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Abstract

Mechanical stimulation towards tissue engineering of the knee meniscus
by

Adam C. Aufderheide

Tissue engineering has been proposed to alleviate injury to the knee meniscus, 

which leads to loss of function and damage to the surrounding articular cartilage. 

Relatively few studies have been performed to tissue engineer the meniscus; however, 

much guidance can be found by studying related tissues such as articular cartilage. One 

technique that has proved beneficial for producing tissue engineered articular cartilage 

constructs is mechanical stimulation. This thesis describes the investigation of scaffold 

choices and the development of culture techniques for producing meniscal constructs. In 

addition, a direct compression stimulator was developed, validated, and applied to the 

tissue engineered meniscal constructs.

Poly-glycolic acid (PGA) and agarose were examined for use as scaffolds. It was 

found that agarose did not support fibrochondrocyte growth, and that while PGA 

supported cell production and proliferation, constructs were not mechanically robust after 

7 wks in culture. A direct compression bioreactor was developed and validated using 

articular cartilage and meniscal explants. An attempt to produce better constructs than 

previously achieved in vitro in terms of mechanical properties, matrix production and 

organization, was successful using the self-assembly (SA) method. The SA method 

developed for the meniscus employs a ring-shaped agarose mold seeded with articular 

chondrocytes (AC) and meniscal fibrochondrocytes (MFC). It was found that a spectrum 

of biomechanical and biochemical properties could be achieved based on the seeding
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ratio of ACs:MFCs. It was determined that a 50:50 ratio of AC:MFC produced a 

construct that best replicated the cross-section of the native meniscus. A direct 

comparison of SA constructs to constructs formed with PGA was made via an 

investigation into the effect of dynamic direct compression stimulation. It was found 

that, after 4 wks in culture, PGA constructs lacked sufficient mechanical integrity to 

undergo loading. Wk 8 SA constructs were 3.4 times stronger and stiffer in the 

circumferential direction than in the radial direction. In addition, SA constructs had 3 

times more GAG and 2 times more collagen than PGA constructs. The application of 

dynamic stimulation did not further increase mechanical properties or matrix production 

in SA constructs, but merits further study examining different loading regimens.
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1

Introduction

Damage to the meniscus of the knee, a fibrocartilaginous, wedge-shaped tissue 

which functions in shock absorption, lubrication, and stability within the joint space, can 

lead to further tissue degeneration as well as breakdown of the surrounding articular 

cartilage. Unfortunately, meniscal injuries, as in articular cartilage, do not heal 

satisfactorily post injury. This makes the meniscus an ideal candidate for application of 

tissue engineering strategies for the purpose of tissue regeneration and replacement. 

Before embarking on such a mission, it is important to understand the primary goal of 

such a strategy. The ultimate goal of this line of research is to produce a mechanically 

functional, tissue engineered meniscus. The overall objective and aims of this project 

were developed based on the tissue engineering strategy of the Musculoskeletal 

Bioengineering Laboratory at Rice University. This strategy can be best summarized as a 

two-phase approach encompassing a characterization phase as well as a synthesis phase. 

1) During the characterization phase, the tissue to be engineered is extensively analyzed 

so as to determine the appropriate targets of tissue engineering by understanding the 

structure-fimction relationships within the tissue as well as how the biochemical, cellular, 

and ultrastructural properties of the tissue work together to serve that purpose; and 2) 

during the synthesis phase, a tissue engineering approach which channels growth and 

synthesis in such a way as to reconstitute the native function of the tissue is developed. 

This process is often iterative; as more information is garnered about how the native 

tissue is structured and how it functions, new insights arise as to how best to engineer a 

construct that can reproduce these characteristics in vitro and in vivo. In vitro tissue
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2

engineering culture studies provide insight into native cellular responses and tissue 

properties.

In line with the ultimate goal of this research to produce a mechanically 

functional meniscus, a tissue engineering approach combining cells, growth factors, an 

appropriate scaffold choice, and mechanical stimuli was applied. In pursuit of the overall 

goal, the specific objective of this thesis was to tissue engineer the knee meniscus using 

scaffold-based and scaffoldless approaches, in conjunction with mechanical stimulation 

to generate a tissue more similar to native tissue than previous in vitro attempts. The 

primary hypothesis o f this thesis was that appropriate culture paradigms can be 

employed to improve biomechanical and biochemical properties o f tissue engineered 

constructs. The following specific aims were employed to test this general hypothesis.

1) To choose the scaffold and maintenance culturing conditions. Two classes of 

commonly used materials in cartilage tissue engineering studies are non-woven 

meshes and hydrogels. Agarose, a hydrogel, and non-woven poly-glycolic acid 

(PGA) meshes have been used in numerous tissue engineering studies, including 

bioreactor cultures of chondrocytes and fibrochondrocytes. To choose the best 

maintenance culturing condition, a rotating wall bioreactor was examined as an 

alternative to free swelling culture. The hypothesis o f this aim was two-fold: a) 

Due to the largely fibroblastic nature o f cells o f the meniscus, fibrochondrocytes 

would perform better on PGA than in agarose, b) The rotating wall bioreactor 

would produce better constructs in terms o f biomechanical and biochemical 

properties than those in free swelling culture due to increased diffusion through 

constructs.
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2) To design, fabricate, and validate a direct compression stimulator. A novel 

stimulator capable of providing dynamic direct-compression stimulation to 

articular cartilage and meniscal explants was designed and built. The machine 

was validated in a study in which articular cartilage and meniscal explants were 

stimulated and compared to free swelling and statically compressed controls. The 

gene expression of samples was measured and compared to controls. The 

hypothesis was that tissue stimulated by direct compression would have higher 

expression o f genes o f interest, such as aggrecan and collagen II.

3) To develop a self assembled meniscus. Five high density co-cultures of articular 

chondrocytes (ACs) and meniscal fibrochondrocytes (MFCs) were mixed together 

in novel, meniscus-specific, ring-shaped agarose molds. The following ratios of 

ACs to MFCs were used: 100AC:0MFC, 75AC:25 MFC, 50AC:50 MFC, 

25AC:50MFC, and 0AC:100MFC. The constructs were tested for biochemical 

composition, mechanical properties, and collagen fiber alignment. Tensile 

testing, in addition to previously mentioned assays, was utilized to determine the 

efficacy of using these self-assembled (SA) constructs for meniscal replacement. 

The hypothesis was that some co-culture o f ACs and MFCs would exhibit superior 

biomechanical and biochemical properties compared to either I00AC.0MFC or 

OAC: 100MFC.

