally, in vivo testing would involve engineering 
tissue in vitro, then implanting and assessing tissue performance in one of the previously 
mentioned ways. A Pubmed search was conducted for all articular cartilage tissue- 
engineering studies performed from 1992 to 2006. After eliminating studies that did not 
use native articular chondrocytes for in vitro engineering (i.e., any stem cell, 
computational, or fibrocartilage-related study), a total of 428 primary manuscripts were 
found, of which 88 randomly selected studies were analyzed by tabulating how constructs 
were assessed. In doing so, quantitative measures (95% confidence intervals) were 
obtained concerning how successful engineering of articular cartilage has been defined. 
Results indicate that biomechanical evaluations of constructs, which are arguably the 
most useful functional data for in vitro studies, are used much less than qualitative data, 
such as morphology and histology. Defining successful engineering in a consistent 
manner is a major challenge that the field must address.

Morphology Histology Gene Expression Biochemistry

6 5 % ± 9 .9 % 85%±7.4% 26%±9.2% 68%±9.7%

Biomechanics Metabolism In vivo testing
24%+8.9% 11%±6.6% 10%+6.3%
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CHAPTER 2: Creep indentation of single cells*

Abstract

An apparatus for creep indentation of individual adherent cells was designed, 

developed, and experimentally validated. The creep cytoindentation apparatus (CCA) 

can perform stress-controlled experiments and measure the corresponding deformation of 

single anchorage-dependent cells. The apparatus can resolve forces on the order of 1 nN 

and cellular deformations on the order of 0.1 (im. Experiments were conducted on 

bovine articular chondrocytes using loads on the order of 10 nN. The experimentally 

observed viscoelastic behavior of these cells was modeled using the punch problem and 

standard linear solid model. The punch problem yielded a Young’s modulus of 

1.11±0.48 kPa. The standard linear solid model yielded an instantaneous elastic modulus 

of 8.00±4.41 kPa, a relaxed modulus of 1.09+0.54 kPa, an apparent viscosity of 

1.50±0.92 kPa-s, and a time constant of 1.32+0.65 s. To our knowledge, this is the first 

time that stress-controlled indentation testing has been applied at the single cell level. 

This methodology represents a new tool in understanding the mechanical nature of 

anchorage-dependent cells and mechanotransductional pathways.

* Published as Koay, Shieh, and Athanasiou, “Creep indentation of single cells,” J 

Biomech Eng 2003; 125(3):334-341.
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Introduction

Interest in the field of cellular mechanics has grown as the vital interaction 

between cells and their mechanical environment becomes appreciated. Among the key 

questions addressed in studying this interaction is how mechanical stimuli influence the 

health and maintenance of the cell. In attempts to understand the phenomenon of 

mechanotransduction, it is generally recognized that the local stress-strain fields in and 

around individual cells need to be characterized. Central to these efforts is the 

elucidation of the mechanical nature of the cell, as exemplified by its intrinsic mechanical 

properties.

The case of chondrocytes demonstrates how the quantification of the intrinsic 

material properties of single cells is critical to understanding their in vivo biomechanical 

environment. Finite element models of chondrocytes embedded in articular cartilage 

suggest that the mechanical forces experienced by cells in vivo are highly inhomogeneous 

and time-dependent, and are governed largely by differences in the properties of the cells 

with respect to the surrounding extracellular matrix.60, 264' 265 The mechanical 

characteristics of chondrocytes are just beginning to be understood,61, 69, 72, 266, 267 and it 

will be essential to directly determine these properties for use in current finite element 

models and to facilitate the development of newer models that can provide more detailed 

information about the native biomechanical milieu perceived by the cells. When these 

mechanical properties are correlated with physiological processes within the cell, these 

models have the potential to help elucidate mechanical signal transduction pathways.268 

Understanding these pathways will have implications in many areas of biomedical 

science, including the pathogenesis of such diseases as osteoarthritis. The importance of
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studying and characterizing mechanical properties of individual cells is well illustrated by 

chondrocytes, but the argument can be extended to other tissues and cells.

Several methods have been developed to determine the mechanical characteristics 

of the cell and to understand how those characteristics change in health and disease. An 

innovative apparatus was the “cell poker,” which was able to measure the stiffness (N/m) 

of living cells by applying an axial strain via a cantilever.269 This apparatus was also 

used to demonstrate that neutrophils may be retained in capillaries in the acute 

inflammatory response due to an increase in stiffness caused by chemoattractants.270

Another method that has found wide use is atomic force microscopy (AFM).75 

Intrinsic mechanical properties of the cell have been found by applying continuum

971mechanics models. Wu et al. used the Hertz and standard linear solid models. They 

assessed the effects of cytoskeletal drugs and membrane crosslinking on the elastic, 

viscoelastic, and plastic properties of L929 fibroblasts. Mathematical models have also 

been applied to endothelial cells to understand how force is transmitted from their apical 

to basal membranes by combining the AFM with total internal reflection fluorescence

272microscopy.

One of the most widely used methods for studying cellular mechanics is the 

micropipette aspiration technique. An adaptation of the solution for a punch problem has 

been used to obtain mechanical properties of bovine aortic endothelial cells, as well as to 

compare normal and osteoarthritic human chondrocytes.69’71 Similarly, a standard linear 

viscoelastic half-space model has also been used with this technique.72,273

The viscoelastic behavior of cells has also been studied using magnetic bead 

microrheometry.73 Creep response and relaxation curves were obtained with this
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technique by applying tangential force pulses on magnetic beads fixed to the integrin 

receptors of the cell membrane. Previously, our research group has studied the 

viscoelastic behavior of MG63 osteoblast-like cells using ramped-displacement 

indentation tests; both the punch problem and linear biphasic theory were used to obtain 

the intrinsic properties of adherent cells.64

The aforementioned testing methodologies have been proven and established 

scientifically, contributing to the characterization of cellular properties and understanding 

of various biological processes. However, there is currently technique that can perform 

stress-controlled indentation testing on single adherent cells. The application of 

controlled and well defined axial stresses to an anchorage-dependent cell has 

physiological relevance in several cases and may prove vital in understanding how 

mechanical forces influence cellular behavior. For example, articular chondrocytes are

974anchorage dependent cells that attach to their surrounding extracellular matrix and 

experience many forces in vivo, including compression.

Additionally, the array of studies possible with such an apparatus clearly has 

implications in biomechanics, biomaterials, regenerative medicine, and etiopathological 

processes. In these studies, the combination of the stress-controlled experiment with 

compatible continuum mechanics models will be an important tool. Thus, we pursued 

the development of an apparatus that allows viscoelastic testing of anchored cells. 

Previous studies have used creep indentation to obtain material properties of macroscopic 

structures such as articular cartilage tissue explants by utilizing biphasic finite element

' j - jc 'ynf,
models ’ . Performing viscoelastic testing at the single cell level is an advance over

other indentation techniques, such as ramped-displacement indentation, which used
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Oildisplacement-controlled testing . Creep indentation on adherent single cells may 

represent a new direction in cellular mechanics.

The goals of this study were to design, assemble, validate, and employ an 

apparatus for the creep indentation of individual chondrocytes adherent to a substratum. 

To achieve these goals, the specific aims of the study were: (1) to build an apparatus 

capable of applying controlled forces on the order of nanonewtons and measure 

deformations on the order of microns, (2) to develop experimental protocols for this 

methodology, (3) to apply continuum mechanics models of the phenomenological events 

occurring during the experiments, and (4) to obtain the intrinsic material properties of 

single articular chondrocytes from these models.

Methods

Concept and Design

The creep cytoindentation apparatus (CCA) was designed to apply a constant 

compressive stress to individual adherent cells, while measuring the corresponding cell 

deformation. This required a closed loop control algorithm, and the apparatus utilized the 

following components: a force transducer (cantilever), a sensor (laser micrometer), a 

motor (piezoelectric translator), and a controller (PC running Lab VIEW 6i) (Fig. 5). 

These components were placed on a vibration isolation table (Kinetic Systems).

To achieve the sensitivity required for obtaining the mechanical properties of 

single cells, the design employed cantilever beam theory. This has been used 

successfully in other devices that require fine resolution of force and displacement.64, 75
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Briefly, for cylindrical cantilever beam, the theory stipulates that its bending can be 

related to a reaction force by the equation:

where E (Young’s modulus), I  (moment of inertia), and L (length of the cantilever beam) 

are known. The deflection of the cantilever (8) is an experimental measurement. A 

borosilicate glass beam (MO-SCI, Rolla, MO, USA), 75 |im in diameter and 1.5 cm in 

length, was the cantilever chosen for the experiments. One reason borosilicate was 

chosen as the cantilever material was due to its amorphous nature, making material 

properties essentially homogeneous and isotropic.

A 5 pm diameter, 0.5 mm long indenting probe (borosilicate; MO-SCI, Rolla, 

MO, USA) is fixed 1 mm from the end of the glass cantilever beam. With a Young’s 

modulus of 68.67 GPa, borosilicate glass is essentially rigid compared to living cells. 

This permits the use of models that incorporate a rigid punch indenting a deformable 

medium. The continuum assumption of such mathematical models requires that the 

indenting probe be large enough to avoid local variations at both the molecular and 

subcellular levels. In contrast, to fulfill the half-space assumption of the mathematical 

models, the diameter of the probe must be sufficiently small in comparison to the cell 

(typically 15 to 20 pm  in diameter). Thus, a balance had to be achieved between the 

opposing requirements of the continuum and the half-space assumptions, and a 5 pm 

diameter indenting probe was selected.

The 1 mm extension at the end of the glass beam was necessary so that a coating 

of chrome paint (Original Chrome; Krylon, Solon, Ohio, USA) could be applied. The 

coating facilitated the measurement of the deflection of the cantilever by a laser
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micrometer (LC-2420; Keyence Co., Dallas, TX, USA). This sensor can acquire position 

data at a maximum rate of 50 kHz and has an optimal spot diameter of 12 |im, which is 

small compared to the diameter of the cantilever beam. This provided a relatively flat, 

reflective surface to illuminate the laser. Experiments were conducted in growth 

medium, requiring an optical grade quartz window to be placed in contact with the 

meniscus of the liquid to eliminate surface distortions that would interfere with the laser 

measurements.

While the laser micrometer measured the position of the end of the cantilever, a 

piezoelectric translator with internal capacitance sensor and control module manipulated 

the position of the base (G-X-85 Nanopositioner, Piezomax Technologies, Inc., Madison, 

WI, USA). This device has a resonant frequency >2 kHz, exhibits minimal hysteresis 

(<0.1 %), and can move the cantilever in increments of 1 nm over an 85 |0.m range.

Data from the laser micrometer provided the displacement of the end of the glass 

cantilever (AXgp), while the movement of the piezoelectric translator (AXm) was 

controlled by a computer (Dimension XPS T700r; Dell Computers, Round Rock, TX, 

USA) interfaced with data acquisition hardware (BNC-2120 and NI 6040E; National 

Instruments, Austin, TX, USA). Due to electrical noise in the system, a variable 

frequency filter was used (AP-255-5; Avens Signal Equipment Corp., Knickerbocker 

Station, NY, USA). The signal was analyzed with fast Fourier transform to determine the 

frequency of interference. Based on this, a bandstop filter profile eliminated frequencies 

between 10 and 40 Hz.

With the laser data and known piezoelectric translator movements, the controlling 

software (LabVIEW 6i; National Instruments, Austin, TX, USA) calculated the
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deflection of the cantilever beam (8=AXm-AXgp). From this deflection, the theoretical 

resolution of the system would be limited only by the resolutions of the piezoelectric 

translator (1 nm) and laser micrometer (0.02 pm). However, from our experience, 

electrical noise limits the actual resolution to approximately 0.1 pm.

Since the position data from the laser were not acquired directly at the contact 

point between the 5 pm  indenting probe and the cell, Eq. (1) was modified to account for 

the length from this contact point to the point where the laser beam was focused, yielding 

the following equation to calculate the force, F:

3ttEDaS
F  =  i 0------------------------------- (2 )32(2I* +3 I^L2)

where E (Young’s Modulus), D  (diameter of the cantilever), Li (length from base to 

contact point), and L2 (length from contact point to laser measurement point) are known 

values (Fig. 6).278 The cantilever deflection (8) is the experimentally measured value. 

From Eq. (2), the resolution of force could be determined with knowledge of the error in 

measurement for Li (0.05 cm), L2 (0.01 cm), and 8 (0.1 pm). This gave a resolution of 

force on the order of 1 nN.

Figure 5 demonstrates how the feedback loop was constructed. By inputting the 

desired force to achieve for the experiment, the computer ramped the force at a rate of 

approximately 133 nN/s by controlling the movement of the piezoelectric translator. 

Upon reaching its set point, it maintained a constant deflection in the cantilever (and 

hence a constant stress) for a specified amount of time. This closed loop algorithm was 

designed such that the piezoelectric translator moved in increments of 0.05 pm while 

ramping up the force. Keeping the force at a steady value was accomplished by adjusting

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

the piezoelectric translator position in finer steps (±0.005 pm) to maintain a constant 

beam deflection. With this computer control algorithm, the system could control the 

applied force accurately within ±5% of the desired load, meeting the demands of the 

testing methodology.

Calibration

As noted in the Concept and Design section, an optical grade quartz window was 

required to eliminate the distortions caused by the air-fluid interface. The laser 

micrometer calculates the position of the cantilever by triangulation. To account for the 

refraction of the laser beam through the quartz window and culture medium, a calibration 

technique was developed. By application of Snell’s Law, it can be shown that there is a 

linear relationship between the apparent displacement of the tip of the cantilever due to 

refraction and its actual displacement. This finding was verified experimentally by 

moving the base of an unimpeded cantilever a prescribed distance through the control of 

the piezoelectric translator, while tracking the apparent displacement of the end of the 

cantilever with the laser micrometer (Fig. 7). A constant of refraction was thus derived; 

this was performed before validation experiments and before indentation of cells. During 

the calibration procedure, the piezoelectric translator moved a distance of 5 pm and held 

that position for 5 seconds. This displacement was comparable to the typical deformation 

recorded in the experiments.
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Validation

While it would be ideal to test a viscoelastic material with similar properties to a 

cell’s to validate the creep indentation procedure, this was not feasible. Instead, the 

reliability of the apparatus in measuring forces and displacement was determined through 

a validation procedure whereby the CCA would measure the known Young’s modulus of 

another cantilever. This validation procedure was conducted with the same calibration 

procedure and under similar conditions as the actual creep experiments (i.e., in water and 

under the quartz window). Figure 8 shows how this validation procedure was set up. 

The ‘test beam’ was obtained from the same manufacturer as the ‘cantilever beam,’ 

having the same composition and similar dimensions. The two beams were placed in 

direct contact with each other. The laser measured the deflection of the ‘cantilever beam’ 

0.5 mm distal to the point of contact between the two beams. The piezoelectric translator 

moved a predetermined amount (AXm). Knowing AXm and measuring AXgp by the laser 

allowed the calculation of the deflection in the ‘test beam’ by the equations given in Fig. 

6. With the deflection of the ‘test beam,’ the forces given in Eq. 1 could be equated for 

each cantilever, and it was possible to solve for the Young’s modulus of the ‘test beam;’ 

this was repeated 10 times.

Cell Culture

Unless otherwise noted, reagents and chemicals were purchased from 

Biowhittaker (Baltimore, MD, USA). Cartilage from the distal portion of the first 

metatarsal of skeletally mature cows was obtained from a local abattoir (Lad Pak, 

Needville, TX, USA). Minced portions of the tissue were placed in a cocktail of
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Dulbecco’s Modified Eagle Medium (DMEM), 10% standard fetal bovine serum (FBS), 

and 280 U/ml of crude, type LA.-S collagenase (Sigma Chemical, St. Louis, MO). This 

was left in an incubator at 37° C and 5% CO2 for 24-48 hours. Cells were harvested in 

two sequential centrifugations of the digested tissue at 200 g. Subsequently, the cell 

suspension was centrifuged, and the cell pellet resuspended and dispensed into six well 

culture dishes.

Cells were cultured in a solution of DMEM, containing 10% FBS, 100 units/L 

penicillin, 100 pg/L streptomycin, 2.5 pg/L fungizone, 2 mM L-glutamine (Life 

Technologies, Grand Island, NY, USA), and 0.1 mM NEAA (Life Technologies). This 

growth medium was changed every 3-4 days. Only first passage cells were used for these 

experiments.

Creep Indentation

In preparation for the experiments, cells were trypsinized, centrifuged, 

resuspended in culture medium, and then seeded (approximately 5 x l04 cells/cm2) onto a 

glass covers lip for three hours in an incubator at 37° C and 5% CO2 before the initial test. 

After the seeding preparation, the coverslip was positioned in a culture dish filled with 

media warmed to 37° C and placed in the CCA. Experiments were conducted under 

ambient conditions. It took 5-10 minutes to complete the full procedure on each cell. 

Figure 9 shows the experimental set up for the creep indentation procedure. The 5 pm 

glass probe was placed above the center of the chondrocyte with the aid of an inverted 

microscope (Eclipse TS100; Nikon USA, Melville, NY, USA) and two independent 

manual micrometers (M-014; Physik Instrumente, Tustin, CA, USA). Since the laser
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micrometer impeded the light source of the microscope, a fiber-optic light source 

provided illumination for the experiments. Calibration was performed before every cell 

was indented to ensure accuracy.

Experiments began when a tare load was applied for a specified amount of time. 

A test load immediately followed the tare, also applied for a specified amount of time. 

The deformation of the cell was calculated with knowledge of both the position of the 

probe after tare loading and the displacement of the end of the cantilever, given by the 

laser micrometer (Fig. 6). Subsequent deformation of the cell upon application of the test 

load was compared to the position acquired after the tare.

Due to the time limitations imposed by the protocol, experiments were conducted 

over three days, seeding cells from a different animal each day with the same three hour 

preparation described above, and varying the duration and magnitude of the tare and test 

loads each day. The tare and test values were varied to determine a functional 

combination for a standard protocol. On the first day, four cells were tested with tare 

parameters of 5 s and 5 nN and test parameters of 15 s and 50 nN. Three cells were 

tested on the second day with tare parameters of 10 s and 10 nN and test parameters of 15 

s and 50 nN. On the last day, nine cells were tested with tare parameters of 10 s and 10 

nN and test parameters of 20 s and 50 nN. Since different testing conditions were present 

over the three days of testing, an analysis of variance (ANOVA) was performed on the 

mechanical properties of all the cells tested to determine any statistical difference.
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Continuum M echanics Modeling

To obtain the material properties of the single cell, two continuum mechanics 

models were applied to the deformation data obtained experimentally. The simpler 

model, the punch problem, idealizes the cell as a homogeneous, isotropic, linear elastic 

half-space that is indented by a rigid, plane-ended punch. Inherent in this model are the 

assumptions that the applied strains are small and that the diameter of the punch is 

relatively small compared to the characteristic dimensions of the cell, i.e., height and 

radius. If these conditions are satisfied, an analytical solution can be implemented to find 

an effective Young’s modulus of the cell (£) as a function of Poisson’s ratio 279:

F ( \ - v 2)
E = I  (3)

D 8

where F is the applied force, v is the Poisson’s ratio of the cell, D  is the diameter of the 

indenter, and 8 is the depth of indentation at equilibrium. Based on a previous study, 

which demonstrated that single MG63 osteosarcoma cells are intrinsically 

incompressible,280 a value of v = 0.5 was assumed, to obtain a specific value for E. The 

indentation depth was measured at equilibrium, since chondrocytes (and other cell types) 

exhibit the viscoelastic phenomena of stress relaxation and creep.

As noted above, chondrocytes exhibit viscoelastic behavior. To incorporate time- 

dependent phenomena into the analysis of the material properties of the single cell, the 

three-parameter standard linear solid model was used to represent the cell’s viscoelastic 

properties. The standard linear solid models viscoelastic behavior of materials by 

reducing them to a mechanical circuit consisting of an elastic spring in series with a 

spring-dashpot parallel arrangement. This is one of the simplest models that predicts

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

both stress relaxation and creep behavior. To summarize, the model employed represents 

the cell as a homogeneous, isotropic, viscoelastic half-space (with properties described by 

the model) that is indented by a plane-ended, rigid punch. To further simplify the 

solution, the solid was assumed to be incompressible. Using a closed-form solution for 

creep indentation of a standard linear solid half-space developed by Cheng and 

associates,281 indentation depth versus time data were fitted to the following equation 

using the Levenberg-Marquardt method for nonlinear optimization of £ ;, £ 2, and p:

S{t) =
3 F

8 RE,
exp + 1 + (4)

where 5(0 is the indentation depth as a function of time, F is the applied load, R is the 

radius of the indenter, £ ; and £ 2 are the elastic constants, and p  is a viscosity coefficient. 

Three intrinsic material properties are derived from this model: the apparent viscosity p, 

the instantaneous modulus Eq (= £ /), and the relaxed modulus £<*, which is determined 

by:

E\E2£  =
E\ + E2

(5)

One phenomenon that is predicted with the standard linear solid model is an 

initial instantaneous deformation. The deformation of the cell at tare load equilibrium 

was used as the initial data point in the analysis. The next deformation data point used in 

the analysis was the one corresponding to the desired test load. This approximated the 

instantaneous deformation to satisfy the requirements of the model.
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Results

Typical values for the calibration procedure ranged from 1.2 to 2.0, meaning that 

the refraction due to the quartz window and growth medium could make the displacement 

measured by the laser micrometer deviate from the actual displacement by about 17-50%. 

This procedure was performed before every cell was indented and before the validation 

procedure. The validation procedure was repeated 10 times, yielding an experimentally 

obtained value for E of 62.52±3.17 GPa, which was within 9% of the factory provided 

value of 68.67 GPa. The low standard deviation (5%) demonstrated the reproducibility 

and precision of this apparatus.

Figure 10 shows a typical graph of the applied force to the cell, demonstrating the 

experimental procedure for creep indentation. A tare load is applied and held long 

enough for the cell to reach tare equilibrium. A test load, which follows, is applied long 

enough for a new equilibrium to be reached. As noted before, the times that the tare and 

test loads were held were varied to establish standard loading parameters. These varying 

testing parameters caused no significant difference in the mechanical properties derived 

from the two models (p>0.15, ANOVA).

In response to a step load, chondrocytes exhibited a viscoelastic creep response. 

In terms of deformation, this was characterized by an instantaneous jump followed by a 

decreasing rate until equilibrium was reached. This response is shown in Fig. 11 with the 

curve fit for the standard linear solid model. As noted before, the initial position for 

comparison of all deformations began when the cell deformation reached equilibrium 

with the tare load. Due to the ramping of force in the experiments, the next data point 

was taken once the test load was achieved.
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A summary of the major results of this study is in Table 2, accompanied by results 

from two studies that had comparable properties for anchorage dependent cells.69,72 All 

the properties in this study were approximately within one order of magnitude to the 

compared values, which were obtained using similar mathematical models applied to the 

micropipette aspiration technique.

Discussion

The primary goal of this study was to develop and validate a method for the creep 

indentation of individual chondrocytes. The design of the system incorporates the typical 

components necessary for a closed loop algorithm, allowing a stress-controlled 

experiment. We have demonstrated the feasibility of this system through a protocol of 

calibration, validation, and experimentation on live chondrocytes. As shown in the 

Results section, the validation procedure demonstrated the repeatability of the instrument 

and its accuracy in measurements. In addition, we applied continuum mechanics 

modeling for the analysis of the creep indentation data. These data also allow 

comparison to other chondrocyte results using micropipette aspiration from previous 

studies (Table 2).

This new methodology finds its own niche between two testing methodologies 

that have existed for many years now, namely AFM and micropipette aspiration. The 

AFM has much finer resolution of force than the CCA and, among other uses, can map 

the morphology of the cell,282 test individual organelles,283 and measure spatial and 

temporal changes in the microelasticity of cells 284. The AFM, however, typically uses a 

conical shaped probe, which makes determining the applied stress problematic because
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the contact area changes as the probe indents the cell surface. It also makes stress- 

controlled tests difficult to achieve.

The micropipette aspiration technique uses suspended cells and applies a step 

increase in pressure on a region of the cell membrane.285 Measurements of the time 

dependent change in length of the suctioned membrane inside the micropipette can be 

used with continuum mechanics models to obtain the material properties of the cell. This 

allows for mechanical testing of a localized region. The CCA applies loads to the center 

of the anchored cell, which seems to be a measurement of its overall mechanical 

properties. The stresses applied by the micropipette method can be broadly characterized 

as tensile in nature, in comparison to the primarily compressive stresses applied using the 

CCA. Furthermore, testing attached cells may be physiologically realistic when it comes 

to evaluating chondrocytes, which are considered anchorage-dependent274

The only data available on chondrocytes for direct comparison are for normal and 

osteoarthritic human articular chondrocytes.69,72 Since the bovine articular chondrocytes 

used here were not diseased, a comparison will be made only with the normal human 

cells. Table 2 summarizes the relevant comparisons, showing that all numbers are within 

about one order of magnitude.

The data analysis can be approached from several angles. First, the differences 

enumerated between the testing methodologies must be considered (suction vs. 

indentation, tensile vs. compressive stresses). Next, two different species are compared. 

Several species have demonstrated distinct mechanical properties of articular cartilage.101,

'yne 'ynf.  OQfi

Variations in cartilage properties reflect differences in biomechanical function 

and biochemical composition. These variations may also manifest themselves by
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differences in cellular properties. Also, the human articular chondrocytes were obtained 

from various joints of the body, while the bovine articular chondrocytes were only from 

the distal portion of the first metatarsal. It has been shown previously that the mechanical 

and biochemical properties of different joints and joint surfaces can vary.100,102,103 287 289 

It is also noteworthy that differences in the biochemical activity of chondrocytes that 

experience different mechanical loads in vivo have been shown.96,290

As mentioned previously, micropipette aspiration is conducted on suspended 

cells, while the cells in this study were adhered to a substratum. Previous studies have 

shown that the interaction between an adherent cell and its substratum influences the 

organization of the cytoskeleton.61 Tensegrity has been proposed as a theoretical model 

to explain the relationship between integrins and cytoskeleton organization.291 This 

model also describes the contribution of the components of this cellular framework as 

being the basis of many cellular processes, including cellular biomechanical maintenance. 

An ordered cytoskeleton may have effects on the regulation of focal adhesion

components and the development of actin stress fibers.292'295 Considering these findings, 

it is a reasonable result in this comparison that adherent bovine chondrocytes are stiffer 

than suspended human chondrocytes, as seen in their moduli obtained from the standard 

linear solid model (E0 and E„) and the Young’s modulus obtained from the punch 

problem (E). Thus, in comparing adherent and suspended cells, the interaction of the 

surface proteins of the cell with its surroundings must be considered.

While the results of the standard linear solid model suggest that adherent bovine

chondrocytes are stiffer than suspended human chondrocytes, it is important to note that

the model yielded apparent viscosities (p.) for the human and bovine articular
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chondrocytes that were not significantly different. If the cytoplasm is considered the 

main contributor to the viscous nature of the cell, this is a reasonable result in the 

comparison. When considering the time constants of the bovine and human articular 

chondrocytes, the testing methodology differences once again play an important factor. 

The time constant that the standard linear solid model yields can be considered a ratio of 

the viscous properties of the cell to its stiffness properties. With the viscous properties 

being similar and the stiffness properties for the adherent bovine cells being larger, the 

result that the mean bovine time constant was less than the mean human chondrocyte 

time constant (by a factor of 25) agrees well with theory.