4) To tissue engineer the meniscus. The method of SA developed in aim 3 was 

employed to grow meniscus constructs for 4 wks and these were directly 

compared to PGA scaffolds. At that point, samples were divided into two groups, 

with the experimental group being subjected to 4 hrs of direct-compression
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mechanical stimulation every 3rd day. It was hypothesized that this stimulation 

would further improve upon the efficacy o f growing meniscal constructs that 

exhibit archetypical properties o f  the native tissue. As such, constructs of both 

types would produce type I and II collagen and exhibit mechanical properties with 

the greatest stiffness and strength in the circumferential direction of the ring.

The following chapters provide relevant background, as well as detailed 

descriptions and analyses of the experiments performed in the above aims. Chapter 1 

provides a detailed background and descriptions of the meniscus, as well as articular 

cartilage, ligament, and tendon for the purpose of understanding response to loading. 

Cellular, biomechanical, biochemical, and structural properties are described and 

contrasted. This is necessary, as mechanical stimulation of the meniscus has not been 

studied as extensively as these other tissues. Much knowledge can be gained by 

understanding the similarities and differences between these tissues, how structure and 

mechanical properties are uniquely related to each tissue’s purpose, in addition to how 

each responds to mechanical stimuli. Direct compression, hydrostatic pressure, and shear 

stimulation are discussed. Chapter 2 extensively describes the cell types that populate the 

meniscus and their use in tissue engineering the meniscus. This includes previous 

characterization studies as well as response to different culturing environments, peptides, 

and growth factors. The chapter also presents a review of to-date meniscus tissue 

engineering attempts.

Chapter 3 describes the work performed for specific aim 1. The objective of this 

aim was to choose a suitable scaffold material, non-woven mesh PGA or agarose, for 

tissue engineering the meniscus. An additional objective was to evaluate a rotating wall
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bioreactor, which has shown some promise for tissue engineering articular cartilage 

constructs, for culturing meniscal constructs. PGA and agarose constructs were assayed 

for DNA, collagen, and GAG content. In addition, constructs were biomechanically 

tested in compression for suitability in the direct compression stimulator.

In order to dynamically stimulate meniscal constructs, a dynamic stimulator was 

first developed. Chapter 4 discusses work done in the fulfillment of aim 2. The design, 

construction, and validation of a dynamic direct compression stimulator are herein 

described. The direct compression stimulator was validated by both verification of 

mechanical operation as well as by gene expression measurements in articular cartilage 

and meniscal explants. Explants from articular cartilage and the knee meniscus were 

dynamically stimulated and compared to free swelling and statically compressed explant 

controls using qRT-PCR for aggrecan and collagen II expression.

Chapter 5 represents specific aim 3. A SA method of forming meniscal constructs 

was developed. In this method, a novel ring-shaped, meniscus specific mold was utilized 

to grow constructs that have properties comparable to native menisci. Five co-cultures of 

articular chondrocytes and meniscal fibrochondrocytes were examined for matrix 

production, DNA content, and biomechanical properties in tension and compression. It 

was determined that a spectrum of biomechanical and biochemical properties could be 

fashioned based on the original seeding ratio of ACs:MFCs.

Specific aim 4 is described in chapter 6. In this study, 50:50 co-cultures of 

MFCs: ACs were cultured for 4 wks in SA and PGA constructs. These constructs were 

directly compared in terms of DNA and matrix synthesis, biomechanical properties in 

compression, as well as tensile modulus and ultimate tensile strength in both the radial
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and circumferential directions. After removal from the mold, SA constructs were divided 

into free swelling and dynamically stimulated groups. It was found that PGA did not 

have the mechanical integrity to tolerate dynamic stimulation. SA constructs produced 3 

times the GAG and 2 times more collagen than PGA constructs. In addition, all SA 

groups at wk 8, but not PGA, had a significantly higher tensile modulus in the 

circumferential direction than in the radial direction. The application of dynamic 

stimulation did not improve constructs’ biomechanical properties or biochemical content.

An all-encompassing tissue engineering approach will likely require the use of 

growth factors. In order to provide some direction for future research, chapter 7 

describes the use of growth factors on ligament and tendon, the knee meniscus, and 

articular cartilage in an effort to provide a road map for future meniscal engineers.
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Chapter 1: Mechanical stimulation toward tissue engineering 
of the knee meniscus.
Summary

Current clinical practices do not adequately regenerate the meniscus of the knee 

secondary to a tear. Complete or partial meniscus removal leads to degenerative changes 

within the joint. Tissue engineering of the meniscus promises a potent solution. Before 

embarking on tissue engineering of the meniscus, it is crucial to have a thorough 

comprehension of the biomechanical role that this tissue fulfills and how the structure of 

meniscus is uniquely suited to that purpose. To better understand this, we have examined 

the meniscus, as well as associated tissues, within the body. For the first time, the knee 

meniscus is rigorously compared to ligament, tendon, and cartilage and inferences are 

drawn on how mechanical stimulation may be used to channel growth in the meniscus. 

We have examined in detail the loading conditions that these tissues experience in vivo 

and how each is uniquely adapted to its loading environment. These tissues are capable of 

achieving some degree of remodeling due to mechanical stimuli. By understanding the 

mechanisms that can stimulate and promote regeneration in related tissues, we hope to 

harness that knowledge to achieve the goal of meniscal regeneration.

Introduction

The menisci of the knee are two semilunar fibrocartilaginous tissue structures that 

are responsible for shock absorption, load transmission and stability within the knee 

joint.5,179,275 According to the National Center for Health Statistics, there were 455,000 

surgeries to excise the semilunar cartilage of the knee in 1996. As the population ages,

* Chapter published as AufderHeide and Athanasiou. “Mechanical Stimulation toward Tissue 
Engineering of the Knee Meniscus,” Ann Biomed Eng, 32(8): 1161-1174(2004)
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meniscus is avascular and like articular cartilage cannot heal as can other tissues such as 

bone and skin. As a result, numerous meniscal injuries and early degeneration of the 

inner one-third of the meniscus tend to be permanent. Injuries to the knee menisci can 

cause significant discomfort and can lead to cartilage injury on the articular surfaces of 

the femur and the tibia, leading to the later development of osteoarthritis.135

Meniscal injuries occur in both young and older persons. Causes of meniscal 

injuries can range from sports injuries and car accidents to general degeneration of the 

joint associated with aging. Before the importance of this tissue was appreciated, 

treatments for meniscal injuries often involved the complete removal of the meniscus, a 

procedure known as meniscectomy. By removing the meniscus, the average stress in the 

joint can be increased nearly three-fold, while peak stresses can be increased to an even 

greater magnitude.135 The increased stress was found to lead to osteoarthritic changes in 

the joint.47 This finding, which suggested that only the tom portions of the meniscus 

should be removed, led to the procedure of partial meniscectomy through an arthroscopic 

intervention. However, even partial meniscectomy has resulted in osteoarthritic changes 

such as osteophyte formation, articular cartilage degeneration, joint space narrowing, and 

symptomatic osteoarthritis.134 The use of allografts has been suggested as a solution, but 

the usual shortcomings of transplanted tissues such as limited supply, the possibility of 

disease transmission, and the potential of host rejection prevent this from being a widely 

embraced approach.

Tissue engineering of the meniscus could provide a potential solution for 

regeneration of the meniscus in the avascular region as well as repair of overall tissue 

degeneration. There are many questions to be answered about the development of a
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tissue-engineered meniscus. These include the appropriate cell types, scaffolding 

material, necessary growth factors, type of bioreactor, and appropriate mechanical 

stresses to promote and channel growth. While there is a dearth of research dealing with 

meniscal response to mechanical stimulation, some work has been performed on 

structures that share similarities to the meniscus. Before implementing a biomechanics- 

based strategy to achieve regeneration of the meniscus, it is our belief that knowledge 

related to hyaline articular cartilage and tensile structures, such as tendons, needs to be 

understood and applied. This paper deals with mechanical stimuli of tissues that exhibit 

similarities to meniscal tissue for the purpose of tissue regeneration.

Meniscus anatomy

Each knee contains two semicircular sections of fibrocartilaginous tissue, the 

menisci (Fig. 1-1), which are wedge-shaped in cross section and are in the medial and 

lateral aspects of the tibiofemoral articulated surface. The outer portion of the meniscus, 

which is vascularized and has the intrinsic ability to heal itself, is frequently referred to as 

the red zone. This area of the meniscus also has large nerve bundles running 

circumferentially and smaller nerves running radially.170 The inner portion of the 

meniscus is avascular, has no innervation,170’283 and is also referred to as the white zone. 

The areas of most innervation are the horns of the menisci, which are attached to bone 

through insertional ligaments.90,170

The medial and lateral menisci differ in shape and connections to the surrounding 

tissues. The medial meniscus is semicircular in shape while the lateral meniscus is more 

nearly circular in arrangement. The two menisci are connected by the transverse 

ligament that runs from the anterior medial meniscus to the anterior lateral meniscus.
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The menisci are attached to the tibial plate by anterior and posterior horns. Other 

attachment points are the medial collateral ligament, the meniscofemoral ligaments, and 

the joint capsule.10 The meniscofemoral ligaments attach the lateral meniscus at the 

posterior horn to the lateral aspect of the medial femoral condyle.136 There are two 

meniscofemoral ligaments, the posterior Wrisberg ligament and the anterior Humphry 

ligament. The occurrence of these ligaments varies by patient. Either or both may be 

present or absent.136

Ultrastructure of meniscus and similarities to articular cartilage and tendon

The properties of the meniscus are determined largely by the architecture of its

ultrastructure. The extracellular matrix of the meniscus, though arranged in a unique 

manner, shares similarities to both articular cartilage and tendon. The exterior region of 

the meniscus on the superior and inferior surfaces is arranged in a random meshwork and 

is referred to as the superficial layer. The next region within the meniscus is a thin 

section termed the lamellar region and is composed of mostly randomly oriented fibers 

except at the outer periphery. In this latter region, the fibers are predominantly oriented 

in the radial direction. Lamellar fibers are 20-50 pm wide203 and are composed of 

individual fibers of collagen 120 nm thick. The deep zone of the meniscus is composed 

primarily of large circumferential fibers (50-150 pm diameter73), though radial fibers are 

present as well.203 By comparison, the upper limit of collagen fibers of human tendon is 

around 300 pm.121

By wet weight, normal human meniscal tissue has been shown to be 70-75% 

water, 20-25% collagen, 0.6-0.8% glycosaminoglycans (GAGs), and the remainder DNA 

and adhesion molecules." Age, disease, injury, and location can affect the relative
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numbers.99, 163, 209 The two primary fibrillar components are collagen and elastin.

Collagen accounts for 60-70% of the dry weight (Fig. 1-2), while elastin content is

significantly smaller (0.6%).163 Total GAG content of the human meniscus is around 2-

3% dry weight (Table l-l) .73’179

The inner one-third of the meniscus is under a predominantly compressive load.

Interestingly, this region of the meniscus most resembles the archetypical articular

cartilage model. Sixty percent of collagen in this region is type II, and

glycosaminoglycans (GAG) are 5-6 times the amount in the outer one-third.43, 186

Comparatively, 95% of articular cartilage is type II collagen which makes up 50-73% of

the dry weight (Fig 1-3A).14, 105 Cartilage is 15-25% GAG dry weight.14, 105 The

superficial zone also has a 2-3 times greater relative amount of collagen type II as

compared to the deep zone of the meniscus.69 The small proteoglycans decorin and

biglycan are also found within the inner one-third of the meniscus, with biglycan in

greater abundance.230 Biglycan is thought to have a role in protecting cells and is found

predominantly in the pericellular matrix of compressed cartilaginous tissues.221,230

The outer portion of the meniscus is composed of large, circumferentially oriented

collagen type I fibers. These large parallel fibers resemble those of tendon in many

aspects. Like the circumferential fibers of menisci, tendon is composed of collagen type I

fibers organized in a parallel fashion. Unlike the meniscus, the tendon fibrils have a

\ 0 \characteristic crimp or wave pattern (Fig. 1-3B). The predominant forms of 

proteoglycan in both tissues are small proteoglycans such as decorin, a leucine-rich 

proteoglycan located between collagen fibers, which is thought to play a role in 

organizing collagen fibrillogenesis.123,185
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Cells of the meniscus

Meniscal cells exhibit a unique combination of attributes of both fibroblasts and

chondrocytes. Like chondrocytes (Fig. 1-4A), they present in a round or oval form with

relatively large nuclei and are situated in territorial matrix.82 However, they produce

predominantly collagen type I, as fibroblasts do (Fig. 1-4D), and are thus termed

“fibrochondrocytes.”277

Fibrochondrocyte appearance varies within the tissue as well. The cells of the

meniscus are generally grouped into separate subpopulations based on their approximate

location within the tissue. Cells of the superficial zone are usually either oval or

fusiform, and contain few processes (Fig. 1-3B).249 The cells of the deep red zone are

usually rounded and contain many processes that extend through the pericellular zone

(Fig. 1-3C).81 These processes, as well as gap junctions, allow communication between

cells. It has been proposed that this communication aids in the orientation of collagen