A comparison of results can also be made with our previous work with MG63 

osteoblast-like cells using a ramped-displacement cytoindentation technique.64 Using the 

punch problem, a parametric analysis of the effects of the Poisson’s ratio on the Young’s 

modulus (E) was performed, giving a range of £=1.09±0.50 kPa (for v=0.0) to 0.92±0.42 

kPa (for v=0.4). These values are similar to those of the present study (E=\.\ 1±0.48 kPa 

at v=0.5). Since chondrocytes and MG63 cells are both anchorage-dependent, the 

similarity between the moduli is noteworthy for the reasons delineated earlier concerning 

the organization of the cytoskeleton due to adhesion proteins. It is important to note that 

differences in testing and types of cells are also present in this comparison. The study on 

MG63 cells was performed using a displacement-controlled testing methodology, which 

is distinct from the stress-controlled creep methodology used in this current study. The 

MG63 cells are a human osteosarcoma cell line, while the chondrocytes used in this study 

were obtained from a primary source.
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As the complexity of cellular structure is better understood, models have evolved 

from very basic mechanical representations to more sophisticated treatments grounded in 

continuum mechanics theory. The punch problem and standard linear solid models have 

been previously used to describe the intrinsic material properties of individual anchorage- 

dependent cells,64, 71,271,273 including chondrocytes.69,72,267,296 Both of these models 

possess strengths and limitations. To varying degrees, these models can describe and 

predict the mechanical nature of the cell. Due to their extensive use in the past, both 

models are important gauges for comparison. As such, they can be used reliably to 

determine the performance of the system. Unfortunately, they both represent 

oversimplified renderings of the mechanical nature of the cell. As an elastic model, the 

punch problem cannot exhibit time-dependent behavior. Although the standard linear 

solid fits the experimental deformation data reasonably well, it is limited by its inherent 

assumptions. Like the punch problem, the standard linear solid model assumes the cell to 

be a homogeneous solid. This assumption may not be valid when considering the 

contribution of the nucleus to the mechanical properties of the cell. Isolated nuclei from 

chondrocytes have been shown to be 3-4 times stiffer than the cytoplasm using 

micropipette aspiration.68 The AFM has also been used to demonstrate a similar result in 

adherent endothelial cells.272

Considering the underlying structure of the cell, it may not be reasonable to model 

the cell as a single solid phase material. In actuality, the filamentous cytoskeletal 

network and the cytoplasmic fluid largely determine the architecture of the cell. The 

cytoskeleton has been assumed to be the source of the solid-like elastic response of the 

cell. The viscoelastic component of the cell is not as well understood and may be
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attributed to fluid-solid interactions, fluid viscosity, or the nature of the cytoskeleton 

itself. Given the multi-component nature of the cell, future studies using the creep 

cytoindentation apparatus will incorporate mixture models or poroelasticity approaches to 

describe the deformation behavior of individual chondrocytes. For example, the linear 

biphasic theory stipulates that the cell is a binary mixture of an intrinsically 

incompressible, elastic solid (cytoskeleton) and an inviscid, incompressible fluid 

(cytoplasm). It assumes the cell to be homogeneous and isotropic and neglects any 

contribution of the plasma membrane to the mechanical nature of the cell.64 Since neither 

phase is intrinsically viscoelastic, the time-dependent behavior of cells is assumed to 

result from interstitial drag forces generated when the fluid phase flows relative to the

9Q7solid phase. Additionally, the contribution of the nucleus to the bulk material 

properties of the cell will be investigated by use of finite element models.

Along with our plans to improve the mathematical modeling of the cell, we have 

aspirations to further improve our technique of creep indentation, mostly by reducing 

system noise. One improvement will be the ability to measure the recovery of the cell 

once the test load is removed. From our experience, the signal is too erratic after the test 

load to reliably obtain recovery data. Another benefit that may result from noise 

reduction will be an increase in the rate at which the force is ramped. One restriction on 

this system is that the applied force is ramped at a rate of approximately 133 nN/s. For a 

40-nN increase in load, this equates to a total time of 300 ms to achieve the desired load. 

Compared to the time constant of the cell, this ramp time is approximately one order of 

magnitude less (ramp time of 300 ms vs. x = 1.32 s). However, by simply increasing the 

step increment and maintaining the same data acquisition rate (and cycle rate for the
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loop), a better step may be achieved. A significant factor that prevented this was 

overshoot of the test load. Minimizing this overshoot and achieving tighter control over 

the applied stress may be achieved by reducing system noise and possibly by upgrading 

hardware components and optimizing the software.

Although the system has limitations in its application, it has several advantages in 

studying cellular mechanics. First, it is economical, the most expensive components 

being the piezoelectric translator and laser micrometer. Despite these investments, the 

total cost of the system was still significantly less than the cost of a new AFM. Another 

advantage of this system is that it may be used with cell types other than chondrocytes. 

Many cells in the body express adhesion molecules on their surface, allowing them to 

anchor onto various substrata. The creep cytoindentation apparatus can help elucidate the 

mechanotransduction pathways in these different cell populations in a similar manner to 

the techniques applied for chondrocytes and cartilage. Perhaps the system’s greatest 

advantage is that it allows the execution of creep indentation in a manner compatible with 

viscoelastic continuum mechanics models.

In our application of this system, we see many potential uses. Understanding the 

elegant interplay between the biomechanical environment of the chondrocyte and its 

physiological processes will be a primary use for this apparatus. Knowledge of these 

mechanisms may prove vital in successful tissue engineering of cartilage. Along these 

lines, the CCA will perform the task of assaying what substrata (i.e., synthetic polymers, 

natural biomaterials, peptides, etc.) are best for tissue engineering applications based on 

the cellular mechanical response. When the mechanical properties of the single cell are 

used in conjunction with finite element models, it could also aid in optimizing bioreactors
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that apply mechanical stimulation, such as compression, to tissue engineering constructs 

that are composed of the assayed substrata.

For the first time, attached individual cells have been exposed to creep indentation 

testing. This methodology will be a new tool in determining the mechanical properties of 

individual adherent cells. We believe that the creep cytoindentation apparatus will play a 

pivotal role in our pursuit of establishing mechanotransductional relationships and 

developing new tissue engineering applications.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72

Table 2: Cytoindentation results
E = Young’s Modulus, Eo = instantaneous modulus, E«, = relaxed modulus, |i  = apparent 
viscosity, x = characteristic time constant 
* Jones, et a l .69, n=44 
** Trickey, et a l .72, n=47
All numbers under bovine articular chondrocytes are from this study.

Bovine Articular Chondrocytes 
(n=16)

Human Articular Chondrocytes

Punch Problem
E (kPa) 1.10±0.48 0.65±0.63*

Standard Linear Solid
Eo (kPa) 8.00±4.41 0.6310.51"
£~(kPa) 1.09±0.54 0.2410.11
p  (kPa-s) 1.50±0.92 3.011.8

T ( S ) 1.3210.65 33120
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CHAPTER 3: Strain-dependent recovery behavior of single 

chondrocytes*

Abstract

One of the challenges facing researchers studying chondrocyte mechanobiology is 

determining the range of mechanical forces pertinent to the problems they study. One 

possible way to deal with this problem is to quantify how the biomechanical behavior of 

cells varies in response to changing mechanical forces. In this study, the compressibility 

and recovery behaviors of single chondrocytes were determined as a function of 

compressive strains from 6 to 63%. Bovine articular chondrocytes from the middle and 

deep zones were subjected to this range of strains, and digital videocapture was used to 

track changes in cell dimensions during and after compression. The normalized volume 

change, apparent Poisson’s ratio, residual strain after recovery, cell volume fraction after 

recovery, and characteristic recovery time constant were analyzed with respect to axial 

strain. Normalized volume change varied as a function of strain, demonstrating that 

chondrocytes exhibited compressibility. The mean Poisson’s ratio of chondrocytes was 

found to be 0.29+0.14, and did not vary with axial strain. In contrast, residual strain, 

recovered volume fraction, and recovery time constant all depended on axial strain. The

* Published as Shieh, Koay, and Athanasiou, “Strain-dependent recovery behavior 

of single chondrocytes,” Biomech Model Mechanobiol 2006; 5:172-179.
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dependence of residual strain and recovered volume fraction on axial strain showed a 

change in behavior around 25-30% strain, opening up the possibility that this range of 

strains represents a critical value for chondrocytes. Quantifying the mechanical behavior 

of cells as a function of stress and strain is a potentially useful approach for identifying 

levels of mechanical stimulation that may be germane to normal cartilage physiology, 

functional tissue engineering of cartilage, and the etiopathogenesis of osteoarthritis.
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Introduction

The role of mechanical forces in the maintenance, regeneration, and degradation 

of articular cartilage has been extensively described.59,258' 261, 298~301 Prior studies have 

repeatedly demonstrated that the magnitude, frequency, and type of loading have 

profound effects on how cartilage explants and chondrocytes respond at the molecular 

and biosynthetic levels. However, the precise levels of mechanical stimulation necessary 

to cause the variety of behaviors exhibited by chondrocytes in response to load are still 

not well described. Quantifying these regimens of loading would have tremendous impact 

in a multitude of areas related to cartilage physiology and disease. To accurately describe 

these regimens, however, remains a difficult challenge. While tissue explant studies can 

identify bulk stress and strain levels, the local stress and strain experienced by the cell 

cannot be measured. Three-dimensional scaffold studies present similar problems. 

Several mathematical models have been described that provide useful estimates of the 

local cellular mechanical environment,60, 265,302,303 but further study is still necessary to 

bridge the gap between model predictions and experimental results.

A potential avenue of exploration to determine relevant levels of mechanical force 

is to describe the biomechanics of single chondrocytes. By doing so, it may be possible to 

identify levels of stress or strain that result in fundamental changes in the cell’s 

biomechanical behavior, and by extension the cellular response to mechanical forces as 

well. A substantial amount of research has been performed to elucidate the material 

properties of chondrocytes, using a variety of techniques including micropipette 

aspiration, cytoindentation, cytocompression, and compression of chondrocytes 

encapsulated in hydrogels.63,65,69,72,266,304~307 These efforts have largely been to quantify
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the material properties of chondrocytes subjected to various treatments. Micropipette 

aspiration results have shown that the relaxed modulus of chondrocytes is approximately 

0.2-0.3 kPa.72’304’307 Results from cytoindentation and cytocompression yielded a relaxed 

modulus of 1-1.5 kPa,63’65 while gel compression studies estimate the Young’s modulus 

of chondrocytes to be roughly 3-4kPa.266’ 305 In work with isolated cells, the Poisson’s 

ratio has generally been assumed to be v = 0.5, i.e., the cell is incompressible. Estimates 

have placed the actual cell Poisson’s ratio at v = 0.38 for human articular 

chondrocytes,306 v = 0.4 for chondrosarcoma cells,266 and vs = 0.37 for MG63 

osteosarcoma cells tested via cytoindentation, using linear biphasic theory.64 However, 

little research has been done to map how the biomechanical character of a chondrocyte 

may change under different stress-strain environments.

The objective of this study was to quantify the compressibility and recovery 

behaviors of single chondrocytes as a function of compressive strain. A methodology 

using a modified cytocompression protocol with simultaneous videocapture of cell 

deformation was employed to accomplish this goal. In the process, we hoped to ascertain 

whether critical compressive strain levels existed that caused a change in either the 

compressibility of the cell, or the rate and magnitude of cell recovery from compression. 

Our hypothesis for this study was that a critical strain threshold existed beyond which the 

cell’s compressibility would increase, and at the same time the cell would exhibit a 

reduced capacity to recover from deformation. We believe that such a strain threshold 

might be related to the magnitude of cell deformation that differentiates beneficial and 

deleterious forms of mechanical stimulation.
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Methods

Chondrocyte Isolation

Articular cartilage was isolated from the distal metatarsals of 12 to 24 month old 

steers obtained from local abattoirs (Doreck and Sons Packing Company, Santa Fe, TX; 

Going’s Custom Meat Processing, Baytown, TX; Kasper’s Meat Market, Weimar, TX). 

A total of seven joints from five different animals were used. Zonal abrasion, a technique 

previously developed and validated in our laboratory, was used to remove the 

superficial zone tissue. Briefly, the distal metatarsal was aseptically exposed and the 

articular surface was scraped with a scalpel blade to remove the superficial cartilage. The 

superficial tissue was discarded, and the remaining cartilage was removed as combined 

middle/deep zone cartilage tissue. Middle/deep zone tissue was minced into small 

fragments to facilitate digestion. The minced tissue was enzymatically digested 

overnight at 37oC and 10% C 02  using 0.2% (w/v) collagenase (Worthington 

Biochemical, Lakewood, NJ) dissolved in supplemented DMEM (10% FBS, 100 U/ml 

penicillin/streptomycin, 0.25 pg/ml fungizone, 0.1 mM NEAA), to yield individual 

middle/deep zone chondrocytes.

Chondrocyte Seeding

Glass microscopy slides were cut into 5 mm wide strips, and individual strips 

were embedded in 2% agarose in a 6-well plate, with the flat (uncut) edge face up. 

Chondrocytes were centrifuged into a cell pellet and resuspended in culture medium, then 

added to the 6-well plate containing the cut glass slide. The cells were incubated at 37° C 

and 10% CO2 for 3 hrs prior to testing.
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Cytocompression and Videocapture

After seeding, the cut glass slide was removed from the agarose and placed in a 

culture dish such that both the uncut and cut edges were perpendicular to the dish surface 

(Fig. 12). Culture medium containing 30 mM HEPES was added to the cut slide, to 

prevent pH changes over the course of the experiment. The dish was placed on an IMT-2 

inverted research microscope (Olympus America, Melville, NY), and cells were observed 

under 400x magnification for all experiments. All experiments were performed at room

temperature, thus minimizing active volume regulation 309,31°. A modified version of the

^ 11
cytodetacher was used to axially compress individual cells perpendicular to the uncut 

edge (Fig. 12). Using a piezoelectric actuator, a tungsten probe with a 50.8 pm  diameter 

plane end was displaced a prescribed amount (typically 8 to 15 pm), and held at this 

position for 30 s. Following compression, the probe was moved back to its original 

position, and the cell was allowed to recover for 30 s. Over the course of cell 

compression and recovery, digital video was obtained using an AVC-D7 CCD video 

camera (Sony USA, New York, NY) and a TV Wonder graphics card (ATI Technologies, 

Markham, Ontario, Canada). All videos were saved as 640 x 480 resolution MPEGs. To 

obtain a pixel-to micron calibration, a graduated stage micrometer was placed on the 

same microscope, and single images were captured using the CCD camera. These 

images were subsequently examined to obtain a calibration constant of 6.9 pixels/pm.

Image Analysis

Individual frames were extracted from each video of the cell prior to compression,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79

immediately after release of compression (for deformed cell dimensions), at 1 s intervals 

up to 5 s, and at 5 s intervals up to 30 s (for transient and equilibrium recovery behavior). 

The frame extracted to determine equilibrium cell deformation was selected at the point 

where the cell was fully visible and not obscured by the compression probe 

(approximately 100 to 300 ms after release of compression). All frames were extracted 

using Videomach 2.7.2 software (Gromada.com). The dimensions of cell in each frame 

were measured in Adobe Photoshop 7.0 (Adobe Systems Inc., San Jose, CA). Each cell 

was approximated as either an ellipsoid or hemiellipsoid with rotational symmetry about 

the x-axis, and the approximation selected for each individual cell was apparent from its 

initial shape. The cell was assumed to maintain this basic shape throughout compression, 

and this assumption was validated by observations of the cells after release of 

compression. The x- and y-dimensions, defined as the cell height and diameter 

respectively (Fig. 12), were measured in each extracted frame. The estimated precision 

for these measurements was 2 pixels, or 0.29 pm.

Axial strain was calculated as the change in cell height (measured immediately 

after release of compression) divided by the initial cell height (measured prior to 

compression). Lateral strain was calculated in a similar manner, but with cell diameter 

instead of cell height. Residual strain was calculated as the change in cell height 

(measured after 30 s of recovery) divided by the initial cell height. Cell volume was 

calculated using the formula for the volume of an ellipsoid with two identical 

dimensions:

V  =  - m b 2 ( 1)
3
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The volume for a hemi-ellipsoid is simply half of this quantity. The recovered volume 

fraction was defined as the volume of the cell 30 s post-compression divided by the initial 

volume of the cell. Normalized volume change, also known as the volumetric strain or 

dilatation, was defined as the decrease in volume of the cell (after 30 s of compression) 

normalized to the initial cell volume. The apparent Poisson’s ratio of the cell, vA, was 

calculated as follows:

where et is lateral strain and ea is axial strain.

For each cell, the axial strain was plotted versus time, from immediately to 30 s 

after release of compression, and a generalized decaying exponential function was fit to 

the data using Matlab 6.5 (Mathworks, Natick, MA):

ea = A e - ,lT + C (3)

where x is the characteristic recovery time constant. This time constant was used to 

characterize the kinetics of cell recovery.

Statistical Analysis

A sample size of n = 34 cells was used throughout this study. The sample sizes 

over the range of axial strains tested in this study are as follows: <10%, n = 8; 10-20%, n 

= 9; 20-30%, n = 9; 30-40%, n = 5; >40%, n = 3. Data were compiled as mean + 

standard deviation, and statistical analysis was performed using JMP IN 5.1 (SAS 

Institute Inc., Cary, NC). To determine whether the compressibility and recovery 

behaviors of chondrocytes varied as functions of axial strain, linear regression was used
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to measure the effect of axial strain on normalized volume change, Poisson’s ratio, 

residual strain, recovery time constant, and recovered volume fraction. The effect of 

axial strain was considered significant if p < 0.05. To determine if critical levels of axial 

strain existed where cell biomechanics changed, basic change point analysis was used. 

Briefly, a series of linear regressions were performed on overlapping segments of the 

data, and the resulting slopes were plotted as a function of axial strain (the axial strain 

corresponding to the midpoint of each data segment was used). The plots were examined 

for discontinuities, which are suggestive of a change in behavior at that particular strain 

level. If a discontinuity was observed, the original data were separated into two subsets, 

and linear regressions were performed on these two subsets, to determine if the resultant 

lines were significantly different from each other.

Results

The average height and diameter of chondrocytes were found to be 8.4 ± 1.8 pm 

and 11.1 ± 0.8 pm, respectively. Chondrocytes were either elliptical (n = 16) or hemi- 

elliptical (n = 18) in appearance. All parameters determined in this study were insensitive 

to cell shape (p = 0.45-0.93). The cell volume was calculated to be 430 + 251 pm 3.

Overall, the recovery behavior of single chondrocytes, but not their 

compressibility, depended on axial strain. Figures 13-16 show cells before, immediately 

after, 3 s after, and 30 s after release of compression. At low strain levels (< 20%), cells 

recovered relatively quickly, and recovery was generally over 90% of the cell’s original 

height (Fig. 13). At intermediate strains (20-30%), some cells exhibited similar recovery 

behavior, while others did not recover as quickly and showed significant residual strain
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(Figs. 14, 15). At high strains (> 30%), cells tended to recover slowly and incompletely 

(Fig. 16).

Bovine middle/deep zone chondrocytes appear to be compressible, as evidenced 

by a significant linear correlation between normalized volume change and axial strain (p 

< 0.0001) (Fig. 17). If the cells were incompressible, there would be no volume change 

regardless of strain. The average apparent Poisson’s ratio for chondrocytes was 0.29 ± 

0.14, and was not dependent on axial strain (p = 0.85) (Fig. 18). Residual strain increased 

as a function of axial strain (p < 0.0001) (Fig. 19). The recovered volume fraction 

decreased as a function of axial strain (p = 0.003) (Fig. 20). The time constant also 

increased with increasing axial strain (p = 0.02) (Fig. 21), with a mean recovery time 

constant of 4.11 ± 3.12 s. Figure 22 shows three examples of recovery curves with 

different recovery time constants. Cell recovery curves with time constants in the lower 

quartile, median, and upper quartile are presented. Fits for the recovery curves were 

generally good, with r2 = 0.43 to 0.98.

The change point analysis plot for residual strain as a function of axial strain 

revealed a discontinuity at s ~  0.27 (Fig. 23). Similarly, the change point analysis plot for 

recovered volume fraction also showed a discontinuity, at e ~ 0.28 (Fig. 24). Rerunning 

the linear regression for residual strain versus axial strain as two separate lines, separating 

the data at s < 0.27, yielded two lines with slopes of 0.242 ± 0.109 and 0.634 ± 0.135 

(mean ± S.E.) before and after the discontinuity, respectively (Fig. 19). The fit for data 

after the discontinuity has a much higher r2 value compared to the fit prior to the 

discontinuity (0.735 versus 0.183). A similar analysis of the recovered volume fraction 

data revealed two lines with slopes of -0.096 ±0.131 and -0.749 ±0.313 before and after
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the discontinuity, respectively (Fig. 20). In this case, the linear regression of the data 

preceding the discontinuity showed that axial strain had no effect on the recovered 

volume fraction (p = 0.47). However, after the discontinuity at e ~ 0.28, the effect of axial 

strain was significant (p = 0.04). The combination of these two results indicates that the 

recovery behavior of chondrocytes changes at a strain level of approximately 25-30%. No 

discernible discontinuities in behavior were observed for the recovery time constant.

Discussion

Elucidating the criteria that determine whether a particular mechanical 

perturbation stimulates a chondrocyte to synthesize matrix, as opposed to catabolizing its 

extracellular matrix or undergoing apoptosis, is a significant challenge for researchers 

studying both cartilage tissue engineering and the etiology of osteoarthritis. Developing a 

better understanding of the underlying biomechanics of chondrocytes offers an 

opportunity to identify stresses and strains where meaningful effects may be observed. In 

the current study, we identified a possible change in chondrocyte mechanical behavior in 

the range of 25-30% compressive strain. Above this strain level, chondrocytes showed an 

impaired ability to recover, as evidenced by increased residual strain and decreased 

volume fraction after recovery, which differed significantly from chondrocytes 

compressed less than 25%. Below 25% axial strain, residual strain and recovered volume 

fraction showed weaker or non-existent dependence on axial strain. This suggests that 25- 

30% compressive strain may represent a threshold akin to the yield strain, above which 

some plastic deformation may occur. Though the cause of this transition in behavior is 

unknown, it could be the result of rearrangement or breakdown of cytoskeletal
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components. Mechanical regulation of the assembly of microtubules has been previously 

observed,312 though the experimental time scale was much longer than the current study.

Residual strain, recovered volume fraction, and recovery time constant were all 

dependent on compressive strain. These results have important implications regarding 

how chondrocytes are able to endure and respond to mechanical stimuli. At low strains, 

where the rate of recovery is rapid and recovery is nearly 100%, chondrocytes could be 

cyclically compressed at moderate frequencies (0.1-1 Hz) without experiencing 

significant accumulation of cellular strain. On the other hand, at higher strains, where the 

rate and magnitude of recovery are lower, cells may not be able to survive repeated 

loading, since it would result in increasing cellular strain to the point where physical 

damage to the cell could occur. Alternatively, it may be that some amount of residual 

deformation is a necessary and important mechanical cue for the cell, initiating 

intracellular pathways that lead to changes in cell behavior.

Unlike the other parameters determined in the current study, the Poisson’s ratio 

did not vary as a function of axial strain. In our original hypothesis, we had expected that 

cell compressibility would increase, i.e., the Poisson’s ratio would decrease, at or above 

some critical strain value. This expectation was based upon the idea that, at higher 

strains, there might be some damage or breakdown in the cell’s cytoskeleton. Disruptions 

to the cytoskeleton could conceivably prevent the translation of axial strain into 

transverse strain, which would be observed as a decrease in the apparent Poisson’s ratio. 

However, this was not observed, suggesting either that our speculation was incorrect, or 

that other structures, such as the plasma membrane, might contribute significantly to the 

overall compressibility of the cell.
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Chondrocytes decreased in volume with increasing axial strain, demonstrating 

that they are compressible under mechanical compression. Across the entire range of 

strains examined, the mean Poisson’s ratio was 0.29. This result compares well with 

previous work with chondrocytes,306 chondrosarcoma cells,266 osteosarcoma cells,64 and 

endothelial cells.295 However, prior studies of single chondrocyte biomechanics, where 

the cell was modeled as a single solid phase, have typically assumed that the cell behaves 

as an incompressible solid.63,65,69' 72,304,307 It has been shown that MG63 osteosarcoma 

cells were intrinsically incompressible under hydrostatic pressure,280 suggesting that this 

assumption was reasonable. The current study demonstrates that the assumption of whole 

cell incompressibility is not appropriate under direct compression. Since the cell 

membrane is permeable to water, and the cytosol is generally regarded as a fluid, it is not 

surprising that volume loss occurs under compression. Though the individual components 

that comprise the cell, e.g., cytoskeletal filaments, cytoplasm, and plasma membrane, 

may be intrinsically incompressible, fluid exudation through the plasma membrane would 

result in a net volume loss. Based on this interpretation of cell structure, biphasic theory 

could potentially model the mechanical behavior of chondrocytes, since the solid and 

fluid phases can be modeled as intrinsically incompressible, while the mixture of the two 

phases can still exhibit volume change. However, previous work has suggested that the 

standard linear solid model still fits the transient portion of the chondrocyte creep 

response better than a linear biphasic model.65 Thus, multiphasic models that consider the 

intrinsic viscoelasticity of the cell and its components, as well as osmotic and ionic 

effects, may be necessary to accurately capture the biomechanical behavior of 

chondrocytes.304,307
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The current study has limitations that must be considered. The most significant is 

that the observed changes in cell biomechanics occurred in vitro. Clearly, examining 

chondrocytes outside of the extracellular matrix, without the presence of their pericellular 

matrix and all the biological and mechanical signals contained therein, does not capture 

the complexity of the native tissue. The pericellular matrix has been shown to be an 

important governor of the biomechanical milieu of the cell,60’85 and it is likely that it has 

significant effects on how cells recover after compression. However, examining 

chondrocyte biomechanics in vitro has succeeded in showing changes in cell properties 

due to osteoarthritis, changes in the cytoskeleton, and osmotic pressure variations.69,72, 

so4,306,307 In vitro methods remain an important tool for researchers studying articular 

cartilage, so long as the context of the results and their relevance to the native tissue is 

kept in perspective. One potential limitation in our approach is the 30 s duration of the 

recovery phase. As is apparent in Fig. 22, cells with higher recovery time constants (s > 

7 s) do not appear to reach equilibrium over the course of the 30 s test period. This 

would lead to an overestimate of residual strain for cells with higher recovery time 

constants. However, the majority of cells reached equilibrium during the 30 s recovery 

period, and the rest were within 10% of the equilibrium residual strain predicted by the 

recovery curve fit. This suggests that the relationship between residual and axial strains is 

not an artifact. Another limitation of our methodology was our inability to simultaneously 

measure force while obtaining digital video of the cells. This is a consequence of the 

instrument being used and its adaptation to perform the current study. We are currently 

considering ways of obtaining creep or stress relaxation data in line with our 

videocapture system, which would provide the opportunity to examine whether cells
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exhibit strain-dependent material properties, as has been previously observed using 

magnetic twisting cytometry.313,314 Another potential improvement to the method would 

be to use more accurate approximations of cell shape, as opposed to the simple (though 

reasonable) assumptions about cell shape used in the current study.

One of the major challenges facing researchers interested in chondrocyte 

mechanobiology is finding the levels of mechanical perturbation relevant to their area of 

study, be it normal cartilage physiology, functional tissue engineering, or the 

biomechanical etiology of osteoarthritis. Direct examination of the biomechanics of 

chondrocytes at different levels of stress and strain offers a means by which scientists can 

select pertinent ranges of force by identifying where changes in cell biomechanical 

behavior occur. In this study, chondrocytes were subjected to a range of strains, and their 

compressibility and subsequent recovery behaviors were observed. In the process, 

changes in cell behavior were observed near critical strain values of 25-30%, indicating 

that this range of strains warrants further study. It was also shown that the magnitude and 

rate of recovery varied as a function of compressive strain. Understanding how the 

biomechanics of cells vary as a function of their biomechanical environment can 

potentially offer insights into the mechanisms that cells use for mechanotransduction, and 

how these mechanisms may vary depending on the type and intensity of the stimulus. By 

expanding the knowledge gained from cell biomechanics and integrating it into research 

in the fields of mechanobiology and mechanotransduction, it will become possible to 

answer important and fundamental questions regarding the role of mechanical forces in 

human health and disease.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



88

CHAPTER 4: Effects of TGF-(31 and IGF-I on the 

compressibility, biomechanics, and strain-dependent recovery 

behavior of single chondrocytes*

Abstract

The responses of articular chondrocytes to physicochemical stimuli are intimately 

linked to processes that can lead to both degenerative and regenerative processes. 

Toward understanding this link, we examined the biomechanical behavior of single 

chondrocytes in response to growth factors (IGF-I and TG F-pi) and a range of 

compressive strains. The results indicate that the growth factors alter the biomechanics 

of the cells in terms of their stiffness coefficient (~two-fold increase over control) and 

compressibility, as measured by an apparent Poisson’s ratio (~two-fold increase over 

control also). Interestingly, the compressibility decreased significantly with respect to 

applied strain. Moreover, we have again detected a critical strain threshold in 

chondrocytes at -30%  strain in all treatments. Overall, these findings demonstrate that 

cellular biomechanics change in response to both biochemical and biomechanical 

perturbations. Understanding the underlying biomechanics of chondrocytes in response 

to such stimuli may be useful in understanding various aspects of cartilage, including the 

study of osteoarthritis and the development of tissue engineering strategies.