08fibers within the deep zone. Cells of the inner one-third, hyaline-like region, of the 

meniscus are rounded and lack projections.98 In the inner one-third of the meniscus, the 

cells produce both collagen types I and II.248

Biomechanics of the meniscus

The menisci play a crucial role in shock absorption, stability and load transfer

within the knee. When the menisci are loaded, they are compressed by the axial force; 

however, due to their wedge shaped cross-section, the menisci are pushed out radially as 

well. Because the menisci are anchored by anterior and posterior horn attachments, this 

leads to a circumferential stress in the tissue. Thus, due to their unique shape and 

properties the menisci take an axial compressive load and convert it to a circumferential
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tensile load. Shear force is also induced between the collagen fibrils within the tissue as 

the meniscus is forced out radially. There is negligible shear on the tissues from the tibial 

plateau and femoral condyle due to the almost frictionless contact surfaces.78

The material properties of the tissue allow the meniscus to deform so as to 

increase the congruency within the joint which has the effect of improving stability as

well as minimizing stress. During ordinary walking, the menisci carry about 50% of the

212load transmitted through the knee, which can be five to six times the body weight. 

Without the menisci, the cartilage on cartilage contact would be predominantly at the 

center of the tibial plateau and this would decrease overall joint stability.275 When the 

knee bends, the femoral condyles rotate and slide across the tibial plateau.78 During this 

movement, the menisci deform toward the posterior tibial plateau to maintain their 

function. It has been shown that the posterior excursion of the lateral meniscus is about 

twice that of the medial meniscus during full range motion.253

The menisci contribute to lubrication of the joint by releasing fluid as they are 

loaded. The viscoelastic properties of the meniscus aid in nutrient supply to the 

articular cartilage as fluid is exuded and taken up through repeated compression and 

relaxation of the tissue. This creates a circulation which is essential to nourishing cells.73

Material properties

The menisci are generally described as a biphasic tissue with the liquid phase

being water and hydrolytes and the solid phase being the extracellular matrix and GAGs. 

This composition leads to the tissue behaving in a viscoelastic manner, meaning that 

stresses and strains developed within the tissue are dependent not only on load applied 

but also on rate of loading.179 When compared to articular cartilage, another biphasic

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



14

tissue that also exhibits viscoelastic response to loading, it has been shown that articular 

cartilage has a dynamic shear modulus approximately 10 times that of meniscus.292 The 

human meniscus has an aggregate modulus between 0.09-0.15 MPa248 while human 

articular cartilage is in the range of 0.53-1.34 MPa.105 The meniscus is also 

approximately 5 times less permeable to fluid flow than articular cartilage.72 This means 

that water cannot as readily leave the tissue when it is subjected to a load, and thus the 

meniscus is an excellent shock absorber.

The menisci are highly anisotropic materials so that when discussing mechanical 

properties of the tissues, it is important to note load direction (i.e., circumferential, radial, 

etc.) and which portion of the meniscus is described. Tissakht and Ahmed254 performed a 

tensile test study and found that the human meniscus’ elastic modulus in the 

circumferential direction (72.85-131.42 MPa) is about 10 times higher than in the radial 

direction (3.74-16.21MPa). By comparison, human patellar tendon has an elastic 

modulus of around 450 MPa.239 As can be seen, the material properties of the tissue 

which makes up the meniscus are uniquely structured to serve its biomechanical role 

within the knee.

Mechanical stimulation of articular cartilage

The mechanical environment in which a tissue is placed has a profound effect on

OA1that tissue’s biology. ’ ’ It has long been known that bone remodels to adapt to the

biomechanical environment it experiences according to W olffs law.286 More recently it 

has been observed that mechanical stimulation of cartilage has resulted in an up- 

regulation of cellular synthesis, proliferation, and tissue properties.46,50,229,232 Although 

there is a dearth of research on mechanical stimulation with meniscal tissue engineering,
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some inroads have been made toward engineering of related tissues. Above we have seen 

the many similarities that the meniscus shares with both tendon and articular cartilage. 

By employing strategies that have been shown to be beneficial in engineering these 

tissues, we hope to demonstrate a similar potential in the regeneration of the meniscus.

Direct compression of articular cartilage

Articular cartilage experiences direct compression in vivo as one articulating

surface contacts another. The properties of the tissue allow it to be deformed hundreds of 

times a day without damage. In fact, by immobilizing the joint, unloaded articular 

cartilage begins to degenerate, while tissue that is actively loaded improves its 

mechanical characteristics.89 There are two primary methods for investigating 

chondrocyte response to loading in vitro. The first is to use explants in their native ECM. 

The second is to use cells seeded on a scaffold such as agarose or collagen sponges. 

Hydrogels such as agarose force the chondrocytes to maintain their rounded native 

morphology. It has been well established that static compression decreases synthesis in a 

dose dependent manner. For example, Ragan and coworkers213 determined that when a 

free swelling explant (1.15 mm thick) was compressed back to the level of cut thickness 

(1.0 mm), no significant difference occurred in mRNA levels for aggrecan or type II 

collagen. However, strains of greater than 50% decreased mRNA to approximately 35% 

of controls.

Dynamic compression of articular cartilage is the most thoroughly examined area 

of mechanical stimulation of a tissue similar to meniscal tissue. It is also the area of most 

debate, due to the varying degrees of success of up-regulating positive markers of healthy 

articular cartilage (proteoglycan synthesis, type II collagen, etc.). In studies that have
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demonstrated positive effects, frequency of loading is one of the most important factors. 

In a study examining a wide range of frequencies, stimulation below 0.01 Hz exhibited 

little response.223 At 0.01 Hz, strains above 1% yielded an increase in radiolabeled 

proline and sulfate incorporation by approximately 30 and 40%, respectively. 

Frequencies of 0.1 to 1.0 Hz stimulated uptake of both proline and sulfate by 

approximately 20-40%. Lee and coworkers140 examined frequencies between 0.3 and 3 

Hz with chondrocytes seeded in agarose. At 15% strain, it was found that 1 Hz 

stimulated GAG production approximately 40%. Other studies in the range of 0.1 to 3 

Hz have also demonstrated an increase in cellular production.28,33,139

Not all dynamic loading studies have been observed to elicit a positive

1T7 7response. ' The effect of loading may to be tied to platen type and steady state offset 

strain in the tissue. Steady state offset strain is when specimens retain some residual 

strain from one cycle to the next. Thus, the loading regimen can be viewed as a static 

compression overlaid with a small dynamic component. It has been suggested that the 

static portion of this trend dominates tissue response.256 In a study using load controlled 

dynamic stimulation, the static offset ranged from 29-60%.144 Bovine fetal and calf 

DNA synthesis decreased to less than 50% that of free swelling controls, while 

radiolabeled sulphate was approximately 75% of controls. Static compression in the same 

range of strain decreased radiolabeled sulfate and proline incorporation to approximately 

55 and 40%.107 Another reason that some dynamic studies may have failed to elicit a 

positive response is that the use of a porous platen, which may more readily exude water. 

With the loss of water pressure, a greater strain is attained for a given force. The removal 

of the subchondral bone, as well as the surrounding tissue, is also likely to result in

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



17

greater strains than occur in vivo due to less constrained fluid exudation. However, not 

all porous platen experiments show reduced synthesis. Sauerland and coworkers225 

demonstrated a positive effect using 0.5 Hz sinusoidal loading for 5 s at 0.5 MPa 

followed by rest periods. It is possible that this relatively light load, coupled with a 

resting period to allow tissue recovery, circumvents the effect of residual strain 

summation and potential negative effects of porous platens.

Growth factors are another potent stimulator of articular cartilage. Chondrocytes 

in vitro respond readily to cell signaling from osteoarthritic synovial fluid.260 Bonnassar 

et. al.28 showed that IGF-1 and dynamic compression (0.1Hz, 3% strain) increased 

protein and proteoglycan production 180% and 290% respectively, greater than either 

stimulus alone. Thus, dynamic compression can augment the effects of administered 

growth factors. Differentiation of cells may also be tied to dynamic loading. Elder and 

coworkers demonstrated that chick limb bud mesenchymal cells were readily 

differentiated along a path of chondrogenesis when subjected to a dynamic loading at 

0.15 Hz, and this effect was increased at 0.33 Hz.

Dynamic compression on cell seeded constructs can have a pronounced effect on 

material properties as well. In a study where calf articular chondrocytes were 

dynamically loaded for 4 hrs a day for 4 weeks in agarose, the aggregate modulus of the 

constructs increased to 6 times that of controls.162 At 100 kPa, this put the constructs’ 

aggregate modulus in the same order of magnitude as native tissue. A similar effect was

974shown by Waldman and coworkers, but interestingly, collagen and proteoglycan 

content was not significantly different from that of controls. An important implication of
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this is that structuring and of ECM components is as important as quantity produced, and 

also highlights the importance of mechanical testing of tissues.

Hydrostatic pressure stimulation of articular cartilage

Hydrostatic pressure culturing, like direct compression, is an attempt to utilize an

in vivo force for the purpose of in vitro culturing. The cartilage within the knee is

hydrostatically pressurized whenever the tissue is compressed. This is caused by the

inability of interstitial fluid, drawn into the tissue by the proteoglycans, to rapidly exit the

tissue as it is compressed. During dynamic loading much of the stress within the

cartilage is taken up by the fluid component of the tissue shielding the extracellular 

20matrix. While fluid is exuded, large pressures are experienced within the extracellular 

space. It has been estimated that normal daily living provides 7 to 10 MPa of hydrostatic 

pressure, while contact stresses on cartilage in the hip joint can range from 3 to 18 

MPa.101’235

Static hydrostatic pressure loading has been shown to be either stimulatory or 

inhibitory, depending on duration and pressure applied. For instance, Hall and 

coworkers93 demonstrated that a short 20 s stimulus of pressure between 7.5 and 20 MPa 

followed by 2 hrs in static culture increased GAG production in bovine explants. 

Pressures from 2.5 -  10 MPa with the same 20s/2hr culturing regimen up-regulated 

collagen production. Pressures outside this range (up to 50 MPa) did not alter the 

expression of collagen or proline beyond unloaded controls. Interestingly, when 

pressures were applied for the full 2 hrs, there was an increase in the production of 

collagen and GAG at 10 MPa. However, there was a dose dependent decrease in cellular 

production from 20 to 50.
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There are two primary methods to apply dynamic hydrostatic loads to tissues. 

The first is to only place the tissues into the pressurizing device for the period of loading 

and otherwise culture the tissue elsewhere (i.e., static culture or rotary flask) when not 

pressure stimulated. The second method is to use an instrument capable of providing 

both nutrients and stimulation, thus eliminating the need to remove the constructs. Both 

systems have advantages and disadvantages. Stand alone hydrostatic pressure systems 

are easier to maintain, currently capable of higher frequencies, and lend themselves to 

culturing regimens including additional forms of stimulation, such as direct compression 

or direct shear. The downside is that they require time to set up prior to every 

pressurization run; sterility is also another issue during loading. This can be quite labor 

intensive for a long term experiment. Perfusion integrated hydrostatic pressure chambers 

run at least semi-autonomously, supplying nutrients and pressure as programmed. 

Currently, no perfusion integrated system for cartilage constructs appears to be capable of 

frequencies greater than 0.1 Hz, a serious limitation as indicated by the studies below.

Stand alone hydrostatic pressure

The frequency at which the load is applied plays a critical role in the effect

hydrostatic pressure has on articular cartilage explants. Parkinnen and associates198 

tested bovine cartilage explants with 5 MPa cyclic hydrostatic loading at 0.0167, 0.05, 

0.25 and 0.5 Hz for 1.5 hrs. Only in the 0.5 Hz explants were GAG quantities greater 

than controls (17%). Studies examining higher frequencies on explants and constructs 

may prove beneficial. In a monolayer study, it was demonstrated that 10 MPa applied at 

1 Hz increased collagen type II and aggrecan mRNA levels, 36% and 31% respectively, 

over a 4 hr period.236
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Duration of loading is also important to the outcome of hydrostatic pressure 

loading. Smith and coworkers235 used a 10 MPa peak pressure cyclic (1Hz) loading 

regimen for 2, 4, 8, 12 and 24 hrs. Also examined was the effect of an intermittent 

loading regimen on adult bovine cells for only 4 hrs per day for four continuous days. 

Collagen production was maximized in the 4 hr cyclic loading, while aggrecan 

production continued to increase over 24 hrs. The intermittent loading protocol produced 

a 9-fold increase in collagen II mRNA signal and a 20-fold increase in aggrecan mRNA.

Hydrostatic pressure has also been shown to aid in the differentiation of 

mesenchymal progenitor cells along a chondrogenic pathway. Cells produced a 94.5% 

increase in GAG and 76.8% increase in collagen when cultured in cyclic hydrostatic 

pressure for 7 days and then static culture for 14 days.11 These results support the idea 

that mechanical environment is critical for proper cell development in vitro.