* Accepted as Koay, Ofek, and Athanasiou, “Effects of TGF-pi and IGF-I on the 

compressibility, biomechanics, and strain-dependent recovery behavior of single 

chondrocytes,” JBiomech 2007.
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Introduction

The biological responses of articular cartilage to mechanical forces play important 

roles in its normal physiology and disease.315 This phenomenon, known as 

mechanotransduction, may have important ramifications for the development of 

treatments for and understanding of debilitating musculoskeletal ailments, including 

osteoarthritis. For example, researchers have studied the effects of mechanical forces on 

tissue explants and engineered tissues, using modalities such as direct compression,316'318 

shear,58, 59 and hydrostatic pressure.58, 252 These studies demonstrate that mechanical 

stimulation can have both beneficial and detrimental effects on both cells and tissues. 

Currently, the understanding of what elicits these different responses remains incomplete.

Particularly vexing is the connection between cellular biomechanics and 

biological processes. As one step to understanding this vital interplay, it is important to 

characterize the biomechanics of the chondrocyte and how they change in response to 

physicochemical stimuli, such as growth factors and mechanical perturbations, as 

previously discussed.63,65,66,68,263,268,304,319,320 Establishing a basic understanding of the 

mechanical nature of the chondrocyte aids theoretical models of cartilage that consider 

the cell60 and helps the development of new methodologies to study chondrocyte 

mechanobiology, such as a ‘single cell’ approach.263 This approach entails the use of 

instruments that can apply discreet forces to single adherent chondrocytes, such as the 

cytoindenter,63’ 64 as well as the assessment of a cellular response, such as cartilage

relevant gene expression.263 Studies of single cell biomechanics help direct these efforts 

by providing information on the cellular characteristics of time constants for recovery, 

compressibility, and mechanical thresholds.
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For example, when a possible change in chondrocyte mechanical behavior was 

identified between 25-30% compressive strain (termed the critical strain region), it was 

postulated that this represented a threshold akin to a yield strain. The significance of this 

critical region remains unclear. However, it is possible that permanent damage may be 

incurred by the chondrocyte beyond this critical region. This damage may occur due to 

high strains or strain accumulation after repeated loading,67 suggesting that this critical 

region would have important implications in directing appropriate in vitro mechanical 

stimulation regimens as well as for studies of mechanical damage to cartilage. 

Understanding the cause of this critical region also remains uncertain, but it is possible 

that cytoskeletal components such as microtubules, intermediate filaments, and F-actin

fnrearrange or break down at high strains.

Considering that TGF-pi and IGF-I increase F-actin levels and thereby increase 

cell stiffness two-fold over control,320 in this study, we tested the hypothesis that these 

same growth factors would alter the critical strain region. W e were also motivated to 

investigate how these growth factors and mechanical strains affected the compressibility 

of the cell, as measured by an apparent Poisson’s ratio, since current computational 

models of cartilage assume this characteristic to be constant. Although we have 

previously observed that the apparent Poisson’s ratio does not change with respect to 

increasing strains,67 we hypothesized that the growth factors, due to their ability to

'^'71 ’̂ '90reorganize the cytoskeleton " and alter cellular mechanics, would increase the 

average apparent Poisson’s ratio of the cells compared to control. We also expected that 

the growth factors would increase cell volume due to these effects on the cytoskeleton. 

Cell volume and shape are of interest since they are intimately tied to cell function.304,324_
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326 To test these hypotheses, single chondrocytes were exposed to IGF-I, TGF-pi, or no 

growth factors, and cells in each group were subjected to a range of compressive strains 

from 5-60% and their morphology, compressibility, stiffness, and recovery behavior were 

analyzed.

Methods

The basic protocols for this experiment were based on our previous work.67 

These methods and a few improvements are briefly explained below. Cell culture 

supplies were obtained from Invitrogen (Carlsbad, CA, USA) unless specified otherwise.

Cell isolation and seeding

Articular cartilage was harvested from the fetlock joint of mature steers obtained 

from local abattoirs (Doreck and Sons Packing Company, Santa Fe, TX, USA; Kasper’s 

Meat Market, Weimar, TX, USA). Chondrocytes from 13 joints derived from 12 different 

animals were isolated from the middle/deep region of the tissue as previously described.67 

The primary chondrocytes were counted, centrifuged, and resuspended in supplemented 

DMEM (0.1 mM NEAA, lOOU/ml penicillin/streptomycin, 0.25 pg/ml fungizone) at a 

concentration of 200,000 cells/ml with either TGF-(3l (10 ng/ml), IGF-I (100 ng/ml), or 

no growth factor. The chondrocytes were then seeded on 15 mm x 2 mm glass slides, 

which were placed inside of a 6-well plate, and incubated for 3 hrs at 37°C and 10% C 0 2. 

The 3 hr seeding was previously established as a minimal time point that could achieve

o -jo
stable cell adhesion for cellular compression testing.
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Cytocompression

Individual chondrocytes were subjected to a range of strains (-0.05 to 0.60) using 

a 50.8 pm diameter tungsten probe (Advanced Probing Systems, Inc., Boulder, CO, 

USA) attached to a modified cytodetacher device, as described previously.67 Glass slides 

were transferred from a 6-well plate to a Petri dish such that the cells could be viewed 

perpendicular to the original seeding plane using an IMT-2 inverted microscope 

(Olympus America, Melville, NY, USA) at 400x (Fig. 25). Supplemented DMEM (as 

above) with 30 mM HEPES and either TGF-pl (10 ng/ml), IGF-I (100 ng/ml), or blank 

control was added to the dish. Individual cells were brought in close contact (-5-10 pm 

away) with the probe, and a piezoelectric motor drove the probe a prescribed distance 

(12-16 pm) toward the cells at a rate of 4 pm/s. The probe was held at its position for 30 s 

and then removed from the cell. Chondrocytes were given up to 90 s to recover and reach 

equilibrium.

Videocapture and image analysis

The compression and recovery of each cell were captured on an AVC-D7 CCD 

camera (Sony Corp., New York, NY, USA) and saved as an AVI file at 640 x 480 

resolution. A pixel-to-micron ratio of 7.0 was employed in all subsequent image analysis. 

The accuracy of the measurements was deemed to be 2 pixels, or 0.29 pm. Individual 

frames from the videos were extracted using Videomach 4.0.2 software (Gromada.com). 

Images of the initial cell-probe configuration, initial cell-probe contact, cell-probe contact 

at peak strain, cell immediately after probe release, and cellular recovery every 4 seconds 

thereafter were examined. The dimensions of the cell (see below) and probe positions in
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each frame were marked using Microsoft Paint 5.1 (Microsoft Corporation, Redmond, 

WA, USA).

Biomechanical properties and characteristics

Cells were approximated as ellipsoids, with rotational symmetry about the x-axis 

(perpendicular to the plane of seeding). The basic shape of the cell was assumed to 

remain unchanged through the duration of the compression and recovery events, as we 

have done before.67 Cell volume was therefore calculated using the equation for an 

ellipsoid with two identical axes:

V = - n h d 2 (1)
6

where h represents the cell’s height (or ellipsoid length in the x-direction) and d  is the 

cell diameter (or ellipsoid length in the y- and z- directions). The volume of the cell was 

measured before compression (V0), immediately after compression (Vj), and at 

equilibrium recovery ( Vr). A normalized volume fraction ((V0 -  V, )/V0) and recovered 

volume fraction (Vr /V0) were calculated with these values. In contrast to our previous

experiment, we assessed applied axial strain (vs. apparent strain) by measuring the 

difference in probe positions between initial cell contact and at peak compression, 

divided by the initial cell height.

Cantilever beam theory was employed to determine the reaction force of the cell 

onto the probe at peak compression:
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where E (Young’s modulus), /  (moment of inertia), and L (cantilever beam length) are 

known parameters of the tungsten probe. The deflection of the cantilever ( 5 ) was 

determined by comparing the true displacement of the probe (via subsequent video 

analysis) with the prescribed piezoelectric displacement (between 12-16 pm).

The compressibility, as measured by an apparent Poisson’s ratio, of the cell was 

determined as described previously.66 Briefly, the physical dimensions (height, width) of 

the cell were measured before and immediately post-compression. The apparent 

Poisson’s ratio was calculated as:

v = (3)
1 - \ l h 0

where dx and d0 are the post-compression and initial diameters for the cell, respectively, 

and /ij and hQ are the post-compression and initial cell heights, respectively.

Upon release of the probe, the residual strain ( e r ) on the cell was defined as 

change in cell height divided by its initial height. Plots of residual strain versus time were 

fit to a generalized decaying exponential function using Matlab R2007b (Mathworks, 

Natick, MA, USA):

zL

er = A e T + C  (4)

where A is the recovery coefficient, t is the time in seconds, T is the characteristic 

recovery time constant for the cell, and C is the equilibrium residual strain.

Statis tics

Statistical analysis was performed using JMP IN 5.1 (SAS Institute Inc., Cary, 

NC, USA). Linear regression was used to determine whether the apparent Poisson’s
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ratio, equilibrium stress, normalized volume fraction, recovered volume fraction, and 

residual strain varied as functions of applied strain or equilibrium stress, as well as to test 

the effects of growth factors on these functions. Change point analysis was used to 

determine if critical levels of applied strain existed where biomechanical behavior 

changed, as performed previously 327. Briefly, this entailed performing a series of linear 

regressions on overlapping segments of data, where the resulting slopes were plotted 

against the applied strain to look for possible discontinuities. If a discontinuity was 

apparent, the original data were separated into two subsets, each of which was analyzed 

with linear regression. An effect was considered significant if p < 0.05.

Results

In this section, treatments will be referred to as control, IGF-I, and TGF-pl. A 

total of 83 cells were tested and analyzed for this study (26 for control, 26 for IGF-I, and 

31 for TGF-pi). Figure 26 demonstrates how cells were analyzed.

Chondrocyte size

The different growth factor treatments had significant effects on the 

morphological measurements of the cell heights (h, p=0.04), diameters (dia, p=0.01), and 

volumes (vol, p=0.005). Specifically, TGF-pl cells (h=11.4±1.7 pm, dia=11.2±1.8 pm, 

vol=795+325 pm3) had significantly greater dimensions (p<0.05) in all three 

measurements compared to IGF-I cells (h=10.5+1.2 pm, dia=10.2+0.8 pm, vol=600+162 

pm3), while control cells (h=10.7±1.2 pm, dia=10.6+0.8 pm, vol=638+137 pm3) were not
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different from either group, with the exception of having less volume than TGF-pi cells 

(p<0.05).

Compressibility, as measured by an apparent Poisson ’s ratio

The cells in each group exhibited characteristics of compressible materials, as 

volume changes were noted as a function of increasing strain. Plotting the normalized 

volume fraction (Vnorm) against the applied strain (£ )  showed significant linear

correlations for each treatment (Vnorm = 0 .5 4 f-0 .0 5  with R2=0.41 and p=0.0004 for 

control, Vnorm -  0 .30f -0 .0 2  with R2=0.71 and p<0.0001 for IGF-I, and 

Vmrm = 0.3I f -0 .0 4  with R2=0.45 and p<0.0001 for TGF-pi).

The apparent Poisson’s ratio was significantly higher (p=0.0001) in the growth 

factor groups compared to control (0.18+0.11 for control, 0.31+0.13 for IGF-I, and 

0.30+0.11 for TGF-pi). Additionally, the apparent Poisson’s ratio decreased 

significantly with applied strain for all treatments (Fig. 27, p=0.001 for control, p=0.003 

for IGF-I, and p=0.003 for TGF-pi). The rate of decrease in Poisson’s ratio with applied 

strain was statistically the same for growth factors and control, but the intercept of the 

control regression line was significantly less than the growth factors (p<0.05), in line 

with the finding that the mean Poisson’s ratio was less for control.

Stiffness coefficien t

Plotting the equilibrium stress data against the applied strain yielded a stiffness 

coefficient for each group (Fig. 28). Both growth factor treatments resulted in 

statistically significant linear correlations between stress and strain (p=0.002 for IGF-I
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and pcO.OOOl for TGF-pi). On the other hand, the control cells did not have a significant 

linear correlation between stress and strain (p -0 .1). The linear fits for each group 

indicated that the growth factor treatments had stiffness coefficients about two-fold 

higher than the control (1.77-fold for IGF-I and 2.03-fold for TGF-pi).

Recovery behavior

The recovery behavior of the single chondrocytes depended on the applied axial 

strain for all treatments. Figure 26 illustrates how the cells recovered over time at 

different levels of strain. Generally, under all treatments, cells recovered fully and 

quickly to their original heights and volumes at low strains. At increasing levels of 

strain, however, the cells in all treatments exhibited a slower recovery response that was 

not complete, having less height (residual strain) and a lower recovered volume 

compared to initial values. The exponential decay function (Eq. 4) approximated the 

recovery behavior of the cells in all treatments well, with R2 values between 0.63 and 

0.99. Residual strains from Eq. 4 agreed well with the measured residual strains from the 

digital image analysis, with linear coefficients of 0.995±0.005 for control (R2=0.99), 

1.07+0.007 for IGF-I (R2=0.97), and 1.04+0.002 for TGF-pl (R2=0.99). Each line had a 

significance level of pcO.OOOl. The time constants ( T ) for recovery increased with 

applied strain (e )  ( r  = 28.58f + 3.32 with R2=0.14 and p=0.03 for control, 

T = 41.04f + 6.00 with R2=0.25 and p=0.009 for IGF-I, T = 4 8 .0 0 f-2 .6 1  with R2=0.36 

and p=0.0004 for TGF-pi).

Figures 27 and 28 (A-C) illustrate how the recovery characteristics of residual 

strain and recovered volume fraction varied with the applied strain. The residual strain
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increased with applied strain in all groups (p<0.0001 for control, pcO.OOOl for IGF-I, 

p=0.0006 for TGF-pi), while the recovered volume fraction changed inversely with the 

applied strain in all groups (pcO.OOOl for all groups).

Biomechanical behavior changes at s ~  0.30 to 0.35

The change point analyses for residual strain (Fig. 29 D-F) and recovered volume 

fraction (Fig. 30 D-F) each as functions of applied strain revealed a discontinuity at an 

applied strain of 0.30 to 0.35 for all groups. The linear fits for the data indicated no 

significant effects of strains less than 0.30 on the recovery behavior of the single 

chondrocytes in all groups. However, above strains of 0.30, the residual strains and 

recovered volume fractions exhibited significant linear correlations with the applied 

strains for all groups (pc0.05, Figs. 29 and 30).

Discussion

The growth factors used here are widely studied in various cartilage processes, 

including tissue engineering efforts and osteoarthritis research. Thus, it is of interest to 

understand their effects on the biomechanics and recovery behavior of chondrocytes, 

since these characteristics relate to the effectiveness of mechanical stimulation regimens 

and the health and disease of cartilage. Additionally, it is important to understand how 

cellular biomechanics change with direct compressive strains, since this modality of 

mechanical stimulation has physiological relevance and influences cellular processes.67 

This study offers several new findings relevant to chondrocyte mechanobiology. First, 

we show that, with all treatments, the apparent Poisson’s ratio decreases with applied
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strain. Second, TGF-pi and IGF-I alter the measured Poisson’s ratio of the cells 

compared to control. Finally, we offer evidence that these growth factors do not alter the 

critical strain of chondrocytes.

The finding that compressibility changes with applied strain (Fig. 27) is a new and

filimportant finding, though it was surprising considering previous work. Key differences 

in the methods may account for this discrepancy, which are discussed in detail later. Our 

new finding suggests that with increasing strains, cells have an impaired ability to 

translate axial strain to transverse strain. Mechanistically, this change in compressibility 

may be related to both greater fluid exudation and cytoskeletal breakdown as applied 

strains increase. However, the apparent Poisson’s ratio measured in this study represents 

a bulk measurement of cellular compressibility, whereby changes in individual 

components of the cell, such as the actin cytoskeleton, can have profound effects on its 

structural properties. It is well documented that the growth factors in this study cause

^91 ^ 9 ^reorganization of the actin cytoskeleton ' through specific signaling molecules, such 

as focal adhesion kinase and several others,328 330 that likely relate to enhanced adhesion 

processes.331,332 These growth factors also increase chondrocyte stiffness.320 Thus, it is 

not surprising that the apparent Poisson’s ratio was higher for TGF-pi and IGF-I 

compared to control, as these changes in cellular structure likely improved the ability of 

the cell to translate axial to transverse strains, even as applied strains increased (Fig. 27). 

Theoretical models of cartilage may need to consider the biochemical and biomechanical 

milieu of the tissue and take into account the observed changes in cellular 

compressibility. Additionally, this effect on cellular compressibility may be related to the 

observed detrimental effects on chondrocyte viability and matrix synthesis due to high
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299 333magnitude mechanical stimuli (up to 50% compressive strain) on cartilage explants, ’ 

as these may reduce cellular volume beyond the point of recovery.

In this study, we also identified a possible change in the recovery behavior of 

chondrocytes at approximately 30-35% applied compressive strain (Figs. 29 and 30). 

This critical region is slightly higher than our previous work, where we identified a 

possible change in behavior between 25-30% apparent strain (discussed below). 

Physiological strains in femoral head cartilage have been measured to be 2-10%, with 

native chondrocytes likely experiencing a two-fold increase in strain compared to the 

macroscopic tissue.60 Though there are differences between species and joints,101'103 it is 

interesting that these estimates of physiological levels of cellular strain fall below the 

observed critical strain for chondrocytes. An enticing possibility is a direct link between 

this critical strain and the determination of chondrocyte behavior towards either 

degenerative or regenerative/homeostatic processes.

We have previously observed a two-fold stiffening effect of the growth factors 

with a concurrent increase in F-actin levels.320 Though we again detected a two-fold 

stiffening effect of the growth factors, the data show that IGF-I and TGF-pi did not 

substantially alter the critical region of strain. Taken together, these results question the 

role of the actin cytoskeleton in determining the critical region. Future work involving the 

direct disruption or stimulation of other specific cytoskeletal components should help 

elucidate the underlying basis of the critical region. The role of other physical 

phenomena such as active volume regulation should also be closely examined since these 

mechanisms are minimized by the ambient conditions304’324 of these experiments. It is 

possible that different physical mechanisms are predominant depending on the level of
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applied strain. For example, below the apparent critical strain for cells, passive diffusion 

and cytoskeletal components may be most responsible for re-establishing cellular 

dimensions. Above the critical strain, it is possible that other mechanisms, such as active 

volume regulation,324, 325 play a more important role. Establishing a fundamental 

understanding of chondrocyte biomechanics may be relevant to various cartilage 

processes. For example, changes in chondrocyte volume may be linked to matrix 

synthesis.326

It is important to note improvements to our technique compared to previous 

work67 that may account for the discrepancy in findings for the compressibility and slight 

increase in the critical strain, as well as other observations. Serum, which contains a 

variety of growth factors at unknown concentrations, was judiciously excluded from 

these experiments so that the effects of the individual growth factors would be isolated. 

It appears that the media components {i.e., presence or absence of serum and growth 

factors) affect the biomechanics of the cells, as the stiffness coefficients for the groups 

was about 50% less than the analogous relaxed moduli measured in our previous work 

that used serum.320 Additionally, the mean control Poisson’s ratio (0.18) was about 40% 

less than published values, while the growth factor groups (-0.30) were similar.66,67,266, 

306 This result highlights the influence of growth factors, added exogenously or through 

the addition of serum, on the cytoskeleton and its role in determining these cellular 

properties. These alterations in cellular biomechanics are likely related to the higher 

recovery time constants observed in this study compared to our previous work.67 It is 

important to note, however, that we have again observed increases in recovery time 

constants with applied strains,67 indicating that high strain, high frequency stimulation
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regimens of cartilage may cause irreparable damage to the cell. While relative changes 

due to growth factors or other treatments within a study can be observed with or without 

serum, the marked changes in the absolute values of the cellular characteristics again 

emphasizes the need to consider the environment of the cell when using these values.

Another alteration in this methodology compared to our previous work67 involved 

the image analysis. All analysis in this study was based on the applied strain to the cell at 

equilibrium deformation, as opposed to an apparent strain that was recorded once the 

platen was removed. The apparent strain would be less than the applied strain and hence 

account for the differences in critical strain ranges.67 The apparent strain in the previous 

study was also directly used in the calculation of the apparent Poisson’s ratio, whereas 

our calculations for apparent Poisson’s ratio and applied strain in this study were 

independent. Other important comparisons include the cell morphologies. Cells in each 

group largely retained a rounded shape, and the volume measurements (-700 pm3) are 

similar to previously reported values.324 The finding that TGF-pi increased cell size 

(-25% increase in volume over control) agrees with our prior work, though IGF-I did not 

alter the size as expected. It is possible that the effects of growth factors on single cells 

may be different when serum is present.

Our methodology has progressed in several important respects, but it is important 

to understand its limitations. In particular, the removal of the cell from its physiological

TO
environment alters cellular processes. Additionally, two-dimensional recordings of the 

cell may not fully capture its three-dimensional complexity, since 3D analysis of 

chondrocytes in compressed cartilage tissue has shown non-symmetrical deformation 

along split-lines.334 However, the results of this study are consistent with much of the
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literature, as discussed above. Moreover, the use of in vitro methods to study articular 

cartilage remains an important tool so long that results are kept in context. It is clear that 

the isolation of cells from their matrix retains at least some characteristics, including 

differences in zonal chondrocyte biomechanics66 and osteoarthritic chondrocyte 

characteristics.72

In summary, this study examined the effects of TGF-pi and IGF-I on single 

chondrocyte morphology, compressibility, biomechanics, and recovery behavior. The 

results build upon our previous single cell studies by allowing for the measurement of 

applied strain and the stiffness coefficient as well as the observation of chondrocyte 

recovery behavior. Using this methodology we have demonstrated that cell 

compressibility changes with strain and with growth factors. We have also shown that 

the critical region of strain does not change with the administration of these growth 

factors. Characterizing how chondrocytes respond to these physicochemical stimuli and 

understanding their underlying biomechanics may help elucidate etiologies for 

osteoarthritis and offer new directions for tissue engineering efforts.
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CHAPTER 5: Tissue engineering with chondrogenically- 

differentiated human embryonic stem cells*

Abstract

This study describes the development and application of a novel strategy to tissue 

engineer musculoskeletal cartilages with human embryonic stem cells (hESCs). This 

work expands the presently limited understanding of how to chondrogenically 

differentiate hESCs through the use of chondrogenic medium alone (CM) or CM with 

two growth factor regimens: TGF-P3 followed by TGF-pi + IGF-I; or TGF-P3 followed 

by BMP-2. It also extends the use of the resulting chondrogenically-differentiated cells 

for cartilage tissue engineering through a scaffold-less approach called self-assembly, 

which was conducted in two modes: with (1) embryoid bodies (EBs) or (2) a suspension 

of cells enzymatically dissociated from the EBs. Cells from two of the differentiation 

conditions (CM alone and TGF-P3 followed by BMP-2) produced fibrocartilage-like 

constructs, with high collagen I content, low collagen II content, relatively high total 

collagen content (up to 24% by dry weight), low sulfated glycosaminoglycan content 

(~4% by dry weight), and tensile properties on the order of megapascals. In contrast,

* Published as Koay, Hoben, and Athanasiou, “Tissue engineering with 

chondrogenically-differentiated human embryonic stem cells,” Stem Cells 2007; 25:2183- 

2190.
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hESCs treated with TGF-p3 followed by TGF-pi + IGF-I produced constructs with no 

collagen I. Results demonstrated significant differences between the differentiation 

conditions in terms of other biochemical and biomechanical properties of the self

assembled constructs, suggesting that distinct growth factor regimens differentially 

modulate the potential of the cells to produce cartilage. Furthermore, this work shows 

that self-assembly of cells obtained by enzymatic dissociation of EBs is superior to self- 

assembly of EBs. Overall, the results of this study raise the possibility of manipulating 

the characteristics of hESC-generated tissue toward specific musculoskeletal cartilage 

applications.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

Introduction

There is a need for musculoskeletal cartilage replacements due to the inability of 

native cartilages to heal effectively. In particular, fibrocartilages like the knee meniscus 

and temporomandibular joint (TMJ) disc, as well as hyaline articular cartilage, are the 

focus of tissue engineering research efforts due to the wide prevalence of their disease 

and injury. The diverse strategies to engineer these cartilages share the major obstacle of 

identifying a readily available cell source that can be used in patients. Though there are 

challenges with the use of human embryonic stem cells (hESCs), such as teratoma 

formation, these cells have tremendous potential for regenerative medicine efforts. For 

example, the pluripotency of hESCs makes it conceivable that the naive cells can be 

differentially coaxed in vitro and used to functionally produce different musculoskeletal 

cartilages. Accomplishing this feat requires significant investigation in two areas, 

chondrogenic differentiation and tissue engineering.

Studies with adult stem cells,196,319,336-338 as well as recent work with hESCs,164’ 

189,339-343 pj-Qyj^g important knowledge in formulating new strategies for using hESCs in 

cartilage tissue engineering. Chondrogenic differentiation of mesenchymal and 

embryonic stem (ES) cells has been performed most commonly with growth factors, such 

as TG F-pi, TGF-p3, BMP-2, BMP-4, and IGF-I, singly164, 181' 184, 189, 339'344 or in 

combination.345 Also widely used are biochemical agents that have roles in 

chondrogenesis and collagen production, such as dexamethasone, ITS (insulin,

1&Q T 1 Q  " l i e
transferrin, and selenious acid), ascorbic acid, and L-proline. ’ ’ ’ Additionally,

the growth environment of the ES cells may be important.189,339,343 For the most part, 

these studies have demonstrated chondrogenic differentiation through analysis of gene
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expression with PCR,164' 189, 341’ 343, 347 characterization of cartilage matrix with 

histology,164’189,341,343 or identification of cell surface and cell associated matrix markers 

with flow cytometry.343,348-354 While these characterizations help to determine if cells 

exhibit a chondrocytic (or fibrochondrocytic) phenotype, a functional approach to using 

any cell source for engineering purposes should incorporate quantitative evaluations of 

the biochemical and biomechanical properties of the generated tissue.355

Quantitative evaluations should be used in engineering studies because the 

amounts of specific collagens and glycosaminoglycans (GAGs) can vary considerably 

between different cartilages, and the structural arrangement of these matrix molecules 

largely defines their biomechanical functions.356 Thus, cell applicability toward cartilage 

applications can be determined with a complement of quantitative and qualitative 

assessments of the engineered tissues. Few studies have applied this functional approach 

to cartilage tissue engineering with any stem cell source, and, to our knowledge, no study 

has demonstrated the ability to differentially modulate the functional chondrogenic 

potentials of hESCs (i.e., engineer tissues with different biochemical and biomechanical 

properties). This study offers this functional approach to assess how distinct 

differentiation conditions affect hESCs.

In addition to the chondrogenic differentiation of stem cells, using the 

differentiated cells for cartilage tissue engineering remains a challenge since there are 

many potentially fruitful strategies, such as the use of hydrogels and scaffolds.130,141,336,

As an alternative, we have recently developed a scaffold-less strategy called 

self-assembly. ’ Originally, this process utilized native chondrocytes that were 

sedimented at a high density into an agarose-coated well. No scaffold material was
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necessary for the cells to form tissue with hyaline-like qualities in terms of morphology, 

protein composition, and biomechanics.155’ 252 The principles derived from these self- 

assembly studies provide a promising starting point for an emerging technology like 

hESCs.

Considering the progress with stem cells and cartilage tissue engineering, the aims 

of this study were 1) to analyze the differentiation of hESCs after applying specific 

combinations of cartilage-relevant growth factors (i.e., TGF-P3, TGF-|31, IGF-I, and 

BMP-2) and 2) to tissue engineer cartilage with these differentiated cells using self- 

assembly. We sought to address whether cells with different chondrogenic potentials 

would be generated when hESC EBs were exposed to different combinations of growth 

factors. To determine how to tissue engineer cartilages using self-assembly, two groups 

were sedimented into agarose wells: EBs or enzymatically-dissociated cells (DCs) from 

the EBs. The expectation was that DCs would result in improved tissue properties 

compared to EBs. A full-factorial design, using three differentiation conditions and two 

modes of self-assembly (EB or DC), was employed to address the aims and overarching 

questions of this study.

Methods

Culture conditions 

hESC expansion

The NIH-approved hESC line BG01V171’ 172 (American Type Culture Collection, 

Manassas, VA, http://www.atcc.org) was cultured according to standard protocols. 

Briefly, a feeder layer of gamma-irradiated CF-1 (Charles River Laboratories,
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Wilmington, MA, http://www.criver.com) mouse embryonic fibroblasts (MEFs) at a 

density of 5x10s MEFs per well of a Nunc 6-well dish (Fisher Scientific, Hampton, NH, 

http://www.fishersci.com) was used in the expansion of the hESCs. Frozen hESCs at 

passage 16 (p i6) were thawed according to standard protocol and sub-cultured. A 

growth medium consisting of DMEM/F-12 (Gibco, Gaithersburg, MD, 

http://www.invitrogen.com), ES-qualified FBS (ATCC), L-glutamine (Gibco), knock out 

serum replacer (Gibco), and non-essential amino acids (NEAA, Gibco) was used. The 

hESCs were passaged with collagenase IV (Gibco) every 4-5 days and were used for the 

experiment at p21.

Embryoid body formation and differentiation conditions

Dispase solution (0.1% w/v in DMEM/F-12) was applied for 10-15 min to 

colonies of undifferentiated hESCs in monolayer when the colonies reached 70-80% 

confluence. This enzymatic treatment predominantly lifts the hESC colonies from the 

culture dish, leaving MEFs behind and forming embryoid bodies (EBs) from the hESC 

colonies.361 After two washes and centrifugations with DMEM/F-12, the EBs were 

suspended in a chondrogenic medium (CM) consisting of high-glucose DMEM (Gibco), 

10'7 M dexamethasone, ITS+ Premix (6.25 ng/ml insulin, 6.25 mg transferrin, 6.25 ng/ml 

selenious acid, 1.25 mg/ml bovine serum albumin, and 5.35 mg/ml linoleic acid; 

Collaborative Biomedical, San Jose, CA, http://www.bdbiosciences.com), 40 pg/ml L- 

proline, 50 pg/ml ascorbic acid, 100 pg/ml sodium pyruvate, and 1% FBS (Gemini Bio- 

Products, West Sacramento, CA, http://www.gembio.com). The EBs were distributed 

into bacteriological petri dishes (Fisher) by placing EBs from two 6-well culture plates
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into each petri dish and using 18 ml of medium per dish. Three differentiation conditions 

were applied to the EBs in this experiment: (1) CM alone for 28 days (designated CM), 

(2) CM with TGF-P3 (10 ng/ml) for 7 days followed by the combination of TGF-[31 (10 

ng/ml) and IGF-I (100 ng/ml) for 21 days (designated D l), and (3) CM with TGF-P3 (10 

ng/ml) for 7 days followed by BMP-2 (10 ng/ml) for 21 days (designated D2). For the 

entire experiment, medium, and, when applicable, growth factors were completely 

changed every 48 hrs. EBs were used for self-assembly or for histological analysis at t=4 

weeks.

Self-assembly of chondrogenically-differentiated hESCs

After 28 days of differentiation (t=4 weeks), EBs in each of the three 

differentiation groups were separated into two equal subgroups. One subgroup of EBs 

from each differentiation condition was digested in 0.05% trypsin-EDTA (Gibco) for 1 

hr. Cells from each digest were counted with a hemocytometer, washed with DMEM 

containing 1% FBS, centrifuged at 200 x g, and resuspended at a concentration of 

5.0xl05 cells per 20 pi in CM. Constructs were made by seeding the dissociated cell 

(DC) suspension into 3-mm wells of 2% agarose (5.0x10s cells per well).

The other subgroup comprised the undigested EBs, which were centrifuged at 200 

x g and resuspended in CM. EBs were seeded into 5-mm wells of 2% agarose using an 

equivalent of lxlO 6 cells per construct (based on the hemocytometer count). The two 

self-assembly modes (EB and DC) were carried out over the ensuing 4 weeks, culturing 

all constructs made from the three differentiation conditions in CM alone (i.e., without 

any exogenous growth factors).
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Assessments

Analysis of differentiated EBs

At t=4 weeks, a small number of EBs from each differentiation condition were 

collected for analysis. For visualization of Sox-9, some of the cells obtained from the 

trypsin digestion at 4 weeks of differentiation were plated at a density of 4 .0xl05 per ml 

onto a glass slide and allowed to attach overnight. The cells were then fixed with 3.7% 

paraformaldehyde for 20 min, incubated with Triton-X 100 for 20 min at room 

temperature, blocked with 3% BSA for 30 min, incubated with Sox-9 primary antibody 

(Anaspec, Inc., San Jose, CA) for 2 hrs, and then incubated with Alexa Fluor® 546 

conjugated goat anti-rabbit IgGi secondary antibody (Invitrogen, Carlsbad, CA, 

http://www.invitrogen.com) for 1 hr. PBS washes were performed between each of these 

steps.

EBs were also cryo-sectioned and stained for collagens using picrosirius red, 

GAGs using Alcian blue, and collagen I and collagen II using immunohistochemistry 

(IHC), as previously described.155 Stains for mesodermal tissue markers were used to 

detect unwanted differentiation, including von Kossa (calcified tissues such as bone), 

Masson’s trichrome (muscle), and Oil red O (adipose). Standard protocols were followed 

for each of these stains.

Analysis of self-assembled constructs

At the t=8 weeks time point (after 4 weeks of self-assembly), each construct was 

measured for wet weight after carefully blotting excess water. Diameter and thickness
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measurements were made using digital calipers with an accuracy of 0.01 mm (Mitutoyo, 

Aurora, IL, http://www.mitutoyo.com). Constructs were either used for histology, 

biochemical assays, or biomechanical testing. Histological assessments for self

assembled constructs included picrosirius red, Alcian blue, IHC for collagen I and 

collagen II, von Kossa, Masson’s trichrome, and Oil red O. Additionally, picrosirius red 

samples were analyzed with a polarized microscope (Nikon, Melville, NY, 

http://www.nikonusa.com) to visualize collagen alignment. Biomechanical testing 

included tensile testing using an Instron 5565 (Instron, Norwood, MA, 

http://www.instron.us) and unconfined compression using a modified creep indentation 

apparatus.362 For tensile testing, specimens were cut from the cylindrical constructs into 

dog-bone shapes and pulled at a strain rate of 1%/s until failure. Gauge length, thickness 

and width of the specimens were measured with digital calipers so that load and 

extension measurements could be converted to stress and strain. Similar to the whole 

constructs, collagen alignment of the tensile specimens was analyzed with picrosirius red 

staining and polarized light. For unconfined compression testing, constructs were 

allowed to equilibrate in PBS for 10 min, and then subjected to an instantaneous 1.96 mN 

test load. The creep test was allowed to run for at least 1 hr, which was long enough to 

achieve deformation equilibrium. With the unconfined compression creep data, intrinsic 

material properties of the constructs were obtained using a previously developed 

viscoelastic model.65

Biochemical assays included dimethylmethylene blue (DMMB), hydroxyproline, 

picogreen, and ELISAs for collagens I and II. Samples were lyophilized for 48 hrs, and 

dry weights were measured. Previously described protocols were used for DMMB and
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hydroxyproline tests, and one set of samples was used for these two assays.155 For 

collagens I and II, Chondrex reagents and protocols were used (Chondrex, Redmond, 

WA, http://www.chondrex.com), with the exception that constructs were digested with 

papain (rather than pepsin) at 4°C for 4 days, followed by a 1 day elastase digest. The 

picogreen assay was performed with this set of samples, using a multiple of 7.7 pg DNA 

per cell.

Statistics

Data were analyzed with a two factor ANOVA, using Tukey’s post hoc test when 

applicable and a significance value of p<0.05. At least four samples were analyzed for 

biochemical assays and biomechanical tests for all groups. All data are reported as mean 

± standard deviation.

Results

Chondrogenic differentiation o f EBs at t= 4  weeks

During the 4 weeks of differentiation in EB form, EBs noticeably grew in size 

with the CM (chondrogenic medium without growth factors) and D2 (CM with additives 

of TGF-P3 followed by BMP-2) groups, while D1 (CM with additives of TGF-P3 

followed by TGF-pi and IGF-I) EBs did not appear to change in size. The morphology 

and histology of the EBs at t=4 weeks is shown in Fig. 31-A. The collagen I and 

collagen II IHC illustrate that the cartilaginous matrix in the EBs was loosely connected 

and unorganized, with all three differentiation conditions exhibiting collagen I most 

prominently. Alcian blue staining for all groups at this time point was minimal (data not
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shown). Dissociation of the EBs with trypsin resulted in a cell suspension, though some 

cells were still connected with extracellular matrix (ECM) after the 1-hr digestion. Most 

of the cell suspension was used to make constructs, with at least 8 DC constructs being 

self-assembled from each differentiation regimen. Similarly, at least 8 EB constructs 

were self-assembled from each group. A small portion of the cell suspension was used to 

analyze Sox-9 expression and cell morphology (Fig. 31-B). While the cells generated 

from each differentiation regimen at t=4 weeks exhibited Sox-9 protein expression, they 

demonstrated distinct cell morphologies. CM and D1 cells were rounded and 

approximately the same size as native articular chondrocytes. D2 cells appeared larger 

and fibroblastic. Histological analyses for calcified tissue (von Kossa), muscle 

(Masson’s trichrome), and adipose (Oil red O) were negative at this time point (data not 

shown).

Self-assembled constructs 

Morphology

After the initial seeding of the dissociated cells (DCs) into the 3-mm agarose 

wells, cells coalesced within 24 hrs into constructs that were slightly smaller than the 

well. Over the following weeks, the spacing between cells in each construct increased as 

they produced ECM, causing the constructs to appear smooth and cartilaginous (Fig. 32-

A). The amount of EBs for each group seeded into the 5-mm wells was enough to cover 

the entire bottom surface initially. Over the ensuing weeks, CM and D2 constructs filled 

the well, while D1 constructs appeared to shrink away from the outer edges. EB
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constructs never achieved homogeneity during the experiment. A clear matrix connected 

EBs in a construct, and the constructs appeared highly hydrated (Fig. 32-A).

Construct morphological measurements are shown in Fig. 32 below the gross 

morphological pictures. D1 constructs had significantly lower thickness and wet weight 

compared to CM constructs for both EB and DC groups (p<0.05), while D2 constructs 

were not different from either of the differentiation conditions. At t=8 weeks, CM and 

D2 constructs demonstrated uniform staining for collagens I and II, regardless of self- 

assembly mode (EB or DC, Fig. 32-B). D1 constructs also demonstrated uniform 

staining for collagen II but no significant staining for collagen I (Fig. 32-B), for both EB 

and DC self-assembled constructs. Intense picrosirius red staining in all self-assembled 

constructs illustrated the matrix-producing capacity of the differentiated cells (Fig. 32-B). 

Conversely, Alcian blue staining was minimal (Fig. 32-B). An interesting finding with 

histology was that a central pocket of fluid had formed within the DC constructs (Fig. 32- 

B). This was noted primarily in the CM and D2 constructs. At the end of the 8 week 

experiment, other mesodermal tissues (bone, muscle, adipose) were not detected by 

histology (data not shown).

Biochemical analysis

When comparing between EB and DC self-assembled groups for biochemical 

content, normalized by dry weight (dw), DC constructs demonstrated greater matrix 

production (both collagen and GAG) (p<0.05), as shown in Fig. 33. The measurements 

for hydroxyproline showed that the D1 DC group did not produce as much collagen 

(5.2% by dw) as the other two groups, with CM and D2 DC constructs producing 17.9%
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and 24.1% by dw, respectively (Fig. 33-A). Although Alcian blue staining was not 

substantial, the DMMB assay demonstrated the presence of sulfated GAGs in all 

constructs (Fig. 33-B). The water content for engineered constructs in all groups was 

approximately 90% (91.1+2.7% for CM DC, 85.5+5.8% for D1 DC, 89.7+5.1% for D2 

DC, 92.8%±3.3% for CM EB, 94.2%+2.6% for D1 EB, and 91.7+2.3% for D2 EB).

Picogreen demonstrated that the number of cells per construct was significantly 

different between CM and D1 groups (p<0.05), while D2 constructs were not different 

from the other two groups (Fig. 34-A). ELISAs for collagens I and II demonstrated that 

the production of collagens I and II varied between each differentiation regimen and 

between DC and EB constructs (Fig. 34-B and C). Specifically, collagen I production per 

cell was significantly higher in CM constructs compared to the other two differentiation 

agents (for example, in pg x 10'2/cell, 4.8±1.2 for CM DC, -0.5±0.5 for D1 DC, and 

3.8+0.9 for D2 DC, p<0.05). D1 constructs demonstrated undetectable collagen I, which 

echoed the IHC results for this group. The ELISA data also demonstrated that DC 

constructs had higher collagen I and lower collagen II production per cell than EB 

constructs (p<0.05). Differentiation condition was a significant factor when analyzing 

the collagen II ELISA, with CM constructs having higher collagen II content compared to 

D2 constructs. For example, CM DC samples had over 2-fold higher collagen II content 

per cell than D2 DC samples (0.8+0.4 vs. 0.3+0.1 pg x 10'3/cell, p<0.05). D1 constructs 

were not significantly different compared to the other two differentiation agents in terms 

of collagen II content per cell.
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Biomechanical analysis

Unconfined compression testing of the self-assembled constructs demonstrated 

that DC constructs had a significantly higher instantaneous modulus compared to EB 

constructs (p<0.05), while there was no significant difference between CM, D l, and D2 

constructs (Fig. 35). There was no statistical difference between any treatments in terms 

of their relaxed modulus (2.2+1.5 kPa for CM DC, 1.7+0.8 kPa for D l DC, 1.3+0.3 kPa 

for D2 DC, 0.7±0.1 for CM EB, 1.8+0.7 kPa for D l EB, and 0.8±0.2 kPa for D2 EB). 

The CM and D2 DC constructs exhibited a higher apparent viscosity than all other 

treatments (2778+817 kPa-s for CM DC, 1489+857 kPa-s for D l DC, 2487+980 kPa-s 

for D2 DC, 539+208 kPa-s for CM EB, 1445+572 kPa-s for D l EB, and 693+356 kPa-s 

for D2 EB).

Tensile testing (Fig. 36) showed that D2 DC constructs had an over 5.5-fold 

higher tensile modulus (3.3+0.7 vs. 0.6+0.5 MPa) and 2.8-fold higher ultimate tensile 

strength compared to D l constructs (1.1+0.1 vs. 0.4±0.3 MPa). Comparing these tensile 

properties of D2 to CM constructs yielded similar increases (6.6-fold and 2.8-fold, 

respectively). Polarized light microscopy performed directly on tensile tested specimens 

demonstrated collagen alignment in the direction of tensile testing for D2 DC tensile 

specimens while CM and D l tensile specimens did not (Fig. 36). Moreover, D2 

constructs exhibited a higher degree of collagen alignment than CM and D l constructs in 

the untested DC samples. EB constructs were not testable under tension.
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Discussion

This study establishes a new methodology to study cartilage tissue engineering 

with hESCs. The use of self-assembly as a tissue engineering strategy resulted in 

quantitative data that addressed two questions. First, we investigated whether cells with 

different chondrogenic potentials would be generated when hESCs were exposed to 

distinct growth factor regimens for 4 weeks. We assessed this after the cells had formed 

neocartilage (at t=8 weeks), showing differences in the chondrogenic potential of CM 

(chondrogenic medium), D l (TGF-P3 followed by TGF-|31 with IGF-I, added to CM), 

and D2 (TGF-P3 followed by BMP-2, added to CM) cartilage constructs in terms of 

morphology, biochemistry, and biomechanics. These properties also addressed the 

second major question of the study, illustrating that DC constructs outperform EB 

constructs and thereby highlighting the importance of enzymatic dissociation of EBs 

prior to self-assembly. These findings represent incremental steps toward functional 

engineering of different types of musculoskeletal cartilages with hESCs.

Functional goals for engineering a cartilage replacement with any cell source, 

including hESCs, logically begin by studying the healthy native tissue. A number of 

characterization studies have been carried out to understand the relationship between 

cartilage structure and function.356 The constructs engineered in this study generally 

exhibited properties most similar to the fibrocartilages, particularly the TMJ disc and the 

outer portion of the knee meniscus. The constructs had relatively high total collagen 

contents (up to 24% by dw in this study vs. ~80% by dw for native TMJ and outer 

meniscus), low sulfated GAG contents (about 4% by dw in this study vs. 0.6 to 10% for
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native TMJ and outer meniscus), and relatively high tensile properties (order of 1 MPa in 

this study vs. order of 10-100 MPa for the native fibrocartilages). These fibrocartilages 

are also notable for their high collagen I content and low to absent collagen II content. 

Both CM and D2 constructs demonstrated this pattern, while D l constructs did not 

contain detectable collagen I.

Although the absolute values for certain tissue design parameters may not seem 

substantial when the hESC-generated cartilages are compared to native tissues, the results 

are notable in the context of previous work in the cartilage and stem cell communities. 

Compared to studies using biomaterials as scaffolds, as well as our original work 

describing self-assembly, the constructs produced by chondrogenically-differentiated 

hESCs have comparable collagen content (around 1 to 2% by wet weight), but lower 

sulfated GAG.155,363,364 Even though the current study produced mostly fibrocartilage 

and these previous tissue-engineering studies155,363,364 produced hyaline-like cartilage 

with native chondrocytes, this comparison demonstrates the matrix-producing capacity of 

the differentiated hESCs. We have also measured tensile properties on the order of 1 

MPa with native chondrocyte self-assembled constructs (unpublished results). 

Pioneering work by Elisseeff and associates343 with hESCs that were chondrogenically 

differentiated with members of the TGF-P superfamily in hydrogels resulted in a sulfated 

GAG content around 7% by dw (vs. about 4% in this study). The engineered tissue in 

this study builds upon this original work and is at least on par with the prior art in several 

important design parameters.

This study also contributes evidence that the chondrogenic potential of hESCs can 

be altered with soluble differentiation agents. We constructed the differentiation
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regimens such that TGF-J33 would be administered during the critical early period of ES 

cell differentiation when the specification of mesodermal cells into precursors of different 

lineages may occur.164 After this initial stage, we tested whether the functional capacity 

of these cells to produce cartilage could be altered by either the combination of TGF-P1 

with IGF-I or BMP-2 alone, considering the success of these growth factors with other 

systems164,189,319,336,338~343’349’365> 366 and taking into account their varying roles in the 

differentiation and biological actions of cells.366'369 Differences were observed at t=4 

weeks in terms of cell morphology and at t=8 weeks in terms of construct morphology 

(Fig. 32), biochemistry (Figs. 33 and 34), and tensile properties (Fig. 36). Since cells 

from each differentiation condition were cultured in the basal chondrogenic medium 

without exogenous growth factors during self-assembly, these data collectively indicate 

that the cells generated after 4 weeks of EB differentiation had varying capacities to 

produce cartilage.

Tensile testing revealed the most dramatic difference between differentiation 

conditions. D2 tensile specimens exhibited the highest degree of collagen alignment, and 

this finding appears to account for the higher tensile modulus and ultimate tensile 

strength of this group (Fig. 36). Whether this is a true functional difference needs further 

investigation. One explanation for the apparent differences in degree of alignment and 

tensile properties is that the D2 cells, which had a more fibroblastic morphology (Fig. 31-

B), had a better ability to organize the collagen network. The link between cell shape and 

function has been well established in various types of cartilage.356 Additionally, in native 

cartilages, the resident cells, such as chondrocytes, remodel the matrix on a regular 

basis.370
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Another curious finding was the pocket of fluid inside of the CM and D2 

constructs. We have previously encountered fluid-filled interiors in other self-assembled

”371constructs. In that instance, it was postulated that the phenomenon was a result of the 

use of a xenogenic serum, which was a medium component used in this study. Others 

have used human chondrocytes with bovine serum and noted fluid-filled spheroids.372 

Our initial self-assembly study used bovine cells and bovine serum, and encountered no 

fluid-filled region.155 Another possibility for the fluid-filled interior encountered in this 

study is that a different cell population (chondrogenic or non-chondrogenic) accumulated 

in this space, but the histological evidence did not offer support of this idea. In future 

studies, we will seek to understand the underlying cause of this phenomenon and 

eventually eliminate this undesirable feature.

While characterization of the differentiation process was one major goal of this 

study, we also determined how the differentiated hESCs responded to the transition from 

differentiation in EB form to tissue engineering. While constructs made with both self- 

assembly modes, EB and DC, expressed cartilage proteins, the gross appearance (Fig. 

32), total collagen and sulfated GAG contents (Fig. 33), and biomechanical properties 

(compressive, Fig. 35, and tensile, Fig. 36) of the DC constructs were better. 

Additionally, the ELISA results (Fig. 34) suggested that the process of digesting the EBs 

after 4 weeks of differentiation and subsequently placing the cells into agarose wells for 

self-assembly increases collagen I content and decreases collagen II content. In 

comparing EB and DC constructs, it is important to note that the difference in initial 

construct size (3-mm wells for DC constructs and 5-mm wells for EB constructs) was 

necessary due to difficulty with seeding the EBs into 3-mm wells. This difference in
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construct size between EB and DC groups necessitated comparisons normalized by cell 

number and dry weight. Given the marked differences found between these two groups 

with this analysis, we postulate that the ECM produced by the EBs during the first 4 

weeks hindered cell-cell contacts and lowered the concentration of cells when they were 

placed in agarose molds for self-assembly. On the other hand, enzymatic dissociation of 

the EBs and subsequent seeding of the cells into agarose molds promoted direct cell 

contacts and a higher cell density. Even in normal development of cartilaginous tissues, 

such as articular cartilage, mesenchymal precursors aggregate at high density with direct 

cell contacts as an early step of chondrogenesis.94

The findings of this study offer proof of concept for the developed system, though 

certain challenges remain. The mouse-derived feeder layer creates the possibility of 

having a small amount of irradiated xenogenic contaminants in the hESC constructs. 

Current progress with hESCs in feeder-free and human feeder systems indicates that this 

hurdle can be overcome.373'376 Additionally, though we stained for other mesodermal 

tissues, we cannot completely rule out the presence of unwanted or incomplete 

differentiation. Any future therapy using hESCs must eliminate the possibility of 

teratoma formation.

Though the system cannot address all of these concerns currently, it offers a 

simple and robust design that is amenable to improvement. Chondrogenically- 

differentiated hESCs, chondrogenic medium, and an agarose mold are the major 

components of this system, with EB differentiation and self-assembly representing two 

important phases of the experiment. The modular design of this tissue engineering 

methodology accommodates perturbations to each of the key components during each

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



123

phase to study how hESCs differentiate and how these differentiated cells can be used to 

engineer cartilage. With this system, a number of hypothesis-driven investigations into 

the effects of different seeding densities, different growth environments, and other 

biochemical and biomechanical differentiation agents can be conducted in the future. 

Beyond the goal of functional cartilage engineering, a major challenge will be to 

understand how these factors affect specific biochemical differentiation pathways. The 

developed methodology can also be used as a model system for this fundamental 

research.

In summary, a system for studying cartilage tissue engineering with hESCs has 

been developed that can discern functional differences between engineered cartilages 

made from chondrogenically-differentiated hESCs that were exposed to distinct 

differentiation conditions. We have also shown the importance of enzymatic dissociation 

of EBs during the transition from EB differentiation to self-assembly. For our laboratory, 

this work sets the stage for an exciting new line of investigations into the engineering of 

specific musculoskeletal cartilages with hESCs, including the knee meniscus, TMJ disc, 

and hyaline articular cartilage.
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List of abbreviated terms

CM chondrogenic medium

D l differentiation condition 1 (CM with TGF-P3 followed by TGF-pi

and IGF-I)

D2 differentiation condition 2 (CM with TGF-P3 followed by BMP-2)

DCs dissociated cells

EBs embryoid bodies

ES cells embryonic stem cells

GAGs glycosaminoglycans

hESCs human embryonic stem cells

MEF mouse embryonic fibroblast

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



125

CHAPTER 6: Fibrochondrogenesis in two embryonic stem cell 

lines: Effects of differentiation timelines*

Abstract

Human embryonic stem cells (hESCs) are an exciting cell source for 

fibrocartilage engineering. In this study the effects of differentiation time and cell line, 

H9 versus BG01V, were examined. Embryoid bodies (EBs) were fibrochondrogenically 

differentiated for 1, 3, or 6 weeks and then used to engineer tissue constructs that were 

grown 4 additional weeks. Construct matrix was fibrocartilaginous, containing 

glycosaminoglycans (GAGs) and collagens I, II, and VI. A differentiation time of 3 or 6 

weeks produced homogeneous constructs with matrix composition varying greatly with 

cell line and differentiation time: from 2.6 to 17.4 pg GAG/106 cells and 22.3 to 238.4 pg 

collagen/106 cells. Differentiation for 1 week resulted in small constructs with poor 

structural integrity that could not be mechanically tested. The compressive stiffness of the 

constructs obtained from EBs differentiated for 3 or 6 weeks did not vary significantly as 

a function of either differentiation time or cell line. In contrast, the tensile properties were 

markedly greater with the H9 cell line, 1562-1940 kPa versus 32-80 kPa in the BGOIV

* Accepted as Hoben, Koay, and Athanasiou, “Fibrochondrogenesis in two 

embryonic stem cell lines: Effects of differentiation timelines,” Stem Cells 2007.
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constructs. These results demonstrate the dramatic effects of hESC cell line and 

differentiation time on the biochemical and functional properties of tissue engineered 

constructs, and show progress in fibrocartilage tissue engineering with an exciting new 

cell source.
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Introduction

Injuries to the fibrocartilages of the body, especially the knee meniscus, most 

commonly result in disabling arthritis. Tissue engineering of a replacement tissue offers a 

possible remedy. Most tissue engineering strategies have utilized primary cells but over 

time, the field has begun shifting towards stem cells. This shift occurred due to a lack of 

sufficient autologous healthy tissue to provide enough cells for a tissue engineered 

construct. Moreover, the goal of taking only a small biopsy of native tissue and 

expanding those cells to reach the needed number has been confounded by issues of 

dedifferentiation, low synthetic capacity, and limited expansion.38,54,377,378 These issues 

are even more pronounced in fibrocartilage compared to hyaline cartilage as 

fibrochondrocytes in vitro show inferior matrix production compared to chondrocytes.379, 

380 Towards a goal of tissue engineering fibrocartilages, such as the knee meniscus, 

temporomandibular joint disc, and intervertebral disc, both adult and embryonic stem 

cells may have the capacity to overcome these issues, but also bring their own challenges.

One of the biggest challenges is differentiating the cells. A common treatment in 

many differentiation studies is the use of serum-free or low serum “chondrogenic”

7 4 A  7 8 1  7 8 '}medium containing insulin, ascorbic acid, and dexamethasone. ’ ’ The addition of a

transforming growth factor-(3 (TGF-P) superfamily growth factor has also been 

commonly used for chondrogenic differentiation. For example, in human embryonic stem 

cell (hESC) studies, bone morphogenic protein-2 (BMP-2) and TGF-P 1 have been
toi:

studied for their efficacy in inducing chondrogenic differentiation. ’ " An additional

component to this differentiation has been the microenvironment for differentiation. This 

microenvironment can be in terms of differentiating the embryoid bodies (EBs) in
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suspension, on a 2D surface, or a 3D scaffold such as a hydrogel or polymer scaffold. 

This microenvironment can also include the presence of other cell types for the purpose 

of differentiation (Table 3). How long to differentiate the cells prior to using them in a 

tissue engineering strategy is another factor that must be considered. Time frames as 

short as 8 days have been used, while Khoo et al. found that hESCs spontaneously 

differentiated down a cartilaginous lineage after 60 days. While there is a wide array of 

studies examining each of these components with adult stem cells,388,389 the field is just 

beginning with hESCs.