Perfusion integrated systems

Load durations of longer than 48 hrs without removing the samples from the

hydrostatic pressure chamber are possible when using an apparatus capable of supplying 

both dynamic pressure and nutrients. To achieve this, Carver and Heath40 developed 

such a system that provided loading every 4 hrs for 20 min. For these experiments, 

loading pressures were either 3.44 or 6.87 MPa at 0.05 Hz and culture medium was 

perfused through the culturing chambers prior to loading.39,40 Another interesting aspect 

of this study was the comparison of the response of adult and juvenile equine cells seeded 

on PGA scaffolds. It was found that the lower pressure had no effect on collagen 

production but the higher pressure did increase collagen synthesis in both adult and 

juvenile cells. The juvenile cells produced GAG in higher quantities than the adult cells 

at either pressure.39 One final augmentation to this study was performed. Prior to
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placement in the hydrostatic pressure chamber, cells were cultured in mixed systems for 

various times.273 The culturing conditions that produced the maximum amount of GAG 

(2 wks spinner flask/4 wks hydrostatic pressure) were different from those which 

produced the most collagen (4 wks spinner flask/2 wks hydrostatic pressure). It was a 

combination of sequential culturing techniques, rather than intermittent pressure or 

spinner flask alone, that led to the highest values. Future studies may show that better 

quality tissue is produced by using different culturing techniques during different stages 

of tissue culture.

The idea that culturing techniques can be combined concurrently as well as 

sequentially has been explored. Hansen and coworkers94 used reduced oxygen tension 

combined with intermittent hydrostatic pressure loading to achieve an additive effect. It 

was found that monolayer bovine chondrocytes proliferated at the highest rate when 

cultured with 5% O2 combined with a 2 min pressure/30 min no pressure cycle (18% 

greater than 21% O2 static controls). The highest expression of collagen type II was with 

a 5% O2 culture and a 30 min pressure/2 min no pressure cycle (approximately 62-66% 

greater than controls). Thus, loading regimens can be tailored for proliferation or matrix 

synthesis at different stages of culture.

Shear stimulation of articular cartilage

Shear is also a potent stimulator for inducing cartilage tissue response. There are

two primary methods that have been used experimentally to induce shear on tissue or 

chondrocyte cultures. The first is by fluid induced shear. The second is by direct 

mechanical contact and is termed direct shear.
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Fluid shear

A common method of inducing fluid shear on cell monolayers is by use of a cone
'it:

viscometer. Smith and coworkers employed such a system to apply 1.6 Pa of shear 

to both bovine and human chondrocytes. It was noted that cells elongated so that the 

major axis of the cell was parallel to the direction of fluid flow. Shear also mediated cell 

metabolism. GAG production was up-regulated approximately two-fold, but the core 

proteoglycan was larger than in control cells as were the individual GAG chains on the 

proteoglycan. Prostaglandin E2, which is an indicator of proinflammatory mediators, 

increased 20 times that of controls. Also increased was mRNA for tissue inhibitor of 

metalloproteinase-1 (TIMP-1), which suggested that the balance between matrix 

secretion and destruction had also been changed by shear.234 The theory that fluid shear 

could induce an inflammatory response was supported by the finding that 1.6 Pa of fluid 

shear increased matrix metalloproteinase-9 expression, another indicator of osteoarthritis, 

approximately 300% above static controls.117 Smith and associates235 expanded upon the 

previous study and noted that under the same culturing conditions, nitric oxide (NO), a 

proinflammatory molecule, production increased 9-fold while Interleukin-6 mRNA 

increased 10-fold.

Fluid shear is useful for studying the effects of shear on cells without intact 

extracellular matrix. However, the current practice of engineering tissue most often 

requires a scaffold to seed the cells on. Using fluid shear on a matrix with cells mixed in 

becomes a perfusion system. Direct perfusion systems are designed so that the scaffold is 

tightly fit in a tube with media flowing through it; forcing all the flow to pass through the 

scaffold. This allows for tight control of nutrient delivery, oxygen content, and other 

parameters. Flow enters on one side of a construct and exits on the other, thus one face is
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stimulated by a flow of higher oncoming pressure. Also, as the fluid travels through the 

scaffold, cells align parallel to the direction of shear. This would be disadvantageous 

because in different zones of the meniscus cells lie in different orientations. There is also 

the possibility of washing away cellular products that are necessary for the development 

of a mechanically functional tissue (collagen, proteoglycans, etc.), or for intercellular 

signaling (cytokines, interleukins). A method of circumventing this problem is recycling 

part of the medium that has already passed through the scaffold with new media.

Perhaps the greatest concern with direct perfusion is the shear that the cells within 

the construct experience. When cells proliferate and produce ECM, this decreases the 

permeability of the construct to media perfusion. In order to supply the greater number 

of cells with the same amount of nutrients per cell, a larger volume of media must be 

forced through a less permeable matrix resulting in higher shear stress. It has been 

demonstrated that shear of as little as 0.092 Pa can damage cells.85 Chondrocytes have 

been shown to up-regulate proinflammatory markers at 1.6 Pa.117 Studies using direct 

perfusion systems have demonstrated an increase in proliferation, GAG, and collagen 

production, but have not examined mechanical properties of the constructs or incidence 

of proinflammatory markers.51,200

Direct shear

Direct shear of explants and tissue engineered constructs is designed as an attempt 

to separate the effects of strain on the cell from those induced by fluid flow and 

hydrostatic pressure.89 In pure shear, such as torque applied through the central axis of a 

rod, there is no volumetric change, and thus minimal pressure gradient or fluid flow. In 

simple shear, such as that induced by antiparallel forces on opposite sides of a cube, there
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can be low levels of fluid flow due to bending effects on the leading and trailing edge of 

the constructs.75

To apply direct shear to cartilage bovine explants, Frank and associates75 

constructed an apparatus capable of applying both dynamic compression and shear. After 

culturing tissues for 24 hrs under 0.1 Hz frequency and 1% shear deformation, it was 

determined that direct shear of the explants up-regulated radiolabeled sulfate and proline 

incorporation by 25 and 41% when compared to controls. Further studies with this same 

apparatus were undertaken for the purpose of examining the effect of frequency. Jin and 

coworkers119 examined frequencies of 0.01, 0.1 and 1 Hz and strains of 1 and 3% for 24 

hrs. It was found that all frequencies examined with a strain of 3% stimulated protein 

production by approximately 50% and proteoglycan production by 25%.

Long term studies of intermittently applied direct shear have been performed to 

study the effect of shear on mechanical properties of tissue constructs.274 Constructs 

were composed of porous calcium polyphosphate loaded with immature bovine articular 

cartilage cells. Constructs were cultured for 400 cycles followed by a 2 day rest period, 

for a total culture duration of 4 weeks. Proteoglycan was approximately 35% greater 

than controls while collagen had increased 40%. Mechanical tests were also performed. 

It was determined that the aggregate modulus of this tissue was 112 kPa, approximately 6 

times that of controls.