In this study we employed chondrogenic medium as the primary differentiation 

treatment for hESC EBs in suspension. The time for differentiation was varied from 1 to 

6 weeks, with the hypothesis that with increasing differentiation time more 

fibrocartilaginous matrix would be produced in the EBs, and the cells from these EBs 

could be used to create biochemically and functionally fibrocartilaginous tissue 

constructs. To address this hypothesis, the differentiated cells from the EBs were placed 

in high density culture as part of a self- assembly process,155 and the resulting constructs 

were biochemically and functionally characterized (Figure 37). Two different hESC lines, 

H9 and BG01V, were compared in this study as an initial examination of the level of 

variation in cartilaginous lineage differentiation between hESC lines. Such variation 

certainly has implications for future clinical work, but also important considerations for 

in vitro studies particularly since the BG01V line has less stringent culture

171 1 7 2requirements. ’
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Methods 

Cell Culture

H9 hESCs (abbreviated ‘H9,’ Wicell, Madison, WI) were cultured according to 

the manufacturer’s instructions on irradiated CFI mouse embryonic fibroblasts (MEFs) 

(Charles River Laboratory, Wilmington, MA). Colonies were passaged using 0.1% type 

IV collagenase (Invitrogen, Carlsbad, CA) every 4-6 days. BG01V hESCs (abbreviated 

‘BG,’ ATCC, Manassas, VA) were cultured according to manufacturer’s instructions and 

similarly grown on irradiated MEFs and passaged every 4-6 days. Embryoid bodies 

(EBs) were formed by incubating the cells in 0.1% dispase for 15-20 min and gently 

pipetting to remove the EBs from the MEF layer. EBs were resuspended in chondrogenic 

medium containing 1% fetal bovine serum (FBS) (Gemini, W est Sacramento, CA), 

DMEM with 4.5 g/L-glucose and L-glutamine (Invitrogen, Carlsbad, CA), 1% non- 

essential amino acids, 0.4 mM proline, 50 pg/ml L-ascorbate-2 phosphate, 100 pg/ml Na 

pyruvate, 1% ITS+ (BD Biosciences, San Jose, CA), and 100 nM dexamethasone. To 

facilitate EB formation, the resulting suspension was placed on 2% agarose (Sigma, St. 

Louis, MO) coated 24 well plates for 4 hours. At this time the suspension was collected 

into Petri dishes. EBs were grown in Petri dishes with half medium changes every 2 days. 

EB growth was monitored by light microscopy with a stage micrometer on an Axioplan 2 

microscope (Zeiss, Oberkochen, Germany).

Construct preparation

EBs were collected after 1, 3, and 6 weeks ‘differentiation time.’ A portion of the 

EBs was set aside for analysis, and the remaining EBs were digested to form a cell
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suspension. First, EBs were washed in DMEM and digested with 0.05% trypsin-EDTA 

(Sigma, St. Louis, MO) for 1 hr with stirring. Any remaining matrix was then digested 

with 0.2% type II collagenase (Worthington, Lakewood, NJ). The collagenase digestion 

was terminated when undigested material was no longer visible (15 minutes to 1 hour). 

The cells were then counted and 5x l05 cells were seeded into 3 mm 2% agarose wells 

and allowed to self assemble into constructs. Media changes were performed every other 

day. The resulting constructs were collected after 2 and 4 weeks (post assembly time). 

Samples were taken from the constructs for histology/immunochemistry, quantitative 

biochemistry, mechanical testing, and flow cytometry analysis. Constructs are referred to 

in the text according to their cell line (abbreviated H9 or BG) and their differentiation 

time in EB form.

Histology and immunohistochemistry

Samples were frozen and sectioned at 12 pm. Hematoxylin and eosin staining was 

used to examine EB and construct morphology, Safranin-0 and fast green staining was 

used to examine glycosaminoglycan (GAG) distribution, and Picrosirius red staining was 

used to analyze collagen distribution. To determine if undesired differentiation had 

occurred, Von Kossa and Oil Red-0 stains were performed for evidence of calcification 

and adipose tissue, respectively. Immunohistochemical analysis was performed by fixing 

sections in chilled acetone, rehydrating, treating with 3% H2O2 in methanol, and blocking 

with horse serum. The following primary antibodies were diluted in PBS and applied for 

1 hour: 1:300 rabbit anti-human collagen VI pAb (US Biologicals, Swampscott, MA), 

1:500 rabbit anti-human collagen II pAB (Cedarlane, Burlington, NC), 1:750 mouse anti
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human collagen I (Chondrex, Redmond, WA), and 1:150 mouse anti-human a smooth 

muscle actin (aSMA) (Sigma, St.Louis, MO). Visualization using a secondary 

biotinylated antibody, the ABC reagent, and DAB was performed using the Vectastain kit 

(Vector Laboratories, Burlingame, CA), and counterstaining was done with Harris’s 

Hematoxylin. Sections of articular cartilage, meniscal fibrocartilage, bone, and skin tissue 

were run as positive controls.

Quantitative biochemistry

Samples were lyophilized for 48 hours and digested in 125 pg/rnl papain (Sigma, 

St.Louis, MO) for 18 hours at 60°C. Cell number was determined using Picogreen® Cell 

Proliferation Assay Kit (Molecular Probes, Carlsbad, CA). A hydroxyproline assay was 

performed to gauge total collagen using bovine collagen standards (Sircol, Newtonabbey, 

Northern Ireland). Sulfated GAG was measured with the Blyscan GAG Assay Kit 

(Biocolor, Belfast, Ireland). For all three assessments, 4-6 samples per group were 

utilized.

Biomechanics

Samples were cut to a dog-bone shape using biopsy punches (Miltex, York, PA) 

and then glued into paper frames that were placed into the grips of a uniaxial materials 

testing machine (Instron 5565, Norwood, MA). Strain was applied at 1% of the gauge 

length per second until failure. Compression testing was done on an indentation 

apparatus.102 Each specimen was attached to the sample holder with cyanoacrylate glue 

and submerged in PBS. The sample surface was positioned perpendicular to the porous
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indenter tip, and the tip diameter (ranging from 0.7-l.Omm) was chosen to be <30% of 

the construct diameter when possible. The specimen was loaded with a tare load of 0.02 

N and allowed to reach tare creep equilibrium, defined as deformation <10'6 mm/s or a 

maximum creep time of 25 minutes. When tare equilibrium was reached, a step load of 

0.07 N was applied. Displacement of the sample surface was measured until equilibrium 

was reached or a maximum creep time of 60 minutes elapsed. The step load was then 

removed, and the displacement during recovery was recorded until equilibrium was again 

reached. The intrinsic mechanical properties of the samples were then determined using 

the linear biphasic theory.297 For both tensile and indentation testing, 5-6 samples were 

used per test for each group.

Statistics

All data were compiled as mean ± standard deviation and a three-factor ANOVA 

was used, accounting for cell type, differentiation time, and time post self assembly. If 

analysis showed a significant difference, a Tukey’s post hoc or Student’s-t test analysis 

was performed to compare sample sets, as appropriate. A significance level of 95% and 

p<0.05 was used in all statistical tests performed

Results

Both the H9s and BGs formed EBs that increased in diameter over time from 

453+139 pm at 1 week to 833+353 pm at 3 weeks; there was no significant difference 

between the cell types, so averages for each time point were combined. The EBs did not 

increase significantly in size from 3 to 6 weeks. Cystic fluid-filled spaces within the EBs
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were evident throughout their development. As the EBs matured, the intensity of collagen 

I staining increased, as did staining for collagen VI (Fig. 38). Collagen II staining 

appeared most intense in the 1 week and 3 week EBs. The 3 week EBs for both cell lines 

displayed all three collagens. Staining appeared in patches suggestive of localized 

collections of cells producing specific matrix components.

At the end of each differentiation time, the cells were self assembled in 3 mm 

molds. After 4 weeks of further culture, the gross characteristics varied greatly (Fig. 39, 

top). The H9-1 week constructs had an irregular appearance, and constructs were 

contracted to a diameter of 1.5+0.3 mm. In contrast, the 3 week constructs were smooth 

and significantly larger at 2.9+0.3 mm in diameter. The BG constructs showed a similar 

trend, with the 1 week and 6 week constructs being severely contracted, while the 3 week 

constructs were 3.3±0.2 mm in diameter. The consistency of the constructs was further 

examined with hematoxylin and eosin staining (Fig. 39, bottom). The H9-3 week 

constructs showed uniform matrix formation; the 6 week constructs had a cell-dense 

appearance with packed nuclei. While the BG-1 week constructs were uniform, the 3 

week samples showed numerous small cystic structures throughout the construct matrix. 

The 6 week constructs had a thick rind of cells (-200 pm thick) with loose inner matrix, 

suggesting formation of a central macroscopic cystic space. Picrosirius red staining 

showed collagen in all of the constructs, and safranin-o stain indicated minimal GAG 

presence (data not shown). The collagen was further evaluated with 

immunohistochemistry for collagens I, II, and VI (Fig. 40). In the H9 constructs, collagen 

I was distributed throughout the construct, and staining increased over time. In contrast, 

collagen I increased over time for the BG-1 week constructs, but appeared to decrease in
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the 3 week and 6 week constructs. In the H9 constructs collagen II appeared to increase 

over time in the 1 week and 3 week constructs, and these appeared more intense than the 

6 week constructs. The staining was less pronounced in the BG constructs and appeared 

to decrease over time in the 3 week constructs. Similar to collagen II, collagen VI 

increased over time in the H9-1 week and 3 week constructs, but appeared to decrease in 

the 6 week constructs. Staining for collagen VI was very intense in all of the BG 

constructs. Immunohistochemistry for aSMA showed an increase in intensity with 

increasing differentiation time (Fig. 43). Staining for calcification or lipid droplets was 

negative (data not shown).

Biochemical analysis for cells per construct showed that there was significant 

proliferation in 3 groups: H9-1 week, BG-3 weeks, and BG-6 weeks (Fig. 41). Collagen 

normalized to cells showed that the cell type and the time post self assembly were 

significant factors, with the H9 groups having significantly more collagen, which 

increased over time, while the BGs showed declining collagen over time (Fig. 41). GAG 

per cell was not significant for any factors and ranged 2.6 to 17.4 pg/106 cells (Fig. 41). 

When normalized to dry weight (DW) the self assembly time was not significant for 

collagen or GAG content (Table 4). Collagen per DW ranged from 15.93 to 22.97% for 

the H9s and from 8.55 to 9.40% for the BGs. GAG per DW was highest in the H9-1 week 

constructs at 1.79%, and, in the other groups, it ranged 0.44 to 1.00%.

Biomechanical testing of the constructs showed aggregate modulus values ranged 

from 14-42 kPa, and only the BG-6 weeks constructs were significantly softer than the 

others, though it is notable that the BG-1 week constructs were too small to be accurately 

tested (Fig. 42). The tensile properties differed significantly between the cell types with
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the H9s showing an order of magnitude greater tensile modulus (Fig. 42). Neither the H9 

nor BG-1 week constructs could be tested under tension due to their fragility and small 

dimensions.

Discussion

Fibrochondrogenic differentiation of hESCs is an exciting and developing field 

with great potential for clinical application in repairing fibrocartilages such as the knee 

meniscus, temporomandibular joint disc, and intervertebral disc. In this study we 

examined the effect of differentiation time in EB form on the functional 

fibrochondrogenic differentiation of two different hESC lines, H9 and BG01V. Using a 

chondrogenic medium containing 1% serum, dexamethasone, ITS+, and ascorbic acid, 

EBs were differentiated for 1, 3, or 6 weeks, spanning the differentiation times used in 

prior studies of cartilaginous differentiation. The resulting cells were then cultured at 

high density in agarose molds to create neotissue constructs.

The matrix created by the EBs was reflective of the matrix formed in the 

constructs. In the H9-3 week EBs collagen I, II and VI were present, and the constructs 

showed similar matrix characteristics. In contrast, the 6 week old EBs had minimal 

collagen II, and the resulting constructs appeared to contain greater collagen I and VI. In 

the BG EBs both the 1 week and 3 week differentiation periods appeared to produce all 

three collagens while collagen II dropped off at 6 weeks. Similarly, the resulting 

constructs contained all three of these matrix components. The presence of collagen VI,

^Qf) 'XQJ
recently shown to be particularly important in fibrocartilage development, ' is very 

promising in this study. The loss of collagen II by 6 weeks and the increase in collagen I
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staining, especially in the BG EBs, is suggestive of a transition toward a more fibroblastic 

lineage. The contraction of the 6 week constructs from the original 3 mm diameter of the 

wells and the more intense aSMA staining in these longer-differentiated constructs 

further supports this hypothesis. The relevance of aSMA in fibrocartilage tissue 

engineering stems from its presence in the native tissue, though its overproduction

TOT TQArepresents a ‘wound healing’ or dedifferentiated state. ' These results emphasize the 

importance of identifying an appropriate window of differentiation prior to moving 

forward to a tissue engineering strategy.

The differentiated cells were then gauged for their utility in a tissue engineering 

strategy that has been used with primary chondrocytes and fibrochondrocytes.155, 379 

Morphologic characteristics, as well as the matrix composition, translated to the 

mechanical properties of the constructs. Specifically, since the 1 week differentiated 

constructs tended to be small and inhomogeneous, they did not handle well for 

mechanical testing. In addition, as GAG content did not significantly vary across the 

constructs and GAGs are thought to play a principal role in resisting tissue 

compression,397 the compressive stiffness was similar for all of the groups. The tensile 

properties were markedly greater in the H9 constructs, 1562-1940 kPa, versus 32-80 kPa 

in the BG constructs. This difference can likely be attributed to collagen content and 

organization in the constructs: the BG-3 week constructs had notable cystic structures 

while the 6 week constructs had a distinct rind devoid of collagen. The biochemical data 

also suggest that the BGs were in a proliferative state, more than doubling in cell number 

over time, while the H9s showed greater matrix synthesis per cell. In examining the 

assembly time, the H9s generally showed increasing trends in matrix production over
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time, while the BGs were unchanged or decreased. In looking towards future studies 

refining and improving the differentiation process, H9 EBs differentiated for 3 weeks 

prior to construct formation appear to be the most useful model for further work in 

making functional neofibrocartilage from hESCs.

This work compares favorably with prior work using hESCs toward cartilaginous 

differentiation, although it is the first to our knowledge to directly address fibrocartilage. 

A study using HI and H9 cell lines grown in micromasses for 3 weeks, found 1-2.5 pg 

GAG/ pg DNA;386 in this study it ranged from 0.34 to 2.4 pg GAG/ pg DNA after 4 

weeks in self assembly culture. When BG01V cells were differentiated for 4 weeks in 

embryoid body form and then self assembled, collagen and GAG density were similar to 

that found here.383 Similarly, a study of BG02 hESCs embedded in hydrogels by Hwang 

et al.343 reports 7-20 pg collagen/ pg DNA after 3 weeks culture while we found 2.9 to 

30.9 pg collagen/ pg DNA. Overall, the constructs prepared in this study compare 

favorably to prior work in the cartilage tissue engineering field using different chemical 

stimuli and microenvironments for differentiation.

Another important component in comparing to previous studies is noting the cell 

line that was utilized. In the study by Toh et al.386 it was found that differences between 

HI and H9 cells in chondrogenic differentiation were not significant, and a similar 

conclusion was reached by Sottile et al.398 in terms of osteogenic differentiation of the 

same cell lines. In this study, the cell line was found to be a significant factor in cell 

proliferation, collagen production, and tensile modulus. Qualitative histological 

examination also revealed important morphological differences between the constructs 

resulting from the two cell lines. Work with mouse embryonic stem cells shows similar
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tendencies with variation among five different cells lines being as much as 80% in terms 

of chondrogenic nodule formation.342 Outside of cartilage-oriented work, other studies 

with hESC lines also show significant variability in lineage-specific gene expression and 

differentiation.399'402 For example, Burridge et al. compared 4 hESC lines for 

cardiomyocyte differentiation and found differences ranging from 3- to 6-fold 403 The 

variability between different cells lines is an important issue in stem cell engineering with 

implications in applying differentiation strategies developed with one cell line to other 

lines. This is of particular importance with regard to cell lines that may have research- 

related advantages, such as the BG01V cell line. Though karyotypically abnormal, XXY 

+12 +17, this cell line recovers more easily following cryopreservation and is more 

robust in culture than the genetically normal hESC lines which are well known for their 

culture challenges.171 While the H9 cell line has clear advantages in a fibrocartilage tissue 

engineering strategy, the BG01V line could be an appropriate system to study 

chondrogenic differentiation and matrix production, but is less appropriate for functional 

and morphological analysis.

The results of this work with embryonic stem cells also compare favorably to 

recent work toward tissue engineered cartilage with adult stem cells. Recently, Murdoch 

and associates404 reported creation of cartilaginous neotissue using a scaffoldless 

approach with mesenchymal stem cells and chondrogenic medium supplemented with a 

growth factor, TGF-(33. The wet weight percentage of GAGs and collagen were 2.8% and 

1.9%, respectively, compared to a range of 0.15 to 1.21% GAG/wet weight and 0.89 to 

5.78% collagen/wet weight for the constructs created in this study with hESCs. Toward 

more fibrocartilaginous tissue, several groups have examined transplanting mesenchymal
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stem cells in various scaffolds or carriers into fibrocartilage defects in vivo.405"408 Results 

of these studies have varied from no evidence of benefit of the adult stem cells to 

formation of fibrous matrix and filling of the defect. There has also been in vitro work 

with adipose derived adult stem cells, as well, toward fibrocartilage engineering409 

Although adult stem cells are promising, there are concerns with the expansion 

capacity,410 decreasing plasticity with aging,411’412 specific serum dependence,413’414 and 

relative scarcity.415,416 There are significant obstacles in utilizing embryonic stem cells, 

but they do offer advantages including expansive proliferative potential417 and 

pluripotency.335 For these reasons, we believe it is imperative that the fibrochondrogenic 

capacity of both types of stem cells be fully explored.

Further work with this model toward fibrocartilage engineering will likely focus 

on increasing GAG synthesis, as well as modulating specific collagen formation. The 

characteristics of these constructs is overwhelmingly fibrocartilaginous given the strong 

collagen I and VI presence. Matrix synthesis, when normalized to dry weight, shows 

GAG synthesis on the low end of the 1-7% GAG per DW range found in native meniscal 

tissue, while collagen content is much lower than native tissue, which averages 80% 418’ 

419 Functional evaluation via mechanical testing revealed mechanically stable constructs 

when using cells differentiated for 3 weeks or more. The compressive stiffness was 

within 47% of the lower end of the range in human meniscal tissue while the tensile 

modulus is an order of magnitude lower.397, 420 The modular approach of this work, 

incorporating a differentiation step and a self assembly step paves the way for future 

work refining the process at both steps. Having identified a critical 3 week window for 

differentiation during which the important fibrocartilage proteins have developed, future
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studies may focus on refining the differentiation protocol, as well as using different 

stimuli during the self assembled phase to enhance the constructs. One way in which the 

differentiation step may be modified is to introduce a step to purify the differentiated 

population using cell surface markers or even a Percoll® gradient.350' 421 In the self 

assembly stage, growth factor addition may be a powerful stimulus toward collagen and 

GAG production, as no growth factors were employed in this work. For example, TGF- 

p i and IGF-I have a strong history in enhancing matrix production in fibrocartilage 

constructs 422-424 Mechanical stimulation may also be a successful strategy, as has been 

demonstrated by work with adult stem cells 425 By enhancing GAG synthesis with further 

chemical modification or mechanical stimulation, it may be possible to enhance the 

compressive strength of these constructs and furthermore, increased collagen production 

will contribute to tensile strength.

In conclusion, this works demonstrates a significant stride forward in examining 

the use of hESCs for fibrocartilage tissue engineering. Both the differentiation time and 

the cell line employed play important roles in the success of a tissue engineering strategy.
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Table 3: Summary of recent work employing hESCs in chondrogenesis
A wide range of differentiation agents, microenvironments, and time spans have been 
examined.

Cell line Differentiation treatm ents (serum, medium, growth factors etc.) Differentiation time Reference

BG01V 1% serum chondrogenic medium, TGF-|i3 applied for 1 wk followed
by TGF-(i1 + IGF-!, or BMP-2 applied to EBs, EBs were then self
assembled into constructs and grown an additional 4 wks

H1, H9 Serum-free chondrogenic medium, ±BMP-2, applied to EBs grown in 
2D o r micromasses

BG02 EBs grown in 20% KSR hESC mediumwithoutbFGFfoM Odays, 
transferred to 2D and grown in 10% serum medium up to passage 
5-7, then pelleted ±TGF-b1, BWR2, or combination

H1 Grew EBs for 5 days in 10% serum media then trypsinized and grown
in 2D: grew nasal chondrocytes on inserts in 10% serum media, then 
seeded on FDLLA foams and implanted in nude mice

H9 Grew EBs for 89 days in TGF-pi supplemented chondrogenic medium
and then seeded onto polymer scaffolds for 2 wks

H9 Grew EBs in suspension for 5 days then differentiated in monolayer
for 10 days with TGF-jit

ESWtES3 Grew EBs in suspension

4 wks 

3 wks

3 wks in hydrogel

4 wks

8-9 daysin 
suspension then 2 
wks on polymer 
10 days

28 days, 80days,

Koay et al, 2007

T oh eta l, 2007 

Hwang et al. 2006

Vats e t al. 2006

Levenberg et al. 2003 

Schuldineretal. 2000 

Khoo et al. 2005

BMP-2: bone m oiphogenic protein % EBs: embryoid bodie hESC human embryonic stem cells, KSR: knodout serum  replacerW SC: m esenchymal stem cete, 
PDLLA: poly- D.-J lactide. TGFb-1; transforming growth factor b - i

Table 4: Wet weights and dry weight (DW) normalized matrix after 4 weeks of 
culture in self assembly
Groups not connected by the same letter are statistically different (p<0.05). GAG/DW in 
native fibrocartilage ranges 1-7% and collagen/DW is ~80%.419

Wet Wt (mg) Collagen % DW GAG % DW

H9 1 wk 3.91 ± 1.13b 22.97 ± 7.73ab 1.79 ± 0,06a
3 wk 3.26 ± 0.41b 15.93 ± 6.24abc 0.44 + 0.25b
6 wk 0.95 ± 0.15° 19.60 ± 4.76abc 0.68 ± 0.27b

BG 1 wk 0.91 + 0.28° 9.40 + 7.921,0 0.68 + 0.25b
3 wk 6.05 + 2.19a 23.48 ± 7.82a 1.00 ± 0.50 ■
6 wk 2.21 ± 0.62bc 8.55 + 3.12° 0.58 + 0.39b
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CHAPTER 7: Hypoxic chondrogenic differentiation of human 

embryonic stem cells enhances cartilage protein synthesis and 

biomechanical functionality*

Abstract

A major challenge in engineering musculoskeletal cartilage with stem cells is 

developing an understanding of the numerous factors that control differentiation and 

cartilage matrix synthesis, particularly collagen II production. A growing body of 

evidence suggests that hypoxia has effects on many cellular processes, though there are 

few investigations with hypoxia that provide quantitative functional data on engineered 

cartilage. Thus, this study investigated the effects of hypoxia on chondrogenesis with 

human embryonic stem cells (hESCs). The experiment comprised two phases, embryoid 

body differentiation for 3 weeks followed by a scaffold-less tissue engineering strategy 

called self-assembly for 4 weeks. During each phase, hypoxic conditions (2% O2) or 

normoxic conditions (21% O2) were applied, and engineered constructs were analyzed for 

cellular, morphological, biochemical, and biomechanical properties. Results 

demonstrated hypoxic conditions significantly altered the chondrogenic differentiation

* Submitted as Koay and Athanasiou, “Hypoxic chondrogenic differentiation of 

human embryonic stem cells enhances cartilage protein synthesis and biomechanical 

functionality,” Proc Natl Acad Science 2007.
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process, whereby cells cultured in these conditions had an enhanced ability to produce 

collagen II (up to 3.4-times), collagen I (up to 2.9-times), and glycosaminoglycans (up to 

1.9-times), resulting in better biomechanical functionality (up to 3-times in tensile 

modulus and up to 4-times in compressive properties). Interestingly, the hypoxic cells 

had a different expression profile than the normoxic cells for CD44, CD105, and 

PDGFRa, further emphasizing that hypoxia altered the differentiation process and 

suggesting that surface marker characterization may be used to predict the chondrogenic 

potential of hESC-derived cell populations. Furthermore, normoxic self-assembly 

outperformed hypoxic self-assembly in most biomechanical characteristics. These results 

show that oxygen availability has dramatic effects on the differentiation and synthetic 

potentials of hESCs and may have important implications for the development of 

strategies to engineer cartilage.
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Introduction

Injuries and diseases of articular cartilages such as the temporomandibular joint 

(TMJ) disc, knee meniscus, and hyaline cartilage can render these tissues functionally 

deficient, causing significant economic and social burdens for afflicted individuals and 

society as a whole. Tissue engineering efforts seek to address this problem through the 

generation of cartilage replacements that can be implanted to replace defunct tissue. 

Identifying an appropriate cell source for this application is one challenge among many 

for the field. A variety of progenitor and stem cells have been investigated, and these 

reports demonstrate that chondrogenesis can be achieved through many manipulations, 

including, but not limited to, growth factors,164’ 319, 341, 342’ 345, 383 biomechanical 

stimulation,344’426 growth on scaffolds,189’336’337,339’343’365 and oxygen availability.427"429

Each of these manipulations is partly derived from and motivated by knowledge 

of the development, growth conditions, and physiology of native cartilages. For example, 

cartilages are mostly avascular tissues, with synovial fluid providing oxygen and 

nutrients that diffuse through the extracellular matrix. The lack of a blood supply creates 

a hypoxic environment, with reports of oxygen levels that range from 1% to 8%, 

depending on the location of the tissue and depth inside.430'432 Consequently, in vitro 

engineering efforts have attempted to mimic this environment, generally showing 

enhancement of chondrogenesis,427’ 428, 433-436 though not all hypoxic effects are 

beneficial. ’ Nevertheless, it is well accepted that the transcription factor Hypoxia 

Inducible Factor-1 (HIF-1) has an oxygen sensitive region, H IF-la  439, and in 

chondrocytes, this transcription factor appears to control many essential cellular
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activities, including cell survival,440' 441 proliferation,442 differentiation,443 and matrix 

synthesis.444,445

Considering the mounting evidence that hypoxic conditions may benefit the 

engineering of cartilage in vitro, we investigated the effects of hypoxia on human 

embryonic stem cells (hESCs). The experimental design comprised two continuous 

phases, chondrogenic differentiation in embryoid body (EB) form and tissue engineering 

of the cells derived from the EBs. We have previously employed a scaffold-less 

engineering strategy using hESCs to produce relatively large amounts of cartilage matrix 

that can be evaluated for quantitative biochemistry (i.e., collagen and glycosaminoglycan 

contents) and biomechanics. In this study, hypoxic or normoxic conditions were 

applied during the differentiation and self-assembly of the cells to obtain an 

understanding of how oxygen tension affects the chondrogenic potential of hESCs. We 

specifically hypothesized that hypoxic conditions during both differentiation and self- 

assembly would enhance the ability of hESCs to produce cartilage matrix and thereby 

improve their functional biomechanical properties. In particular, collagen II content was 

of interest due to the challenge of producing copious amounts of this important structural 

protein.
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Methods

Culture conditions 

hESC expansion

The NIH-approved H9 line (WiCell, Madison, WI, USA) was cultured according 

to standard protocols using a defined medium (www.wicell.org) and a gamma-irradiated 

CF-1 (Charles River Laboratories, Wilmington, MA) mouse embryonic fibroblast (MEF) 

feeder layer on T75 culture plates (Nunc, Rochester, NY, USA). Frozen hESCs at 

passage 33 (p33) were thawed according to standard protocol and sub-cultured. The 

hESCs were passaged with collagenase IV (Invitrogen, Carlsbad, CA, USA) every 5-6 

days and were used for the experiment at p38.