Shear has also been utilized in conjunction with growth-factors. Jin and 

coworkers118 combined IGF-1 and shear stimulation and determined there was an 

additive, though not synergistic, effect of co-stimulation on immature bovine explants. 

IGF-1 alone increased both proteoglycan and protein synthesis approximately two-fold at
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a dosage of 150 ng/ml. By adding shear (6%, 0.1Hz), proteoglycan and protein synthesis 

was increased a further 25-35%.

From these studies, it can be seen that fluid shear applied on chondrocytes seems 

to be detrimental by increasing osteoarthritic markers and resulting in incorrect cell 

orientations. However, application of direct shear seems to be largely beneficial, 

producing constructs with increased mechanical properties.

Mechanical stimulation of ligaments and tendons

Ligaments connect bone to bone, providing joint stability. The purpose of

tendons is to transmit tensile force generated in muscle to bone. Tendons are well suited 

to this task, having a high tensile strength of between 50 and 100 MPa. This is due to the 

large parallel bundles of collagen type I oriented in the same direction as the tendon.

Tendon cells, sometimes termed ‘tenocytes’ or tendon fibroblasts, tend to be 

grouped in elongated rows parallel to and interspersed within the collagen fibrils.24 The 

fibroblasts have numerous processes that extend from the cell and toward like projections 

on fibroblasts of other rows. These form an elaborate network through which cells

164communicate via gap junctions.

Besides collagen and elastin, which account for 65 - 75% and around 2%121 of the 

tissue’s dry weight, respectively, tendon contains proteoglycans. One such proteoglycan, 

decorin, has been demonstrated to play a role in formation and orientation of collagen 

fibrils.115 In a study comparing normal and decorin gene knockout mice, the elastic 

modulus of the knockout mice tail tendon fascicles was only 60% that of normal.64 In 

studies comparing the tensile and compressive regions of bovine tendon, it was 

determined that in the tensile region, small proteoglycans composed 90% of the total
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proteoglycan content.268 In the pressure zone, the ratio changed to approximately equal, 

the rest being composed of large proteoglycan molecules similar to aggrecan.268 In areas 

where tendon wraps around bone, it is subject to compression and shear as well as 

tension.66 Tendon responds to compression by forming a fibrocartilaginous tissue.24 This 

same effect can be observed in ligament.151 The compressed regions of these tissues 

share many characteristics with both articular cartilage and the meniscus; these include 

rounded cells,23’24,66 expression of aggrecan and biglycan,66 and type II collagen in areas 

of compression.23, 24, 169 Tenascin-C, a molecule that aids in the round morphology 

characteristic of chondrocytes, also has a 3-fold greater occurrence in areas of 

compressed bovine tendon compared with tensile tendon.155 In humans, the GAG content 

of compressed tibialis posterior tendon was 3 times that of regions under tensile load 

within the same tendon.271 The assumption is that these changes are a response to 

compressive loading.270 Further evidence for this has been demonstrated by removing 

the load from compressed tendon in a rabbit model and noting a 40% decrease in GAG 

content as well as decreased antibody reactivity with collagen type II.151 It is important 

to note the similarities of these related tissues to the meniscus. From these comparisons 

of ligament and tendon to meniscus, it is evident that these tissues are highly related in 

terms of mechanical functions, cell population, and ultrastructural components. By 

examining the methods shown to stimulate regeneration in these tissues, we hope to 

achieve regeneration in the meniscus.

Tensile loading stimulation of ligaments and tendons

The number of mechanical stimulation experiments performed on ligaments and

tendons is not nearly as extensive as those of articular cartilage, however some factors
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have been elucidated. It now seems apparent that the response of ligament and tendon is 

directly related to their mechanical environment. Stress deprivation leads to a 

detrimental change in their biomechanical and biochemical properties,26 while over-use 

can also bring about deleterious effects.218 Static tension appears to orient fibers in the 

direction of stress as well as up-regulate specific genes such as TIMP-1, TIMP-3, and

17Scollagen a l. In fact, static tension inhibits collagenase degradation of devitalized 

1 8̂tendon explants. Cyclic loading has also been demonstrated to improve cellular 

migration into areas of tendon laceration,250 as well as increased gene expression for type 

I and type III collagen in ligament (163 and 269% increase respectively).

Like other tissues thus far examined, duration of loading affects the tissue
■}Q1

response. Zeichen and coworkers examined fibroblasts stimulated for 15, 30 and 60 

min, and measured the rate of proliferation at 6, 12, and 24 hrs after the simulation. In 

both the 15 and 60 min stimulation group, proliferation was increased only at the 6 and 

24 hr time points while proliferation had decreased for all times measured in the 30 min 

stimulation group. The authors speculated that certain durations of loading may be 

beneficial while others are detrimental.

Cyclic strain has been shown to increase cellular production of TGF-p, bFGF, and 

PDGF after both 15 and 60 min of culture time.233 Growth factors also modulate 

fibroblast behavior in tendon. When cultured in the presence of 100 pM of PDGF and 

cyclic load (5% strain, 1Hz), the rate of DNA synthesis was increased 10.5-fold 

compared to non-loaded, non-PDGF stimulated controls and 5.4 times that of non-loaded 

controls.21
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Age of cells in the tissue appears relevant as well. Berry and coworkers26 

cyclically stretched fibroblasts (5% strain, 1Hz) from “young” and “adult” cell lines 

(neonatal human foreskin fibroblasts and adult human dermal fibroblasts). While both 

sources responded by an increase in proliferation of about 75%, the young cells increased 

collagen synthesis while adult cells decreased synthesis.

Fibrocartilaginous responses to tension are not limited to tendon. The rat ACL 

fibrocartilage responds to a static load by increasing type I collagen mRNA production at 

both 0.5 hr and 1 hr time points, 40 and 32% respectively, but decreasing mRNA to only 

44% of controls after 2 hrs.103 It would seem that like cartilage, fibrocartilage matrix 

production is inhibited by static loads. Majima and associates149 demonstrated that rabbit 

medial collateral ligament scar tissue responds to 0.5 Hz tensile stress of 1 MPa for 1 min 

on followed by 14 min rest repeated 16 times.149 It was found that collagenase mRNA 

decreased to 66% of controls while aggrecan increased 458%. Tension did not appear to 

have an effect on the expression of mRNA for collagen I; the authors hypothesized that 

mRNA for this molecule was already significantly expressed due to the use of recently 

formed scar tissue.

Histologically, as well as biochemically, loading appears to aid in tissue 

generation. However, much more work needs to be done in this area on the effects of 

loading explants and cell seeded scaffolds to determine the biomechanical effects of 

loading.