Embryoid body formation and differentiation conditions

Dispase solution (0.1% w/v in DMEM/F-12) was applied for 10-15 min to 

colonies of undifferentiated hESCs in monolayer when the colonies reached 70-80%

n O-l
confluence, as previously performed. After two washes and centrifugations with 

Dulbecco’s Modified Eagle Medium/F12 (DMEM/F-12), the EBs were suspended in a 

chondrogenic medium consisting of high-glucose DMEM (Invitrogen), 10'7 M 

dexamethasone, ITS+ Premix (6.25 ng/ml insulin, 6.25 mg transferrin, 6.25 ng/ml 

selenious acid, 1.25 mg/ml bovine serum albumin, and 5.35 mg/ml linoleic acid; 

Collaborative Biomedical, San Jose, CA, USA), 40 pg/ml L-proline, 50 pg/ml ascorbic 

acid, 100 pg/ml sodium pyruvate, and 1% fetal bovine serum (FBS, Gemini Bio- 

Products, West Sacramento, CA, USA). The EBs were then distributed into 

bacteriological petri dishes (Fisher, Hampton, NH, USA). For the entire experiment,
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medium was completely changed every 48 hrs. A Billups-Rothenberg modular incubator 

chamber (Del Mar, CA, USA) was used according to manufacturer recommendations for 

hypoxic culture in a custom gas mixture of 2% 0 2, 5% C 0 2, and balance N2 (Matheson 

TriGas, Houston, TX, USA). The incubator chamber was humidified by sterile deionized 

water, and the entire enclosure was placed in a 37°C incubator (5% C 0 2, Thermo Fisher 

Scientific, Waltham, MA, USA). This incubator also housed the normoxic control EBs. 

EBs were used for self-assembly or for analysis at t=3 weeks.

Self-assembly of chondrogenically-differentiated hESCs

After 21 days of differentiation (t=3 weeks), hypoxic and normoxic EBs were 

digested in 0.05% trypsin-EDTA (Invitrogen) for 1 hr followed by up to 2 hrs of 0.15% 

collagenase II (Worthington Biochemical Corp., Lakewood, NJ, USA) digestion. Cells 

from each digest were counted with a hemocytometer, washed with DMEM containing 

1% FBS, centrifuged at 200 x g, and resuspended at a concentration of 5.0x105 cells per 

20 pi in CM. Constructs were made by seeding the dissociated cell suspension into 3- 

mm wells of 2% agarose (5.0xl05 cells per well). Constructs from both differentiation 

conditions were then cultured in hypoxic or normoxic conditions, giving four total 

treatments: no rm ox icno rm ox ic  (NN), normoxic-> hypoxic (NH), hypoxic-> normoxic 

(HN), and hypoxic-> hypoxic (HH). All constructs were cultured with the same 

chondrogenic medium described above, except no serum was used during self-assembly.
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Assessments

Analysis of differentiated EBs

At t=3 weeks, a small number of EBs from both differentiation conditions was 

collected for analysis. Cells were digested as above with trypsin followed by collagenase 

II and analyzed with flow cytometry to ascertain whether mesodermal markers were 

present by blocking with goat serum for 1 hr, and adding 10 pg/ml of either IgGi isotype 

control (BD Biosciences, Franklin Lakes, NJ, USA), mouse anti-human CD44 (an 

adhesion protein and matrix receptor 446, Sigma-Aldrich, St. Louis, MO, USA), mouse 

anti-human CD105 (a TGF-P receptor 447, Invitrogen), or mouse anti-human PDGFRa (a 

receptor involved in mesodermal development 448, R&D Systems, Minneapolis, MN, 

USA) for 30 min. Cells were washed in PBS, and then the Alexa Fluor® 488 goat anti

mouse antibody (Molecular Probes, Carlsbad, CA) was applied to the different groups for 

30 min. Samples were fixed in 0.5% paraformaldehyde, and stored at 4°C until analysis 

with a BD FACSCalibur system (BD Biosciences). At least 10,000 events were recorded 

with each sample and analysis of whole cells was performed using appropriate scatter 

gates to avoid debris and aggregates.

EBs were also cryo-sectioned and stained for collagens using picrosirius red, 

GAGs using Alcian blue, and collagen I and collagen II using immunohistochemistry 

(IHC).155 Stains for mesodermal tissue markers were used to detect unwanted 

differentiation, including von Kossa (calcified tissues such as bone), Masson’s trichrome 

(muscle), and Oil red O (adipose). Standard protocols were followed for each of these 

stains.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



149

Analysis of self-assembled constructs

At the t=7 week time point (after 4 weeks of self-assembly), each construct was 

measured for wet weight after carefully blotting excess water. Diameter and thickness 

measurements were made using digital calipers with an accuracy of 0.01 mm (Mitutoyo, 

Aurora, IL). Constructs were either used for histology, biochemical assays, or 

biomechanical testing. Histological assessments for self-assembled constructs included 

picrosirius red, Alcian blue, IHC for collagen I and collagen II, von Kossa, Masson’s 

trichrome, and Oil red O. Biomechanical testing included tensile testing using an Instron 

5565 (Instron, Norwood, MA) and unconfined compression using a modified creep 

indentation apparatus, as before.102,383

Previously described protocols were used for picogreen, DMMB, and 

hydroxyproline tests, and one set of samples was used for these assays.155 For collagens I 

and II, a second set of samples was used with previously described protocols for 

sandwich ELISAs.383 Flow cytometry was performed on cells enzymatically isolated 

from the self-assembled constructs. The isolation of cells and protocols for flow 

cytometry were performed similarly to t=3 weeks.

Statistics

Data were analyzed with a two factor ANOVA, using Tukey’s post hoc test when 

applicable and a significance value of p<0.05. At least three samples were analyzed for 

biochemical assays and biomechanical tests. All data are reported as mean ± standard 

deviation.
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Results

EB analysis (t=3 weeks)

Over the 3 week course of differentiation in EB form, EBs in hypoxic and 

normoxic conditions noticeably grew in size. The EBs appeared as highly hydrated 

structures with loosely connected matrix at t=3 weeks (data not shown), similar to 

previous work.383 Sequential dissociation of the EBs with trypsin and collagenase 

released the cells from this matrix within 3 hrs. Flow cytometry analysis of the cells 

(Table 5) demonstrated differential expression of mesodermal markers between the 

hypoxic and normoxic differentiation conditions.

Self-assembled construct morphology (t= 7  weeks)

The cells from the sequential digestion were used to make at least 12 constructs 

for each group. After the seeding of dissociated cells into the 3-mm agarose wells, cells 

in all four groups filled the entire well initially and, within 24 hrs, coalesced with 

noticeable contraction away from the outer edges of the well. This contraction depended 

on both differentiation and self-assembly conditions. At t=7 weeks, cells differentiated 

under hypoxic conditions produced constructs with significantly smaller diameter 

(p<0.0001) but greater thickness (p<0.0001) than cells differentiated under normoxic 

conditions (Fig. 44). Conversely, there was a significant decrease (p=0.007) in thickness 

for the constructs self-assembled under hypoxic conditions (HH and NH) compared to 

those in normoxic conditions (HN and NN). The self-assembly condition was also a 

significant factor on the wet weights of the constructs, with hypoxic self-assembled
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constructs being lower compared to normoxic (p<0.0001). The differentiation condition 

was not a significant factor on wet weight (p=0.96, Fig. 44).

The cells differentiated under normoxic conditions (NH and NN) made constructs 

that were not as matrix rich as compared to the cells differentiated under hypoxic 

conditions (HH and HN), which produced dense, collagen-rich constructs (Fig. 44). 

Other mesodermal tissues were not seen with standard histological stains for calcified 

tissue, muscle, or adipose (data not shown). Flow cytometry (Table 5) on cells isolated 

from self-assembled constructs demonstrated differential expression of cell surface 

markers between hypoxic and normoxic self-assembly conditions, and the pattern of 

expression for the cells appeared to change between the end of EB differentiation (t=3 

weeks) and the end of self-assembly (t=7 weeks).

Biochemical analysis (t= 7  weeks)

Hypoxic chondrogenic differentiation was a significant factor (p<0.05) for 

sulfated glycosaminoglycan content (Fig. 45), total collagen (Fig. 46 A), collagen I (Fig. 

46 B), and collagen II contents (Fig. 46 C). In the two groups composed of hypoxic 

chondrogenically differentiated cells, collagen I and collagen II accounted for a greater 

proportion of the total collagen. Specifically, collagens I and II comprised 74% of HH 

constructs and 82% of HN constructs, while the proportions were 49% and 50% for NH 

and NN, respectively (Fig. 46 A). It also appeared that any time hypoxic conditions were 

used, the proportion of collagen II to total collagen increased about 2-fold, with HH and 

HN having about 10%, NH having 9%, and NN with 4% (Fig. 46 A).
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The self-assembly oxygen tension significantly affected the final number of cells 

in the constructs at t=7 weeks, with HH and NH constructs having fewer cells (p=0.0004, 

in million cells, 0.36+0.04 for NN, 0.19+0.03 for NH, 0.31+0.09 for HN, and 0.17+0.07 

for HH). The EB differentiation condition was not a significant factor for cell number.

Biomechanical evaluation (t= 7  weeks)

Hypoxic chondrogenic differentiation was a significant factor for the tensile 

modulus (Fig. 47 A). For example, HN and HH constructs had higher tensile moduli than 

NH constructs (3.3-fold and 2.6-fold, respectively). The ultimate tensile strength was not 

altered by differentiation or self-assembly conditions (p>0.05, in MPa, 0.88+0.39 for NN, 

0.36+0.14 for NH, 0.66+0.23 for HN, and 0.66+0.20 for HH).

The compressive properties of the constructs were also higher when hypoxic 

chondrogenic differentiation was involved (Fig. 47 B). For example, HH constructs had 

an instantaneous modulus (Eo) that was at least 2-times that of both NN and NH 

constructs, while HN constructs were almost 4-times higher than these same groups. The 

relaxed moduli exhibited a similar pattern (p<0.05, in kPa, 1.49+0.29 for NN, 1.67+0.35 

for NH, 4.05+1.09 for HN, and 2.49+0.45 for HH).

Discussion

Understanding the factors and conditions that modulate chondrogenesis is of great 

importance to the development of cartilage tissue engineering strategies. This study 

demonstrates that hypoxic differentiation conditions enhance the chondrogenic potential 

of hESCs. Particularly exciting are the unique findings that 1) collagen II protein

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



153

synthesis can be substantially increased in these stem cells and 2) the ratio of collagens I 

and II can be altered (Fig. 46). Furthermore, in several important metrics, normoxic self- 

assembly outperforms hypoxic self-assembly. The dramatic effects of oxygen 

availability were also manifested at the cellular level, where the differences in expression 

patterns for CD44, CD 105 and PDGFRa were observed. Together, these results 

demonstrate that oxygen availability has potent effects on the differentiation and 

synthetic potentials of hESCs.

Collagen II is the most abundant protein in hyaline articular cartilage, but 

producing this protein in large amounts remains elusive with engineered tissues. Previous 

studies on the effects of hypoxia on chondrocytes have shown that collagen II production 

can be increased in monolayer culture.436,444 Investigations on the effects of hypoxia on 

adult stem cell systems have demonstrated marked effects on cellular properties (surface 

markers and gene expression) and protein production, though none have specifically 

quantified collagen II or biomechanics.428’ 429, 449 This study extends the previous 

findings with chondrocytes and other stem cells to hESCs using a scaffold-less 

engineering strategy,155’ 252’383 demonstrating collagen II, collagen I, total collagen, and 

GAG contents are increased by hypoxic differentiation conditions (Figs. 45 and 46). This 

overall enhancement of chondrogenic potential was manifested in higher tensile and 

compressive stiffness properties (Fig. 47). Characterizing the makeup of engineered 

cartilages, especially the collagen matrix, is essential to making functional replacements, 

as the biomechanics of native cartilages are strongly tied to their structural 

composition.356 Collagen I and/or collagen II dominate the extracellular matrix of native 

cartilages. Figure 46 demonstrates that the hypoxic differentiated cells produce a
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collagen matrix that has a higher proportion of these important collagens. Modulating the 

type of collagens that stem cells produce may be critical in determining their cartilage 

applicability.

At the cellular level, the present study observed differential surface marker 

expression between conditions (Table 5), identifying possible effects of hypoxia on 

tissue-development patterns, as others have observed.450 It is interesting to note that the 

hypoxic cell population at t=3 weeks did not express CD44 or PDGFRa to the extent that 

the normoxic cells did. Hypoxia activates a PDGF receptor pathway that can impact cell 

survival, proliferation, and metabolism.451 Our results indicate that levels of PDGFRa 

may not be elevated after hypoxic treatment, which agrees with hypoxia studies in other 

tissues. No change in PDGFRa was observed in the rat corpus cavernosum after transient 

in vivo hypoxia,452 while up-regulation of PDGFRa was a short-term response that 

occurred on initial exposure to hypoxic-ischemic injury in the rat neonatal brain.453 On 

the other hand, hypoxic down-regulation of CD44 has been observed.454 The results that 

the hypoxic differentiated cells had low levels of PDGFRa and CD44 appear to be 

consistent with the reported effects of hypoxia on these proteins. Our results in 

conjunction with these reports suggest that PDGFRa and CD44 may not be positively 

predictive of a chondrogenic phenotype that involves higher production of collagen II. It 

was also notable that the expression pattern of the surface markers was relatively static 

for the hypoxic-differentiated cells in either self-assembly condition (hypoxic or 

normoxic), while this was not true for the normoxic-differentiated cells. It will be of 

future interest to investigate whether these differences in expression patterns, particularly 

in the adhesion protein CD44, may be related the observed morphological differences
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between conditions, particularly the diameters and heights of the HN and HH constructs 

vs. the NN and NH constructs. Overall, the tissue characterization and these flow 

cytometry results illustrate that hypoxic chondrogenic differentiation affects hESCs at 

many levels.

Interestingly, normoxic self-assembly outperformed hypoxic self-assembly 

conditions in terms of cell numbers and wet weights, while being typically higher in all 

other quantitative assays (Figs. 45-47). Previous work has shown that cell proliferation 

of adult stem cells is inhibited by hypoxic conditions.428 Others have postulated that the 

cells have a higher energy demand when they must synthesize cartilage matrix de

A'X’J
novo. This energy demand would be more easily quenched by oxidative 

phosphorylation as opposed to anaerobic glycolysis. However, hypoxic self-assembly 

should not be ruled out entirely. Since the collagen II content in the NH constructs was 

2-times that of NN constructs, it seems the synthetic repertoire of chondrogenically 

differentiated hESCs can still be modulated during self-assembly. The biochemical basis 

for this may be related to the constitutively expressed protein HIF-1,439 as its oxygen 

sensitive region has been linked to an essential enzyme involved in collagen synthesis.445 

Balancing the metabolic demands of self-assembling cartilage with the desire to produce 

more collagen II will be an intriguing future challenge with hESCs, as others have shown 

that sequential regulation of oxygen conditions can improve chondrogenesis with ATCD5 

cells.435

This study raises new avenues of exploration in other respects, including the need 

to demonstrate the plasticity of differentiated hESCs. As the evidence mounts regarding 

their possible utility for therapeutic purposes, it will become increasingly important to
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establish strict standards of safety for these cells, including the demonstration that the 

differentiated cells do not form teratomas. To date, our histological results have shown 

the absence of unwanted differentiation in our cartilage constructs in terms of bone, 

muscle, and adipose tissues. Another level of safety involves the elimination of 

xenogenic medium supplements such as serum. This study demonstrates that a minimal 

amount of serum (1% during differentiation and none during self-assembly) is sufficient, 

even in hypoxic conditions.

In our study of hESCs for cartilage tissue engineering we continue to test a 

working hypothesis that cells can be generated with different functional capacities to 

produce cartilage constructs depending on their differentiation conditions. The modular 

experimental design of these studies allows the testing of this important hypothesis by 

including an EB differentiation phase, where varying conditions can be used (i.e., 

hypoxic or normoxic), and a self-assembly phase, where either the same or different self- 

assembly conditions can be used, so long that a full-factorial design is employed. The 

evidence to date supports our hypothesis, as differences in the chondrogenic potentials of 

hESCs in this study were demonstrated due to oxygen availability, as well as previous 

work that investigated effects of growth factors. The ability to assess chondrogenic 

potential at the tissue level is of great importance toward engineering functional cartilage 

with stem cells. At the same time, elucidating the basic mechanisms of differentiation 

and identifying potential cellular markers of chondrogenic cells that can be used for 

isolation purposes (Table 5) remain vital to the pursuit of stem cell therapies.

In summary, this study demonstrates large and significant effects of hypoxia on 

hESC-derived chondrogenesis. Hypoxic differentiation conditions enhanced the ability
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of the cells to produce functional cartilage constructs, and this was demonstrated at the 

protein and biomechanical levels. In particular, the significant increase in collagen II 

production by hypoxic conditions raises the possibility of generating a spectrum of 

different cartilages, including TMJ cartilages, knee meniscus, and hyaline articular 

cartilage, with a single cell source in hESCs. Identifying potent regulators of 

chondrogenesis and understanding how to use them are important steps toward 

generating functional cartilage for the replacement of damaged or diseased tissue with 

stem cells.
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Table 5: Mesodermal surface markers expressed at t=3 weeks and t=7 weeks
The cells from chondrogenically-differentiated EBs obtained at t=3 weeks as well as cells 
digested from self-assembled constructs at t=7 weeks were examined for CD44, CD105, 
and PDGFRa. Shown are the percentage of cells from each treatment that had FLH1>103 
after appropriate gating (see Methods). Positive (+) expression is defined as greater than 
1% over the treatment’s isotype control, respectively. Any other result was considered 
negative (-). The results indicate that the expression of these markers changes depending 
on oxygen tension and stage of chondrogenesis (EB at t=3 weeks or self-assembly at t=7 
weeks).

Treatment Isotype control CD44 CD105 PDGFRa

Normoxic EBs (t=3 weeks) 4.5% 29.7% (+) 12.4% (+) 8.9% (+)

Hypoxic EBs (t=3 weeks) 2.7% 4.1% (+) 19.1% (+) 3.4% (-)

N->N (t=7 weeks) 2.9% 38.5% (+) 34.8% (+) 7.4% (+)

N->H (t=7 weeks) 2.2% 38.3% (+) 17.6% (+) 2.7% (-)

H->N (t=7 weeks) 2.7% 5.1% (+) 17.0% (+) 1.1% (-)

H->H (t=7 weeks) 2.4% 6.7% (+) 11.4% (+) 4.7% (+)
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CHAPTER 8: Development of serum-free, chemically-defined 

conditions for human embryonic stem cell-derived 

fibrochondrogenesis *

Abstract

The pluripotent nature of human embryonic stem cells (hESCs) makes them 

attractive for a variety of tissue regeneration applications, such as the replacement of 

diseased or damaged musculoskeletal cartilages. Among the current challenges to realize 

this potential is the need to generate these tissues in chemically defined conditions 

without xenogenic products, like serum, that may cause an immune response. This study 

establishes serum-free, chemically defined conditions for the generation of fibrocartilage 

with hESCs, while also characterizing the performance of hESCs in both serum-free and 

serum-based conditions. Three sequential phases were carried out. In each phase, a two 

stage, modular experimental plan was performed, taking hESCs through chondrogenic 

differentiation in embryoid body (EB) form, immediately followed by a scaffold-less 

tissue engineering stage called self-assembly. In Phase I, the effects of serum were 

studied, showing a 1 % serum CM during EB differentiation resulted in uniform self

* Submitted as Koay and Athanasiou, “Development of serum-free, chemically 

defined conditions for human embryonic stem cell-derived fibrochondrogenesis,” Nat 

Biotechnol 2007.
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assembled constructs while a 20% serum CM did not. Furthermore, a no serum CM 

during self-assembly was beneficial to cartilage protein content (a 50% to 200% increase 

in collagen content) compared to a 1% serum CM. Thus, a ‘serum standard’ was 

established in Phase I, comprising 1% serum during differentiation and no serum during 

self-assembly. In Phase II, two serum-free CM formulations, using either 5% knock-out 

serum replacer (KOSR) or 1 ng/ml TGF-pi, were evaluated during differentiation and 

compared to each other and the serum standard. The TGF-pi group was chosen as a 

‘serum-free standard’ since it performed as well as the serum standard in terms of 

morphological characteristics, cartilage protein production, and biomechanical properties 

of the engineered tissues. Interestingly, there were significant differences in the 

percentage of cells positive for CD44 and PDGFRa between the serum and serum-free 

standards, suggesting that the cell populations would have distinct responses to growth 

factor stimulation. Indeed, in Phase III, the serum-free standard had significantly higher 

collagen (100% increase), as well as higher tensile (-150% increase) and compressive 

properties (-80%  increase), over the serum standard with TGF-pi treatment during self- 

assembly. This study establishes a defined, reproducible method to engineer cartilage 

with hESCs, which is important toward understanding the mechanisms involved in hESC 

differentiation and cartilage morphogenesis, as well as relevant to creating clinically 

relevant stem cell therapies for cartilage afflictions such as osteoarthritis.
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Introduction

The development of tissue engineering strategies for musculoskeletal cartilages is 

of great interest due to the major social and economic burdens caused by cartilage 

afflictions such as osteoarthritis and temporomandibular joint (TMJ) disc disorders. 

Currently, a significant area of investigation revolves around the identification of a useful 

cell source for cartilage tissue engineering. Cells from adipose,319 skin,159 bone 

marrow,336’ 337 umbilical cord blood,455 and embryonic sources339, 343, 365, 383 have 

demonstrated a capacity to become cartilage-like cells. It is important to understand, 

however, that the development of these cell technologies is at different stages, 

particularly concerning the demonstration of the functional ability to produce cartilage 

constructs. Human embryonic stem cells (hESCs), for example, are only beginning to be 

studied for cartilage applications, such as fibrocartilages like the TMJ disc and knee 

meniscus, as well as hyaline articular cartilage.

There are many hurdles to overcome in using hESCs for any human cartilage 

therapy. First, a strategy to produce cartilage-like cells must be established. In this 

regard, several methods have emerged, including the directed chondrogenic

/3 Q '5

differentiation of hESCs, ’ ’ as well as the generation of mesenchymal precursors

from hESCs that can be subsequently chondrogenically differentiated.343,456, 457 In each 

case, it has been shown that the cells generated in these ways can produce cartilage 

proteins or have some chondrocyte-like phenotype, but since not all of the approaches 

have been evaluated for the functional capacity to produce cartilage tissue, it is still 

unclear what the best strategy to generate chondrocyte-like cells will be.
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Another challenge is determining the stimuli sufficient for hESC-derived

'T.A'i

chondrogenesis. A variety of stimuli, including growth factors ’ ’ and mechanical

stimulation,426 have been evaluated, and it appears that the pathways to the chondrogenic 

lineage can be achieved with a variety of agents. Establishing basal conditions for 

chondrogenic differentiation and subsequent tissue engineering of cartilage may have 

important implications toward understanding these differentiation pathways and would 

help bioengineers develop well-defined, reproducible methods to produce cartilage 

constructs.389 Related to this challenge is the need to eliminate xenogenic products from 

the culture. Important progress has been made in this area, as serum-free conditions have 

been used with hESCs for cartilage applications.343,384,386,456 However, these serum-free 

conditions have not been applied throughout the entire process of chondrogenic 

differentiation and tissue engineering to generate macroscopic tissue with hESCs.

Toward addressing the aforementioned hurdles, this study systematically 

evaluated different formulations of chondrogenic media, with the overall goal of 

identifying semm-free conditions that are sufficient for the chondrogenic differentiation 

and tissue engineering of fibrocartilage with hESCs. A secondary objective was to 

understand how a possible serum-free methodology performed in comparison to a serum- 

based approach. The study was conducted in three phases. Each phase comprised the 

chondrogenic differentiation of hESCs in embryoid body (EB) form followed by a 

scaffold-less engineering strategy called self-assembly,155 which has previously been 

shown to result in fibrocartilage-like constructs (high collagen I, high tensile properties, 

and low sulfated glycosaminoglycans) that can be evaluated for quantitative biochemistry 

and biomechanics.383 In the first phase of the study, the use of serum was evaluated
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during both EB differentiation and self-assembly to establish a ‘serum standard’. In the 

second phase, two chemically-defined, serum-free formulations of chondrogenic media 

were compared to the ‘serum standard’ and to each other to establish a ‘serum-free 

standard’. Finally, in the third phase, TGF-pi and IGF-I were used during self-assembly 

of the ‘serum standard’ and ‘serum-free standard’ to ascertain whether these two 

populations of cartilage-producing cells responded differently to these important cartilage 

stimuli.

Methods

The experimental design of this study is depicted in Fig. 48. All three phases 

involved the use of a basal chondrogenic medium composed of high-glucose DMEM 

(Invitrogen), 10'7 M dexamethasone, ITS+ Premix (6.25 ng/ml insulin, 6.25 mg 

transferrin, 6.25 ng/ml selenious acid, 1.25 mg/ml bovine serum albumin, and 5.35 mg/ml 

linoleic acid; Collaborative Biomedical, San Jose, CA, USA), 40 pg/ml L-proline, 50 

pg/ml ascorbic acid, and 100 pg/ml sodium pyruvate. Other components were added as 

indicated in Fig. 48, with fetal bovine serum (FBS) obtained from Gemini Bio-Products 

(West Sacramento, CA, USA), knock out serum replacer (KOSR) from Invitrogen 

(Carlsbad, CA, USA), and growth factors from Peprotech (Rocky Hill, NJ, USA). The 

general methods for hESC culture, EB formation, EB differentiation, self-assembly, and 

analysis were the same as performed previously383 and are briefly detailed below. In 

choosing ‘winners’ from each phase of the experiment, morphological, biochemical, and 

biomechanical data were considered.
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Culture conditions 

hESC expansion

The National Institutes of Health (NIH)-approved BG01V line (ATCC) was 

cultured according to recommended protocols, as before.383 Frozen hESCs at passage 16 

(pl6) were thawed according to standard protocol and sub-cultured. The hESCs were 

passaged with collagenase IV (Invitrogen, Carlsbad, CA, USA) every 4-5 days and were 

used for the experiment at p22 for Phase I, p20 for Phase II, and p21 for Phase II.

Embryoid body formation and differentiation conditions

Dispase solution (0.1% w/v) was applied for 10-15 min to colonies of 

undifferentiated hESCs in monolayer when the colonies reached 70-80% confluence, as

-3 0 -5

previously performed. After two washes and centrifugations with Dulbecco’s Modified 

Eagle Medium/F12 (DMEM/F-12, Invitrogen, Carlsbad, CA, USA), the EBs were 

suspended in a chondrogenic medium according to the experimental plan (Fig. 48) and 

then distributed into bacteriological petri dishes (Fisher, Hampton, NH, USA). For the 

entire experiment, medium was completely changed every 48 hrs. EBs were used for 

self-assembly or for analysis at t=3 weeks.

Self-assembly of chondrogenically-differentiated hESCs

EBs were digested in 0.05% trypsin-EDTA (Invitrogen) for 1 hr followed by up to 

2 hrs of 0.15% collagenase II (Worthington Biochemical Corp., Lakewood, NJ, USA) 

digestion. Cells from each digest were counted with a hemocytometer, washed with 

DMEM, centrifuged at 200 x g, and resuspended at a concentration of 5 .0xl05 cells per
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20 jliI in the appropriate CM (Fig. 48). Constructs were made by seeding the dissociated 

cell suspension into 3-mm wells of 2% agarose (5.0x10s cells per well).

Assessments

Analysis of differentiated EBs

At t=3 weeks, a small number of EBs from each differentiation condition was 

collected for analysis. EBs were cryo-sectioned and stained for collagens using 

picrosirius red, glycosaminoglycans (GAGs) using Alcian blue, and collagen I and 

collagen II using immunohistochemistry (IHC).155 Stains for mesodermal tissue markers 

were used to detect unwanted differentiation, including von Kossa (calcified tissues), 

Masson’s trichrome (muscle), and Oil red O (adipose). Standard protocols were followed 

for each of these stains. During Phase II, cells from the enzymatic digest were used for 

flow cytometry analysis to ascertain whether mesodermal markers were present by 

blocking with goat serum for 1 hr, and adding 10 pg/ml of either IgGj isotype control 

(BD Biosciences, Franklin Lakes, NJ, USA), mouse anti-human CD44 (an adhesion 

protein and matrix receptor,446 Sigma-Aldrich, St. Louis, MO, USA), mouse anti-human 

CD 105 (a TGF-P receptor,447 Invitrogen), or mouse anti-human PDGFRa (a receptor 

involved in mesodermal development,448 R&D Systems, Minneapolis, MN, USA) for 30 

min. Cells were washed in PBS, and then the Alexa Fluor® 488 goat anti-mouse antibody 

(Molecular Probes, Carlsbad, CA) was applied to the different groups for 30 min. 

Samples were fixed in 0.5% paraformaldehyde, and stored at 4°C until analysis with a 

BD FACSCalibur system (BD Biosciences). At least 10,000 events were recorded with
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each sample and analysis of whole cells was performed using appropriate scatter gates to 

avoid debris and aggregates.

Analysis of self-assembled constructs

At the t=7 week time point (after 4 weeks of self-assembly), each construct was 

measured for wet weight after carefully blotting excess water. Diameter and thickness 

measurements were made using digital calipers with an accuracy of 0.01 mm (Mitutoyo, 

Aurora, IL). Constructs were either used for histology, biochemical assays, or 

biomechanical testing. Histological assessments for self-assembled constructs included 

picrosirius red, Alcian blue, IHC for collagen I and collagen II, von Kossa, Masson’s 

trichrome, and Oil red O. Biomechanical testing included tensile testing using an Instron 

5565 (Instron, Norwood, MA) and unconfined compression using a modified creep

109 98^indentation apparatus. ’

Previously described protocols were used for picogreen, DMMB, and 

hydroxyproline tests, and one set of samples was used for these assays.155 For collagens I 

and II, a second set of samples was used with previously described protocols for 

sandwich ELISAs.383

Statistics

Data were analyzed with appropriate ANOVA models, using Tukey’s post hoc 

test when applicable and a significance value of p<0.05. At least three samples were 

analyzed for biochemical assays and biomechanical tests. All data are reported as mean 

± standard deviation.
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Results

Phase I: Serum effects

The two experimental factors during this phase are referred to as EB%, denoting 

the FBS level during embryoid body (EB) differentiation, and SA%, denoting the FBS 

level during self-assembly (SA). Groups are identified by their EB% first and then SA% 

(i.e., FBS 0-0, FBS 0-1, FBS 1-0, FBS 1-1, FBS 20-0, and FBS 20-1). Phase I results are 

shown in Fig. 49 and described below.

Morphology of EBs (t=3 weeks) and self-assembled constructs (t=7 weeks)

EBs from the 1% FBS and 20% FBS groups demonstrated cartilaginous proteins 

such as collagen I and collagen II, similar to previous results.383 The EBs in the no serum 

group (0% FBS) did not grow nor did they yield testable self-assembled constructs. At 

t=7 weeks, the 20% FBS differentiation groups produced constructs that were not 

homogeneous in appearance, while the 1% FBS differentiation groups appeared uniform 

(Fig. 49). The SA% was a significant factor for the diameter of the constructs, with serum 

exposure during self-assembly leading to larger constructs (p=0.01, in mm, 1.9+0.1 for 

FBS 1-0, 4.0+0.4 for FBS 1-1, 2.3±0.01 for FBS 20-0, and 2.4+0.2 for FBS 20-1). The 

EB% was not a significant factor on the diameter of the constructs (p=0.13). The 

constructs exhibited collagen I, collagen II, and GAG, as seen before 383. They did not 

show any unwanted differentiation by histology.
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Biochemistry

EB% was not a significant factor for any biochemical characteristics. On the 

other hand, the presence of serum during self-assembly {i.e., SA%) was a significant 

factor for the final cell numbers and total collagen content (p<0.05, Fig. 49). In terms of 

specific collagens, the FBS 1-0 group had significantly more collagen II by wet weight 

(WW, in pg/mg) compared to the other groups (2.3±0.7 for FBS1-0, 0.4±0.1 for FBS 1-1,

0.6+0.1 for FBS 20-0, and 0.5+0.3 for FBS 20-1). The collagen I by WW (in pg/mg) was 

similar among all groups (9.8+3.2 for FBS1-0, 7.4+2.6 for FBS 1-1, 8.9+1.1 for FBS 20- 

0, and 5.6+2.5 for FBS 20-1). The GAG content by WW (in pg/mg) was also similar 

among groups (8.4+2.8 for FBS 1-0, 4.9+0.7 for FBS 1-1, 5.4+0.9 for FBS 20-0, and 

6.1+1.3 for FBS 20-1).

Biomechanics

EB% did not have a significant effect on any of the biomechanical properties of 

the constructs. SA% was a significant factor (p<0.05) for the relaxed compressive 

modulus (in kPa, 2.0±0.7 for FBS 1-0, 1.6±0.5 for FBS 1-1, 2.5+0.5 for FBS 20-0, and 

1.2±0.5 for FBS 20-1). The instantaneous compressive modulus was similar (p>0.05) 

among groups (in kPa, 15.8+5.8 for FBS 1-0, 17.0+8.1 for FBS 1-1, 14.9+2.6 for FBS 

20-0, and 8.3+1.8 for FBS 20-1). There was no significant difference between tensile 

properties. The tensile modulus (in MPa) was 2.2+1.0 for FBS 1-0, 1.0+0.8 for FBS 1-1, 

2.2+1.3 for FBS 20-0, and 2.2+1.3 for FBS 20-1. The ultimate tensile strength (UTS, in 

MPa) was 1.8+1.2 for FBS 1-0, 0.5+0.2 for FBS 1-1, 1.5+0.9 for FBS 20-0, and 1.7+1.1 

for FBS 20-1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



169

Phase I Summary

The results of Phase I demonstrated that a minimal amount of serum (1% during 

chondrogenic differentiation and none during self-assembly) was sufficient to produce 

uniform constructs with biochemical and biomechanical properties on par or better than 

the other groups. Thus, the FBS 1-0 group was chosen as the ‘serum standard’.

Phase II: Serum-free conditions

The three experimental groups during this phase are named according to the main 

medium component: FBS (the ‘serum standard’), KOSR, and TGF-pi.

Morphology of EBs (t=3 weeks) and self-assembled constructs (t=7 weeks)

EBs from all three groups grew and displayed typical morphological findings at

'J O '3

t=3 weeks, as before . At t=7 weeks, the three groups exhibited similar morphological 

characteristics, except that the KOSR group had a smaller diameter (p<0.05, in mm, 

2.4+0.1 for FBS, 1.9+0.1 for KOSR, and 2.3+0.1 for TGF-pi). Otherwise, all treatments 

appeared homogeneous and smooth (Fig. 50). The constructs exhibited collagen I (Fig. 

50), collagen II, and GAG. They did not show any unwanted differentiation by histology. 

There were differences between the cells from each treatment in terms of cell surface 

markers (Table 6), particularly in the proportion of cells positive for CD44 and PDGFRa 

in the TGF-pi group compared to the other groups.
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Biochemistry

The composition of the constructs in each group was similar, in terms of cell 

numbers, GAG content, total collagen content (Fig. 50), and specific collagen contents. 

The cell numbers (in 105 cells) were 2.2+0.1 for FBS, 2.3+0.2 for KOSR, and 2.2+0.3 for 

TGF-pi. The GAG content by WW (in pg/mg) was 0.9+0.1 for FBS, 1.0+0.1 for KOSR, 

and 1.1+0.1 for TGF-pi. The collagen I content by WW (in pg/mg) was 15.6+1.5 for 

FBS, 15.4+1.8 for KOSR, and 12.9+.8 for TGF-pl. The collagen II content by WW (in 

pg/mg) was 0.9+0.2 for FBS, 1.5+0.5 for KOSR, and 0.7+0.1 for TGF-pl.

Biomechanics

The KOSR group had a higher relaxed compressive modulus compared to the 

TGF-pi group (p<0.05). The values (in kPa) were 2.6+0.4 for FBS, 3.0+0.3 for KOSR, 

and 1.9+0.4 for TG F-pi. Otherwise, the biomechanics of the treatment groups were not 

statistically different. The instantaneous compressive modulus (in kPa) was 25.4+10.3 

for FBS, 17.9±2.7 for KOSR, and 18.2+2.8 for TGF-pi). The tensile modulus is shown 

in Fig. 50. The UTS (in MPa) was 0.4+0.1 for FBS, 0.7+0.1 for KOSR, and 0.5±0.1 for 

TGF-pi.

Phase II summary

The serum-free groups performed similarly in most respects to each other and to 

the serum standard. Although the KOSR group had a slightly higher relaxed modulus, it 

was smaller in diameter and otherwise similar compared to the TGF-pi group. The 

appealing aspect about the TGF-pi group was that the differentiation conditions were
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defined and known; on the other hand, KOSR, though chemically defined, is a

commercial product whose contents are not published. Thus, the TGF-pi group was

chosen as the ‘serum-free standard’ for the final phase of the experiment.

Phase III: Growth factor effects on serum and serum-free standards

The growth factors TGF-pi and IGF-I were used during the self-assembly of the 

serum and serum-free standards. (Note: The same basal chondrogenic medium was used 

during self-assembly of all treatments and exogenous growth factors were added as 

appropriate. No serum was used during self-assembly of any treatment during Phase III.) 

Including the no growth factor controls, this yielded six treatments. These are referred to 

by the differentiation condition first (F for FBS and T for TG F-pi) followed by the self- 

assembly condition (C for control, T for TGF-pi, and I for IGF-I). Therefore, the six 

groups were F-C, F-T, F-I, T-C, T-T, and T-I.

Morphology of EBs (t=3 weeks) and self-assembled constructs (t=7 weeks)

EBs again displayed typical morphological findings at t=3 weeks, similar to

Phases I and II. At t=7 weeks (Fig. 51), constructs treated with TGF-pi during self- 

assembly (F-T and T-T) were smaller in diameter compared to the other groups (p<0.05, 

in mm, 2.7+0.1 for T-C, 2.2+0.2 for T-T, 2.5+0.1 for T-I, 2.5+0.1 for F-C, 2.1+0.1 for F- 

T, and 2.3+0.2 for F-I). The constructs exhibited collagen I, collagen II, and GAG, as 

before. They did not show any unwanted differentiation by histology.
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Biochemistry

There were several significant differences between the serum and serum-free 

standards when exposed to the growth factors. The serum-based groups had more cells 

than the serum-free treatments (p<0.0001, in 105 cells, 1.3+0.1 for T-C, 2.0+0.3 for T-T, 

1.4+0.1 for T-I, 3.3+0.1 for F-C, 3.9+0.6 for F-T, and 3.7±0.4 for F-I). The serum-free 

differentiation condition was a significant factor for GAG content by WW (p<0.01, in 

pg/mg, 0.9+0.1 for T-C, 1.1+0.2 for T-T, 1.0+0.2 for T-I, 0.8+0.01 for F-C, 0.9+0.04 for 

F-T, and 0.8+0.1 for F-I) and total collagen content by WW (p<0.0001, Fig. 51). 

Application of TGF-pi during self-assembly of the serum-free standard was the only 

treatment to have significantly higher total collagen compared to control (Fig. 51). There 

were no significant differences between the groups in terms of their specific collagen 

contents. The collagen I content by WW (in pg/mg) was 5.9+2.0 for T-C, 7.2+2.1 for T- 

T, 7.4±2.1 for T-I, 8.7±1.1 for F-C, 9.1+2.9 for F-T, and 10.2+1.6 for F-I. The collagen 

II content by WW (in pg/mg) was 2.3+0.7 for T-C, 2.0+0.8 for T-T, 2.5+0.6 for T-I,

1.4±0.2 for F-C, 1.9+0.8 for F-T, and 2.2+0.1 for F-I.

Biomechanics

Treatment with TGF-pi during self-assembly of the serum-free standard resulted 

in significantly greater compressive and tensile properties compared to all other groups 

(Fig. 51). Though there was a trend for improved mechanical properties in the serum 

standard when growth factors were applied (F-T and F-I), there was no significant 

difference over control for those groups (Fig. 51).
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Phase III summary

The T-T group performed best among all the other treatments in terms of cartilage 

protein composition and biomechanics.

Discussion

This study systematically evaluated different formulations of chondrogenic 

medium (CM) and established serum-free, chemically defined methods for the 

engineering of fibrocartilage with hESCs. This is the first demonstration that serum-free 

methods can be used during both chondrogenic differentiation and cartilage tissue 

engineering with hESCs. Furthermore, this study demonstrates significant effects of 

TGF-pi on the self-assembly of the serum-free standard (1 ng/ml TGF-pi in 

chondrogenic medium during differentiation), while also showing that cells differentiated 

under the serum-free and serum-based methods have a differential response to growth 

factors during self-assembly. Overall, these results are relevant to the eventual goal of 

engineering functional musculoskeletal cartilages with hESCs to address cartilage 

afflictions.

This study was designed to develop new principles for the development of serum- 

free, chemically defined methods for hESC-derived fibrochondrogenesis. In phase I, the 

key differences were in the morphology of the constructs and their biochemical 

properties. Specifically, the results showed that at least a small amount of exogenous 

stimulus was necessary for the survival of the EBs through 3 weeks of differentiation, as 

the 0% group did not yield any usable cells. It is well documented that serum contains 

growth factors and cytokines that are important to cell survival and proliferation.458,459
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This left a comparison of low (1%) and high (20%) serum levels during 

differentiation and their response to the self-assembly conditions (no serum or 1% FBS). 

This comparison showed major differences in the morphologies of the resulting self

assembled constructs (Fig. 49), suggesting varying capacities of the cells from each 

differentiation condition to engineer cartilage. It is possible that the high level of serum 

produced higher variation in the cell population, causing the constructs to grow in odd 

shapes. Although 20% FBS has been used for the chondrogenic differentiation of 

embryonic stem cells,164’341 this study represented the first time that these differentiated 

cells were used in a tissue engineering strategy. The 1% FBS formulation of CM has 

been previously used to chondrogenically differentiate hESCs and engineer cartilage that 

mostly resemble native fibrocartilages.383 Interestingly, the biochemical results 

demonstrated that no FBS was necessary for self-assembly and was in fact better than 

having FBS during self-assembly, as the cartilage protein contents were consistently 

higher when no serum was present. It is notable that the cell numbers were higher in the 

presence of serum, suggesting that the serum during self-assembly had a stronger 

influence on cell survival and/or proliferation than cartilage protein production. Overall, 

the results of the first phase showed that a small amount of serum (1%) was necessary 

during the chondrogenic differentiation of hESCs and no serum was necessary during 

self-assembly.

Phase II utilized the self-assembly conditions of Phase I (no serum) to compare 

the serum standard to serum-free formulations of CM. Similar serum-free methods have 

been used previously to differentiate stem cells into cartilage-like cells346,349,386, 456 and 

engineer cartilage,343 but none of the previous work with hESCs has used serum-free,
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chemically defined methods throughout chondrogenic differentiation and cartilage tissue 

engineering. This study demonstrates two methods to achieve this in the KOSR and 

TGF-pi groups. These two treatments of Phase II performed similarly in most regards. 

Though the KOSR group had slightly better compressive properties than the TGF-|31 

group, the TGF-pl group performed on par with the serum standard and did not contract 

like the KOSR group. It also had the advantage over the KOSR group of being a better 

defined system of study. Though KOSR is a chemically defined medium component, its 

contents are not published.

The differing levels of cell surface markers at t=3 weeks between the TGF-pi and 

FBS groups were interesting in light of the differential response these groups had to the 

growth factors during self-assembly, as seen in Phase III. The serum-free standard (1 

ng/ml TGF-pi during chondrogenic differentiation) had a marked response to TGF-pi 

during self-assembly, exhibiting higher cartilage protein production and better 

biomechanical properties than the serum-free control and the corresponding serum-based 

group (Fig. 51). Interestingly, there was no difference in the cell populations derived 

from the serum and serum-free methods in CD105 (Table 6), a component of the TGF-P 

receptor.460 CD105 binds TGF-pi with high affinity through its association with TGF-P 

receptor type I I 461 We postulate that the cells generated with distinct differentiation 

conditions have varying expression patterns of specific growth factor receptors. The 

difference in the number of cells positive for PDGFRa between the serum-free and 

serum-based methods may also explain the distinct responses to TG F-pl. For example, 

TGF-P 1 can increase or decrease PDGFRa expression, depending on the cell type.462'467 

Also, PDGF has been shown to be a cofactor in the induction of type I procollagen
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expression by TGF-J31 in smooth muscle cells.468 These connections between TGF-pl, 

PDGF isoforms, and PDGF receptors, considered with our results (Fig. 51), suggest that 

PDGFRa may be a useful predictor for responsiveness of engineered cells to TGF-pl. 

Similarly, CD44 may also be a useful marker (Table 6) for this purpose, although the 

connection between this adhesion protein and TGF-pi is not as well characterized.

Toward understanding how differentiated hESCs respond to specific stimuli, such 

as growth factors, and translating stem cell technologies to human therapies, it is 

important to establish well-defined, reproducible conditions. This work establishes basal 

conditions for the generation of cartilage-like cells and macroscopic cartilage with 

hESCs, showing that just a small level of TGF-P 1 is sufficient to sustain the survival and 

chondrogenic differentiation of hESCs. Several challenges remain regarding translation 

of this technology, however. It is important to indicate that the NIH-sanctioned lines 

pose a challenge to any therapeutic use due to their history of mouse feeder cell contact 

as well as contact with other xenogenic products. To address these issues, mouse feeder 

cells have been replaced with human cells;469 alternatively, feeder-free conditions can 

also be used 470 Although the NIH-sanctioned lines may not be clinically usable, they 

nevertheless represent useful model systems to address many pertinent questions 

regarding hESCs for cartilage applications, including how to generate cartilage-producing 

cells and how to manipulate the characteristics of hESC-derived cartilage. In particular, 

we have shown that the differentiation of hESCs can be manipulated to generate 

functionally distinct cartilages under serum based conditions;383 now that serum-free 

conditions have been established in this study, it is conceivable that functionally useful,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



177

clinically applicable musculoskeletal cartilages can be generated with hESCs once new 

lines are approved by the NIH.

In summary, this study establishes serum-free, chemically defined methods to 

produce fibrocartilage with hESCs. We demonstrate that at least a small level of 

exogenous stimulus (i.e., 1% FBS, 1 ng/ml TGF-P 1, or 5% KOSR) is necessary for hESC 

survival during EB differentiation but not during self-assembly. Additionally, we show 

that hESCs differentiated under serum-free and serum-based conditions respond 

differentially to growth factors, with a large and significant effect of TGF-P 1 on cartilage 

protein production and biomechanics for the serum-free group but not for the serum- 

based group. Generating cartilage under defined conditions is important for 

understanding the mechanisms involved in chondrogenesis, as well as the translation of 

cell-based technologies to clinical therapies for cartilage afflictions.
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Table 6: Mesodermal surface markers for Phase II cells (t=3 weeks)
Shown are the percentage of cells from each treatment that had FLH1>10 after 
appropriate gating (see Methods). Each treatment from Phase II yielded positive cells for 
CD44, CD 105, and PDGFRa. There was a difference in the level of signal between each 
group, however. Most notably, the TGF-P 1 group had a significantly higher proportion 
of cells positive for CD44 and PDGFRa than the FBS group (p<0.05).

Isotype control CD44 CD105 PDGFRa

FBS 2.4% 44.9% 12.1% 13.0%

KOSR 1.4% 34.4% 8.5% 11.3%

TGF-p1 2.8% 69.1% 13.0% 21.1%
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DISCUSSION—CONCLUSIONS

Three major techniques were developed in this thesis that establish a rational 

framework for investigations of single chondrocyte mechanobiology and chondrogenesis, 

using an alternative cell source. First, a creep cytoindentation apparatus (CCA) was 

designed, validated, and used to obtain the viscoelastic properties of single chondrocytes. 

Second, a method to analyze the behavior of chondrocytes in response to direct 

compression was used to demonstrate their strain-dependent properties and the effects of 

growth factors on these properties. Finally, a modular experimental approach to 

engineering cartilage with human embryonic stem cells (hESCs) was developed, resulting 

in uniform cartilage constructs with high amounts of collagen and robust tensile 

properties. These developments lay the foundation for two separate lines of research, one 

to improve our understanding of how mechanical forces influence chondrocytes and the 

other to establish ways to use hESCs for cartilage regeneration therapies.

Since mechanical forces play such a large role in the health, maintenance, and 

disease of cartilage, understanding how these forces influence the tissue and the cells can 

have a large impact on the development of therapies for cartilage afflictions. Specific 

Aims 1 and 2 approached cartilage mechanobiology by studying the most basic unit of 

the tissue, the chondrocyte. The CCA (Chapter 2) was capable of stress-controlled 

experiments on single chondrocytes. The device could resolve forces on the order of 1 

nN, and the machine was capable of recording cellular deformations on the order of 0.1 

pm. The calibration and validation of the apparatus demonstrated the accuracy and 

repeatability of the machine, and the biomechanical properties obtained for the 

chondrocytes compared favorably with previous work. These results confirmed the
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hypothesis that creep indentation could be used on single adherent cells, showing that 

chondrocytes had an instantaneous elastic modulus of about 8 kPa and a relaxed modulus 

of about 1 kPa. This data offered further proof that the chondrocyte is about three orders 

of magnitude less stiff than the surrounding extracellular matrix (modulus of about 1 

MPa). This indicates that the local stress-strain environment of the cell is markedly 

different than the rest of the tissue. These findings are important in elucidating how 

mechanical forces are transmitted from the tissue down to the cell, as the derived 

mechanical properties can be used directly in continuum mechanics models of cartilage.

In the future, these mechanical properties may also be useful in identifying 

distinct cell populations, as has been recently suggested with atomic force microscopy on 

adipose cells, osteoblasts, chondrocytes, and mesodermal-derived stem cells.471 

Applying the CCA to hESCs, for example, may help characterize the cells along their 

differentiation state, from hESC to chondrocyte. It is also an exciting prospect to 

reprogram the CCA for direct mechanical stimulation of single cells. This capability has 

already led to a series of studies by others in this laboratory to understand how single 

chondrocytes respond to static compression and growth factors as well as dynamic 

compression.263 Those studies demonstrated that static compression of single 

chondrocytes leads to gene expression changes indicative of degenerative changes, while 

growth factors and dynamic compression may rescue the cells from this phenotype. It is 

conceivable that similar lines of study can be conducted in the future on stem cell 

systems, such as hESCs and MSCs, to understand the role of mechanical forces on their 

differentiation.
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Directing these mechanical stimulation regimens may be aided in part by the 

studies of Specific Aim 2. Chondrocytes consistently demonstrated a change in behavior 

beyond a critical strain of approximately 30% (Chapters 3 and 4). This was considered 

to be akin to a yield strain and may hold physiological relevance, since it is generally 

believed that chondrocytes normally experience strains less than 30% in vivo. On the 

other hand, injurious compression and impact can lead to strains higher than 30%, which 

may lead to irreparable cellular damage and eventually degeneration of the tissue. 

Therefore, the change in biomechanical behavior beyond the critical strain may signify 

permanent damage to the cell and lead to cell death.

The results of Specific Aim 2 also demonstrated that the Poisson’s ratio decreased 

significantly with increasing strains (Chapter 4). For example, growth factor treated cells 

had a Poisson’s ratio of about 0.40 at a strain of 0.1, but at a strain of 0.6, the Poisson’s 

ratio was around 0.20. This decrease was seen in the control cells also, though growth 

factor treatment increased the Poisson’s ratio compared to control by 1.7 times. These 

findings counter current mechanical models of cartilage that assume the Poisson’s ratio of 

the cell to be constant. Understanding the physical mechanisms responsible for the 

critical strain and the reason behind the decrease in the Poisson’s ratio may have 

relevance to both tissue engineering efforts and cartilage pathological processes. For 

example, future experiments may identify the role of certain cytoskeletal components in 

determining the critical strain region, making it possible to alter these structures by 

directly targeting them and thus protecting the cell from mechanical injury. The time 

constants of recovery derived in Specific Aim 2 are also relevant to mechanical 

stimulation of native and engineered cartilages. The characteristic times were relatively
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high (average of ~4 s) and indicate that high frequency stimulation may lead to strain 

accumulation in cells and eventually lead to permanent damage. The single cell studies 

performed in Specific Aims 1 and 2 can help elucidate native chondrocyte 

mechanobiology, while aiding the design of mechanical stimulation regimens that seek to 

improve the properties of engineered cartilage.

Towards engineering replacement cartilages, hESCs were investigated as a 

possible cell source in Specific Aims 3 and 4. Current tissue engineering strategies face 

the challenge of identifying useful cell sources for patient therapies, and hESCs hold 

tremendous promise for this endeavor since they may be tailored to individual patients, 

can self-renew, and have the capacity to differentiate into cartilage-producing cells. 

There are still many questions about using hESCs for regenerative medicine, including 

how to differentiate them and how to use the differentiated cells for tissue engineering. 

Specific Aim 3 demonstrated that the processes of hESC differentiation and cartilage 

tissue engineering could be broken down into separate modules, enabling the design of 

statistically robust, hypothesis driven experiments.

This achievement had two major implications. The first was that established 

tissue engineering strategies could be applied to cartilage-producing cells derived from 

hESCs. In this case, the principle of seeding cells at high density in a non-adhesive 

agarose mold— self-assembly— was applied to chondrogenically-differentiated hESCs 

that were enzymatically digested from embryoid bodies. It was previously unknown how 

to handle the differentiated hESCs and whether they required different treatment than 

native chondrocytes. Knowing that differentiated hESCs performed well in self- 

assembly enabled the testing of the modular experimental design.
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The second major implication of this work was that this modular approach could 

be used to direct the formation of cartilage with hESCs towards different cartilage 

applications. In the growth factor experiment (Chapter 5), differentiation timeline 

investigation (Chapter 6), and the hypoxia study (Chapter 7), conditions were varied 

during the early weeks involving differentiation. The cells were then self-assembled in 

either the same conditions or in different conditions while using a full factorial design. In 

each application of this experimental design, important principles of tissue engineering 

with hESCs were developed. Thus, the modular experimental design was a robust way to 

investigate specific questions concerning hESCs.

The first demonstration of this new concept (Chapter 5) involved the use of 

specific growth factor combinations (TGF-P3 followed by TGF-P 1 + IGF-I and TGF-P3 

followed by BMP-2) to show that each regimen resulted in cartilages with different 

biochemical and biomechanical properties. In particular, it was shown that the specific 

collagen types (I and II) could be altered. For example, TGF-p3 followed by TGF-P 1 + 

IGF-I during differentiation resulted in no collagen I but approximately 20% more 

collagen II than differentiation with TGF-P3 followed by BMP-2. Since fibrocartilages 

are primarily collagen I and hyaline articular cartilage is mostly collagen II, this was an 

important step towards achieving these target tissues. Additionally, it was shown that the 

enzymatic dissociation of the embryoid bodies was superior to using the intact embryoid 

bodies for self-assembly, as the homogeneity, protein content, and biomechanical 

properties were better for the constructs made with dissociated cells. This method of 

enzymatic dissociation was used for the remaining experiments (Chapters 6-8). This 

work also demonstrated that the biomechanics of engineered cartilage are altered when
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specific growth factors are used during chondrogenic differentiation. The tensile 

properties were up to about 3 MPa, comparing favorably to certain native cartilages such 

as hyaline articular cartilage (approximately 1 MPa) and temporomandibular joint disc 

(approximately 10 MPa). The cells also produced as much collagen as native 

chondrocytes in self-assembly (about 20% by dry weight), showing the robustness of 

their synthetic output.

The ability to alter the functional chondrogenic capacity of the cells was further 

demonstrated by varying the amount of time the cells were differentiated (Chapter 6). 

The differentiation timelines illustrated that there is an optimal amount of time (3 weeks) 

to maintain the hESCs in EB form, as the quality of the self-assembled fibrocartilage 

constructs differed greatly between 1, 3, and 6 weeks of differentiation time. Thus, self- 

assembly served as a functional assay of the chondrogenic potential of the differentiated 

hESCs. This is an important feature of the experimental design. This functional 

approach to studying stem cell differentiation differs from most in that quantitative 

assessments (i.e., cartilage protein content and biomechanical properties of constructs) 

are used to define success, rather than only using qualitative or semi-quantitative assays 

(i.e., histology and gene expression). By performing an array of assessments, both 

qualitative and quantitative, a more global view of hESC applicability to cartilage 

engineering was obtained. In this experiment, the constructs were fibrocartilaginous 

since they were mostly collagen I, with low glycosaminoglycan, and high tensile 

properties. It was encouraging that two hESC lines were capable of producing such 

robust fibrocartilage, since native fibrochondrocytes do not exhibit a high matrix 

synthetic potential. This experiment also showed that there are performance differences
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between the H9 and BG01V cell lines towards engineering fibrocartilage, particularly in 

the biomechanical properties of the constructs derived from each cell line, with H9s 

having a vastly higher tensile modulus (-1700 kPa for H9s vs. -55  kPa for BGOlYs). 

The variability between different cells lines is an important issue in stem cell engineering 

with implications in applying differentiation strategies developed with one cell line to 

other lines. This is of particular importance with regard to cell lines that may have 

research-related advantages, such as the BG01V cell line. Towards future studies 

refining and improving the differentiation process, H9 EBs differentiated for 3 weeks 

prior to construct formation appear to be the most useful model for further work in 

making functional neofibrocartilage from hESCs.

The hypoxia study (Chapter 7) followed up on the results of the growth factor and 

differentiation timeline studies in that the modular experimental design was utilized with 

the 3 week differentiation time for the H9 cells. Hypoxia significantly altered the 

differentiation process, whereby cells differentiated in hypoxic (vs. normoxic conditions) 

produced greater amounts of collagen II (up to 3.4-times), collagen I (up to 2.9-times), 

and glycosaminoglycans (up to 1.9-times). Hence, the constructs composed of hypoxic 

differentiated cells had better biomechanical functionality (up to 3-times in tensile 

modulus and up to 4-times in compressive properties). The significant increase in 

collagen II was particularly exciting, as this protein is difficult to produce in large 

amounts. Interestingly, the hypoxic cells had a different expression profile than the 

normoxic cells for CD44 (lower for hypoxic) and PDGFRa (also lower), further 

emphasizing that hypoxia altered the differentiation process and suggesting that surface 

marker characterization may be used to predict the chondrogenic potential of hESC-
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derived cell populations. Using hypoxia with other potent regulators of chondrogenic 

differentiation, such as growth factors and mechanical stimuli, may make it possible to 

achieve hyaline articular cartilage, which is currently elusive for stem cell systems.

The final study in this thesis (Chapter 8) contributes to the translation of the 

hESC cartilage technology from the research laboratory to a patient therapy. Performing 

the chondrogenic differentiation and tissue engineering of cartilage in serum-free, 

chemically defined conditions is an important step towards using the engineered tissue as 

a replacement graft. There are still many hurdles to overcome before implanting this 

hESC-derived tissue into a human, but animal studies are a possibility in the near future. 

Specific Aim 4 showed that it is possible to generate uniform fibrocartilage constructs 

without using xenogenic products, such as serum, while also demonstrating that there are 

differences in the performance of serum-based and serum-free methods. Specifically, the 

serum-free method had a marked response to TGF-P 1 while the serum-based method did 

not, possibly due to differences in their expression of adhesion proteins and growth factor 

receptors. Stimulation of the serum-free method (vs. the serum-based method) with 

TGF-pi resulted in higher collagen content (-100% increase) as well as greater tensile 

(-150% increase) and compressive (-80%  increase) properties. This was the first time 

that the modular experimental design was used to show such a marked improvement of 

the process through an alteration in the self-assembly conditions. This result opens the 

door to a wide range of possibilities for enhancing the tissue engineering phase with 

hESCs, including other cartilage-relevant growth factors and mechanical stimulation. 

Future studies may also focus on refining the differentiation protocol. One way in which 

the differentiation step may be modified is to introduce a step to purify the differentiated
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population using cell surface markers, differential adhesion, or even a Percoll® gradient. 

In any of these future endeavors, generating cartilage under defined conditions will be 

important for understanding the mechanisms involved in chondrogenesis, as well as the 

translation of cell-based technologies to clinical therapies for cartilage afflictions.

In summary, this thesis developed techniques to study the mechanical properties 

of single cells, to analyze the mechanical behavior of single cells, and to tissue engineer 

cartilage with human embryonic stem cells. Using these techniques, a series of studies 

were conducted to show that 1) creep indentation of single cells can be used to obtain 

their viscoelastic properties, with chondrocytes having an instantaneous modulus of 8 

kPa, which is three orders of magnitude less than the native tissue, 2) chondrocytes 

exhibit strain-dependent and growth-factor dependent properties and behavior, 3) the 

chondrogenic differentiation conditions for hESCs largely determines their ability to 

engineer functional cartilages, and 4) serum-free methods can be used to differentiate and 

engineer cartilage with hESCs and is in fact superior to serum-based methods. These 

major results open an array of possibilities for future investigations into cartilage 

mechanobiology and tissue engineering.
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Figure 1: Articular cartilage research strategies
Articular cartilage is a biomechanical tissue. This description entails many aspects, 
including the tissue’s structure and function and physiology, in both health and disease. 
In each of these aspects, researchers have gleaned information that has helped to focus 
efforts to tissue engineer articular cartilage in vitro. Without a thorough characterization 
of the native tissue’s composition and structure as well as a firm grasp of the native 
tissue’s physiology and disease, choosing design variables and planning articular 
cartilage tissue-engineering studies would be an insurmountable task. Thus, these 
biomechanical aspects of the native tissue are critical to developing and refining tissue- 
engineering strategies that may be able to treat cartilage diseases. Because biomechanics 
play such a central role in so many ways of understanding articular cartilage, this 
biomechanical system has spawned a wide array of studies. In this review, these studies 
will be synthesized to provide a comprehensive view of the native tissue, providing a 
framework for understanding the approaches and challenges of articular cartilage 
regeneration.
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Figure 2; Articular cartilage structure
Native articular cartilage exhibits a structure that accommodates its biomechanical 
functions of protecting the ends of long bones, distributing loads, and near-frictionless 
movement. This can be seen from the bulk tissue level, the single cell level, and the 
protein level.
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Figure 3: Mechanical forces and articular cartilage
The predominant stresses in articular cartilage can be described in terms of compression, 
hydrostatic pressure, shear, and tension. These biomechanical factors play a role in tissue 
development, remodeling, and regulation. Bioreactors have been designed to apply such 
stresses to articular cartilage explants and tissue-engineered cartilage, in order to isolate 
and understand the differential effects of each of these stresses. Normal physiological 
limits, such as human cadence (0.6 to 1.5 Hz), have helped to direct these studies, since a 
number of design variables can be manipulated.
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Figure 4: Self-assembly of articular cartilage
Self-assembly of articular chondrocytes is a scalable and moldable process, meaning that 
the process can control the size, shape, and anisotropic biomechanical properties of 
engineered cartilage. These constructs were made using primary bovine chondrocytes 
and positive and negative molds of a rabbit femur.
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Figure 5: Setup of creep cytoindentation apparatus
(a) A photograph of the Creep Cytoindentation Apparatus (CCA), showing the major 
components of the system arranged for a typical experiment, (b) The CCA utilizes a 
closed loop control algorithm to apply a constant stress to the surface of anchorage 
dependent cells. It consists of a computer with data acquisition hardware and software 
(A), a controller (B) for the piezoelectric translator (C), a 75 pm diameter glass cantilever 
and 5 pm diameter glass probe (D), a laser micrometer (E), and an active tunable filter 
(F); other components include a manual positioning device for the piezoelectric translator 
(which is connected to the cantilever) (1), an inverted microscope (2), and a manual 
positioning device for the laser (3). The boxed area is enlarged in Fig. 9.
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Figure 6: Deflection of cantilever
Calculating the deformation of the cell first required knowledge of the deflection at the 
point of contact (yi). This was determined with the experimentally measured deflection 
(5) and other constants (Young’s modulus (E), moment of inertia (I), and Li, and L2). 
The initial position of the probe at the application of the test load and the deflection at the 
point of contact allowed the deformation of the cell to be determined.
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Figure 7: Calibration
The piezoelectric translator controls the base of the cantilever while the laser micrometer 
records the displacement of the end of the cantilever. Due to refraction by the quartz 
window and growth media, a calibration procedure is conducted whereby the 
piezoelectric translator moves a known distance and the laser data is recorded. By 
dividing the known movement by the recorded laser data, a refraction constant is 
obtained. The piezoelectric translator is held for a few seconds to test the stability of the 
laser signal as well.
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Figure 8: Validation setup
A cantilever beam, designated ‘Test Beam,’ with known Young’s Modulus (Et), moment 
of inertia (It), and length (L,) was used as resistance to the cantilever beam used in 
experiments, designated ‘Cantilever Beam’ in the figure. By measuring the deflection of 
‘Cantilever Beam,’ an experimentally derived value for the Young’s Modulus of ‘Test 
Beam’ could be compared to the factory provided value, offering a method to validate the 
apparatus in terms of force and displacement measurements. This procedure was 
conducted in similar conditions as those during actual experiments on cells.
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Figure 9; Experimental setup
(A) Fixed 1 mm from the end of the 75 m diameter glass cantilever is the 5 m diameter 
glass probe. A piezoelectric translator is used to control the movement at the base of the 
cantilever, while a laser micrometer records the displacement of the end of the cantilever. 
The laser readings are facilitated by a reflective chrome coating on the end of the 
cantilever and by a quartz window (not shown). (B) A photograph of a bovine articular 
chondrocyte seeded for 3 hrs on a glass coverslip. The round morphology of the cell is 
typical for 1st passage chondrocytes cultured under these conditions (400x 
magnification).
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Figure 10: Force profile
In this particular force profile, a tare load of 5 nN and test load of 50 nN were used. 
Individual points obtained from experiments are shown with the desired force profile 
outlined. Times for these loads and the values of the tare load were varied slightly to 
establish a functional relationship. While this force is applied, the corresponding 
deformation of the cell is recorded and can be seen in Fig. 11. During indentation, the 
area in contact with the cell surface is constant, allowing stress-controlled experiments to 
be conducted.
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Figure 11: Standard linear solid curve fit.
The standard linear solid model is a three parameter mathematical model that accounts 
for the time dependent viscoelastic behavior of the cell. The figure demonstrates the 
instantaneous deformation that occurs after the test load is applied. The rate of 
deformation reaches equilibrium on the order of seconds.

♦ Experimental 
—  Standard Linear Solid

10 15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



233

Figure 12: Schematic of cytocompression
Cut glass slides were seeded with cells, then placed in a culture dish, with the cell-seeded 
surface perpendicular to the dish surface. Cells were compressed by a plane-ended 
tungsten probe, and the entire compression and recovery process was observed with a 
CCD video camera mounted on an inverted microscope. Dimensions are not drawn to 
scale.
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Figure 13: Cytocompression at low strain
(A) Cell prior to compression. (B) Cell immediately post-compression, s = 0.10. (C) Cell 
after 3 s of recovery, x = 2.0 s. (D) Cell after 30 s of recovery. The cell recovered to 96% 
of its initial height.
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Figure 14: Cytocompression in the critical region
(A) Cell prior to compression. (B) Cell immediately post-compression, e = 0.27. (C) Cell 
after 3 s of recovery, x = 8.6 s. (D) Cell after 30 s of recovery. The cell recovered to 97% 
of its initial height.
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Figure 15: Cytocompression above the critical region
(A) Cell prior to compression. (B) Cell immediately post-compression, e = 0.31. (C) Cell 
after 3 s of recovery, x = 8.8 s. (D) Cell after 30 s of recovery. The cell recovered to 85% 
of its initial height.
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Figure 16: Cytocompression at high strain
(A) Cell prior to compression. (B) Cell immediately post-compression, e = 0.35. (C) Cell 
after 3 s of recovery, x = 14.7 s. (D) Cell after 30 s of recovery. The cell recovered to 
83% of its initial height.
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Figure 17: Plot of normalized volume change versus axial strain.
Volume change increased with increasing axial strain (p < 0.0001), demonstrating that 
the cell exhibits compressibility. If the cell were incompressible, no dependence on axial 
strain would be observed.
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Figure 18: Plot of apparent Poisson’s ratio versus axial strain
The value of the Poisson’s ratio was measured to be 0.29 ± 0.14 and exhibited no 
dependence on axial strain {p = 0.85).
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Figure 19: Plot of residual strain versus axial strain
Residual strain increased with increasing axial strain (p < 0.0001). A  linear fit is shown 
for the entire data set; in addition, there are also fits for data separated at s = 0.27, based 
upon change point analysis. The slope and r2-value are significantly higher for the linear
fit o f data greater than s = 0.27.
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Figure 20: Plot of recovered volume fraction versus axial strain
Increasing axial strain resulted in decreased volume fraction after 30 s of recovery ip = 
0.003). Three linear fits are shown, for both the whole data set as well as data separated at 
e = 0.28, as determined by change point analysis. The linear fit for data less than s = 0.28 
showed no dependence on axial strain, while the relationship between recovered volume 
fraction and axial strains higher than s = 0.28 was statistically significant (p = 0.04).
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Figure 21: Plot of recovery time constant versus axial strain
The recovery tim e constant, which represents the rate o f recovery, increased with axial 
strain (p = 0.02).
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Figure 22: Examples of cell recovery curves
The three curves shown correspond to cells with recovery tim e constants in the lower 
quartile ( t  = 1.6 s), near the median (x = 3.7 s), and in the upper quartile (x = 8.8 s) of 
measured time constants.
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Figure 23: Change point analysis plot for residual strain
The slopes o f linear regressions for segments of data (residual strain vs. axial strain) are 
plotted against axial strain. The analysis noted a change in behavior at s ~  0.27. The 
dotted line represents the slope of the linear regression performed for all data.
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Figure 24: Change point analysis plot for recovered volume fraction
The slopes o f linear regressions for segments o f data (recovered volume fraction vs. axial 
strain) are plotted against axial strain. Note the change in slope values at s ~  0.29. The 
dotted line represents the slope o f the linear regression performed for all data.
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Figure 25: Experimental setup
Articular chondrocytes were seeded onto a glass slide and exposed to IGF-I, TGF-pi, or 
no growth factor for 3 hrs. Individual cells from each group were subsequently 
compressed by a probe at 4 pm/s to a prescribed distance (12-16 pm). Measurements of 
the cell were taken before, during, and after the probe was released to provide 
information regarding cell morphology, biomechanics, compressibility, and recovery 
behavior. The figure is not drawn to scale.
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Figure 26: Cytocompression and cellular recovery behavior
The compression and recovery events were analyzed through video recording. For 
demonstration, TGF-pi cells are shown experiencing small (19%) strains (A -  F), 
medium (29%) strains (G -  L), and high (52%) strains (M -  R). The initial frame (A, G, 
M), first probe contact (B, H, N), and equilibrium contact (C, I, O) provide information 
on applied strain and stress by tracking the movement of the probe and measuring the 
initial dimensions of the cell. Immediately upon release of the probe (D, J, P), cell 
dimensions are measured to provide an apparent Poisson’s ratio. Additionally, the 
recovery behavior of the cell is tracked. Shown are cells at 4 s after probe release (E, K, 
Q) and at equilibrium (F, L, R).
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Figure 27: Changes in apparent Poisson’s ratio due to physicochemical stimuli
(A) The apparent Poisson’s ratio was measured by measuring the changes in height and 
diameter of each compressed cell. The growth factors increased the apparent Poisson’s 
ratio compared to control (p=0.0001). For demonstration, superimposed outlines of one 
cell from each group are shown at a strain of 0.5 before (light gray) and after (black) 
compression. The cell outlines illustrate the significant effect that the growth factors had 
on cellular compressibility.
(B) The apparent Poisson’s ratio (v )  decreased as a function of applied strain {£ )  for all 
treatments, with the intercept of the linear fit for the control cells ( v  = -0 .66s  + 0.40, 
R2=0.37 and p=0.001) being significantly different (p<0.05) from both growth factor 
treatments ( v  = -0 .43£ + 0.45, R2=0.31 and p=0.003 for IGF-I; and v  = -0 .4 I f  + 0.45, 
R2=0.27 and p=0.003 for TGF-pi).
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Figure 28: Cellular stiffness in response to growth factors
(A) Control cells did not have a significant linear correlation between stress and strain.
In contrast, equilibrium stress increased significantly with strain when either growth 
factor was applied (B, C), indicating about a two-fold increase in the stiffness coefficient 
(i.e., the slope) over control.
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Figure 29: Residual strain behavior with applied strain
Residual strain ( e r ) significantly increased in control (A), IGF-I (B), and TGF- p i (C) 
groups. Change point analysis for each group (D, E, F) revealed possible discontinuities 
in all groups at approximately 30% applied strain (£  ). Linear fits for each data set above 
and below this discontinuity are shown. The overall linear fit for control cells was 
Sr = 0 .4 1 f-0 .0 6  (R2 = 0.61, p<0.0001). IGF-I cells had an overall fit of 
£r = 0.24f -0 .0 2  (R2 = 0.61, p<0.0001). The overall fit for TGF-|31 cells was 
er = 0 .27^-0 .05  (R2 = 0.34, p=0.0006).
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Figure 30: Recovered volume fraction behavior with applied strain
Recovered volume fraction ( Vr ) significantly decreased in control (A), IGF-I (B), and 
TGF- (31 (C) groups. Change point analysis for each group (D, E, F) revealed possible 
discontinuities in all groups at approximately 30% applied strain (£)• Linear fits for each 
data set above and below this discontinuity are shown. The overall linear fit for control 
cells was Vr = -0 .6 4 s  + 1.11 (R2 = 0.65, p<0.0001). IGF-I cells had an overall fit of 
Vr = -0 .385+  1.04 (R2 = 0.79, p<0.0001). The overall fit for TGF-(31 cells was 
Vr = - 0 2 4 s +1.04 (R2 = 0.42, p<0.0001).
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Figure 31: Chondrogenic differentiation of hESCs (t=4 weeks)
(A) Collagens I and II were detected in all three differentiation conditions with 
immunohistochemistry at t=4 weeks (lOx). The embryoid bodies in all groups appeared 
highly hydrated and cellular with a loosely organized ECM. Due to this, obtaining good 
frozen sections for these structures was challenging. Calcified tissue (i.e., bone), muscle, 
adipose were not detected (data not shown).
(B) The SOX-9 transcription factor was detected in all three differentiation regimens at 
t=4 weeks (green). The blue fluorescence is a Hoechst stain for the nucleus. While 
chondrogenic medium alone (CM) and differentiation condition 1 (D l) cells were 
approximately the same size and had a similar rounded shape as the positive control of 
native articular chondrocytes (bottom row, left), differentiation condition 2 (D2) cells 
were larger and appeared fibroblastic. The negative control of mouse embryonic 
fibroblasts (MEFs; bottom row, right) did not exhibit SOX-9. The white bar is 10 pm 
(40x).
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Figure 32: Morphology of self-assembled constructs (t=8 weeks)
(A) Dissociated cell (DC) constructs appeared more uniform than embryoid body (EB) 
constructs. The DC group also held their shape when manipulated, while the EB group 
did not. Differentiation condition 1 (D l) constructs were generally smaller than 
constructs from the other two groups, as shown in the pictures and the morphological 
measurements. EB constructs were engineered larger (5-mm molds vs 3-mm molds for 
DC constructs) because the EBs at t=4 weeks were too large for the 3-mm wells.
(B) Collagens I and II (top two rows) were detected in the chondrogenic medium alone 
(CM) and differentiation condition 2 (D2) groups with immunohistochemistry at t=8 
weeks, regardless of self-assembly mode (EB or DC) (lOx). D l constructs had collagen 
II but did not demonstrate much collagen I staining. Intense picrosirius red and spotty 
Alcian blue stains (4x) are shown in the bottom row for each differentiation condition. 
Calcified tissue (i.e., bone), muscle, and adipose were not detected at t=8 weeks (data not 
shown).
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Figure 33: Biochemical analysis of total collagen and sulfated GAGs (t=8 weeks)
(A) Self-assembly with dissociated cells (DCs) caused an increase in total collagen 
content compared to self-assembly with embryoid bodies (EBs) (p=0.002). Significant 
differences were also detected due to differentiation agent, with chondrogenic medium 
alone (CM) and differentiation condition 2 (D2) constructs being higher than 
differentiation condition 1 (D l) constructs (p=0.0007). Note: The convention used to 
show statistically different results are upper or lower case letters (one set for each 
experimental factor). Groups not connected by the same letter are significantly different 
(p<0.05).
(B) Sulfated GAG content was higher in DC constructs compared to EB constructs 
(p-0.038). Differentiation condition was not a significant factor for GAG production.
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Figure 34: ELIS As for collagens I and II (t=8 weeks)
(A) Picogreen results from the ELISA digest showed that chondrogenic medium alone 
(CM) constructs had higher cell numbers than differentiation condition 1 (D l) constructs 
at t=8 weeks. CM dissociated cell (DC) constructs had almost twice as many cells as the 
other two DC groups. All constructs were initially seeded with the same amount of cells. 
Additionally, D l embryoid body (EB) constructs exhibited lower cell numbers than the 
other EB constructs. These results generally mirror the gross morphology of the 
constructs.
(B) Collagen I per cell was undetectable in D l constructs, while CM and differentiation 
condition 2 (D2) constructs exhibited relatively high amounts of collagen I per cell. 
Overall, CM constructs had higher collagen I content (p<0.0001). Also, DC constructs 
had more collagen I per cell than EB constructs (p<0.0001).
(C) Collagen II per cell demonstrated differences between EB and DC constructs 
(p=0.008). CM constructs had more collagen II per cell than D2 constructs (p=0.001).
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Figure 35: Compressive properties (t=8 weeks)
Dissociated cell (DC) constructs had a higher instantaneous modulus than embryoid body 
(EB) constructs (p=0.005). Differentiation condition had no effect.
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Figure 36: Tensile properties of dissociated cell (DC) constructs (t=8 weeks)
(A) DC constructs had enough mechanical integrity to be tested under tension, while 
embryoid body (EB) constructs did not have this degree of mechanical integrity and 
could not be tested. In terms of both tensile modulus and ultimate tensile strength, 
differentiation condition 2 (D2) constructs were significantly higher than chondrogenic 
medium alone (CM) and differentiation condition 1 (D l) constructs. Also notable was 
the fact that the values for these properties were on the order of megapascals.
(B) Collagen alignment (demonstrated by picrosirius red and polarized light) in the 
specimens along the axis of tensile testing (double headed arrow) was seen best in the D2 
group, while the CM and D l specimens demonstrated no preferred direction (top row). 
Pictured on the top row are one-half of the tensile specimens, with the broken end (where 
failure occurred) being on the left of each picture (white arrow, lOx). Analyzing the 
untested whole constructs (bottom row) also demonstrated a higher degree of collagen 
alignment in D2 constructs compared to the other groups (lOx).
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Figure 37: Study design
Two hESC lines, H9 and BGOIV, were cultured in monolayer and then collected as 
embryoid bodies (EBs) off of the MEF feeder layers. The EBs were then cultured in 
chondrogenic medium with 1% serum for 1, 3, or 6 weeks (referred to as the 
‘differentiation time’) and then dissociated to single cells and self assembled in agarose 
molds. The resulting constructs were evaluated following 2 and 4 weeks in self assembly 
culture, referred to as ‘assembly time.’ Constructs are referred to in the text according to 
their cell line (abbreviated H9 or BG) and their differentiation time in EB form.
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Figure 38: Embyoid bodies prior to self-assembly
H&E shows increasing matrix with increasing differentiation time. In both the H9 and 
BG EBs collagen I and VI appear to increase over time while collagen II appears most 
intense at 3weeks. Embryoid bodies are characterized by heterogeneous shape and size, 
as well as the presence of cystic spaces. Brown color is indicative of positive s ta in in g  
Scale bar is 300 pm.
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Figure 39: Constructs after 4 weeks of culture post self assembly
Top: Gross constructs, all constructs began at 3 mm and those made from cells 
differentiated for 3 weeks largely retained the initial dimensions or grew, while the other 
groups tended to contract (hash marks are in millimeters). Bottom: H &E staining of 
constructs showing construct morphology, cystic structures are particularly notable in the 
BG 3 week constructs. Scale bar is 300 pm.
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Figure 40: Collagen immunohistochemistry
(A) Staining for collagen I shows increasing intensity over time for the H9-1 and 3 week 
constructs while the H9-6 week and BG-3 and 6 weeks constructs appear to have less 
collagen I over time.
(B) The H9-1 week and 3 week constructs stain most intensely for collagen II.
(C) Collagen VI staining appears to increase over time for all constructs. Brown color is 
indicative of positive staining. Scale bar is 300 pm. Image shown is a cross section of a 
construct including approximately half the total diameter and a lateral edge.
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Figure 41: Quantitative biochemistry
(A) Cells per construct, the H9-1 week group and the BG 3week and 6 week groups were 
notable for significant proliferation over time.
(B) Collagen per million cells, only the cell line was significant with H9s producing 
greater collagen on a per cell basis.
(C) GAG per million cells showed no significant differences across the groups. * 
indicates p<0.05.
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Figure 42: Mechanical properties
(A) Aggregate modulus indicating stiffness showing values nearing 50% of native tissue. 
The BG-1 week constructs lacked mechanical stability sufficient for handling the sample 
and thus, they could not be tested.
(B) The marked superiority in the tensile modulus of the H9 constructs likely reflects the 
greater collagen density and homogeneity of the constructs. Neither the BG-1 week or 
H9-1 week constructs could be tested due to their poor mechanical stability. Groups not 
connected by the same letter are statistically different (p<0.05).
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Figure 43: aSMA immunohistochemistry
Staining for this protein in the constructs appears to increase with differentiation time.
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Figure 44: Morphology of self-assembled constructs altered by hypoxia
Morphological measurements (A) demonstrate that the embryoid body differentiation 
conditions (EB) had no effect on the wet weights (WW) of the constructs, though the 
self-assembly conditions (SA) did, with hypoxic SA conditions resulting in lower WW. 
The hypoxic EB differentiation conditions resulted in opposite effects on construct 
diameter (smaller, seen in A, B) and thickness (larger, seen in A, C), while the SA 
conditions significantly affected only the thickness of the constructs (A, C), with hypoxic 
SA constructs being thinner.

EB p=0.96 1
S A p < 0 .0 0 0 1 f

EB p<0.0001 I  
SA p=0.4 |

£
EB p<0.0001 |  
SAp=0.007 "

Normoxic to Nofrooxic (NN!
NomKatic to Hypoxic (NH)
Hypoxic to Notmoxic (NHj
Hypoxic to Hypoxic (HH)

m

J±L

!L
Z F

3—

>

B

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



266

Figure 45: Glycosaminoglycan (GAG) content
The two experimental factors (EB oxygen and self-assembly, or SA, oxygen) appeared to 
affect the GAG contents, with hypoxic differentiation and normoxic self-assembly 
higher. Only the EB oxygen conditions were significant, however. Note: Groups not 
connected by the same letter are significantly different (p<0.05).
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Figure 46: Hypoxic conditions control total and specific collagen contents
The total collagen (A), collagen I (B, white bars), and collagen II (C, black bars) contents 
are shown with the contribution of each specific collagen to the total collagen 
summarized in A. Hypoxic differentiation consistently resulted in higher collagen 
production at t=7 weeks (A-C). For example, there was a 3.4-fold increase in collagen II 
and 2.2-fold increase in collagen I between HN and NN constructs. Furthermore, the 
proportion of collagens I and II was higher in the constructs made with hypoxic 
differentiated cells, indicating greater maturity of the collagen matrix.
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Figure 47: Biomechanics enhanced with hypoxic differentiation
Constructs assembled with hypoxic differentiated cells had higher tensile (A) and 
compressive (B) moduli. The HN group in particular performed best amongst all groups 
(for Figures 47 A and B, * compares highest mean with lowest mean with p<0.05).
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Figure 48: Experimental plan
This study systematically investigated different formulations of chondrogenic media with 
the objective of developing serum-free conditions for the chondrogenic differentiation of 
hESCs and tissue engineering of cartilage with these cells. The figure shows the specific 
media components that were used in each phase of the experiment. An asterisk indicates 
the winner of a particular phase (please see Chapter 8, Results).
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Figure 49: Phase I Results
The FBS 0-0 group did not yield any testable constructs because the EBs did not perform 
well without serum during differentiation. This resulted in four of six treatments for 
Phase I for analysis. When high serum levels were present, the morphology of the 
constructs was not uniform (A). When serum was present during self-assembly, the 
constructs had significantly higher cellularity (B) but lower collagen content (C).
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Figure 50: Phase II Results
The two serum-free methods performed similarly in most respects to the serum standard, 
appearing uniform (markings are in mm) and composed mostly of collagen I (20x) (A), 
having similar total collagen content (B), and exhibiting no differences in biomechanical 
properties (C). The TGF-pi group was chosen as the winner of Phase II since it 
performed on par with the serum standard and did not contract as the KOSR group did. It 
was also appealing due to its simplicity.
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Figure 51: Phase III Results
Uniform constructs were obtained with all six treatments (A). Only the serum-free 
standard had a significant response to T G F p i  over its control in terms of collagen 
production (B), compressive properties (C), and tensile properties (D).
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