Compressive loading of ligaments and tendons

Fibrocartilage from ligament and tendons responds to dynamic compressive

loading in vitro. Koob and coworkers133 demonstrated that fibrocartilage from bovine
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tendon continued to produce large proteoglycans (40% greater than controls) after 2 

weeks in culture (0.17 Hz, 20 min per day, 544 kPa peak compressive stress, 5-25% 

strain). In a concurrent experiment, it was demonstrated that dynamic compression could 

restore large proteoglycan synthesis after 3 weeks in static culture to the same level as 

those maintained under dynamic compression. However, all groups had a lower amount 

of large proteoglycan than freshly harvested tendon.

The response of fetal tissue to compression was also examined by Evanko and 

Vogel.67 This experiment demonstrated that dynamic compression of fetal bovine tendon 

increased radiolabeled uptake of sulfate into large proteoglycan and biglycan 300% and 

50-100% respectively. Age of the subject of the source of tissue thus appears to affect 

the response of compressed tendon in vitro, though exact comparisons are difficult 

because the loading regime differed from the above experiment in that strain varied from 

35% initially to 12% due to limited recovery and the culturing period was 3 days 

continuous loading. The same group compared the effects of stimulating fetal bovine 

tendon with dynamic compression and the effect of 1 ng/ml TGF-/?.219 The two modes of 

stimulation had similar effects on decorin synthesis and aggrecan synthesis. However, 

TGF-/? doubled the rate of biglycan expression, while stimulated only half the mRNA 

level of aggrecan that dynamic loading did.219 It is unfortunate that the two stimuli were 

not introduced simultaneously, as an additive effect has been demonstrated with 

mechanical stimuli and some growth factors.28,118

It seems that dynamic compression of fibrocartilage may have a direct effect on 

cellular phenotypes. By cyclically loading these predominantly tensile tissues, cells can
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be channeled to a more chondrocyte-like state. This would be particularly useful in the 

white-zone of the meniscus.

Hydrostatic pressure loading o f ligaments

Ligament scar tissue has also undergone hydrostatic pressure loading in vitro.

Majima and coworkers149 applied hydrostatic pressure to ligament scar tissue (0.5 Hz, 1

MPa). Hydrostatic pressure increased mRNA expression of aggrecan and collagen II

313% and 171% respectively. This loading also decreased collagenase mRNA levels to

35% that of unloaded controls. More work in examining the effects of hydrostatic

pressure on compressed regions of ligament and tendon needs to be performed.

Summary of goals for tissue engineering of the meniscus

The meniscus of the knee aids in load bearing, stability, and lubrication within the

knee. Frequently, the meniscus is damaged by sports injuries or by overall degeneration 

associated with aging. Removal of the meniscus, or even partial removal, leads to 

degenerative changes within the joint associated with osteoarthritis. We believe that 

utilizing tissue engineering methods will be highly successful in regenerating the 

meniscus.

Before embarking on tissue engineering of the meniscus, it is crucial to have a 

thorough comprehension of the biomechanical role that this tissue fulfills within the body 

and how the structure of the meniscus is uniquely suited to that purpose. To better 

understand this, we have examined the meniscus, as well as associated tissues, within the 

body. We understand that the red zone of the meniscus is similar to tendon, which is a 

dense connective tissue composed primarily of collagen type I. In examining the inner 

white zone of the meniscus, we note that this tissue has a strong resemblance to both
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articular cartilage and compressed regions of ligament and tendon. We have examined in 

detail the loading conditions that these tissues experience in vivo and how each is 

uniquely composed to deal with its loading environment. All of these tissues are capable 

of some degree of remodeling due to mechanical stimuli. We wish to stimulate our 

construct in such a way as to form the properties we desire in our regenerated meniscus.

It is interesting to note that there are many variables to be explored when utilizing 

mechanical stimulation for tissue regeneration. It is also apparent that these variables 

seem to have ‘windows’ of maximal effect, that is, too little and the tissue does not 

respond, too much and the tissue responds negatively. Time of stimulation is important, 

as is rest between loading cycles. Additionally, growth factors may increase the effect of 

mechanical stimulation. Further studies need to be performed using growth factors. The 

synergism between growth factors and the non-linear cellular response to growth factor 

concentration is not yet well understood. As the above studies have demonstrated, some 

culturing conditions favor proliferation, others GAG or collagen production. More can 

be done than simply optimizing culturing conditions to grow one aspect of the tissue. For 

instance, it might be possible to utilize cyclic tensile strain to up-regulate collagen I in the 

red zone. In the white zone, direct shear would be applied to synthesize a greater amount 

of collagen II during the early stages of culture and then hydrostatic pressure to initiate 

GAG production.

It has been postulated that there might be a continuous spectrum of fibrocartilage 

between articular cartilage and dense connective tissue. And indeed, the meniscus would 

seem to be such a tissue. The cells of the meniscus are described as fibrochondrocytes 

because they appear to possess properties of both fibroblasts and chondrocytes. Thus, by

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



3 2

understanding the mechanisms that can stimulate and promote regeneration in related 

tissues, we hope to harness that knowledge to regenerate the meniscus, which is our 

research effort’s ultimate goal. The clinical implications of a tissue engineered meniscus 

are many. Primary among these is the ability to replace part or all of a patient’s meniscus 

post meniscectomy. This advance would ameliorate pain, return function, and arrest the 

later development of osteoarthritis. However, much work needs to be performed before 

such a goal is realized.

Many hurdles need to be overcome before the goal of tissue engineering the 

meniscus is achieved. Success in a small animal model must be achieved before larger 

animals and clinical trials could be approved. There is no universally agreed upon 

biomaterial to utilize as a scaffold and much work is devoted to optimizing current 

materials as well as developing new ones. Other questions such as ideal methods of cell 

expansion and growth factor optimization have yet to be fully addressed. Our strategy is 

illustrated in Fig. 1-5. The meniscus of our small animal model, the rabbit, will be 

extensively characterized biologically and biomechanically. This will serve as our “gold- 

standard” for our tissue engineering project. Cells will be harvested from the native 

meniscus and expanded in culture. To choose our scaffold, fibrochondrocytes and 

scaffold biomaterials will be combined and the quality of the cultured construct will be 

evaluated against our gold standard in terms of biomechanical and biochemical 

properties. We believe that combining mechanical stimulation as well as growth factors 

will further improve our tissue engineered construct. When our cultured construct 

performs adequately compared to our gold standard, we will implant the construct into 

our animal model to determine in vivo performance.
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Fig. 1-4: Fibrochondrocytes and related cells.
(A) Typical chondrocytes of articular cartilage. (B) Oval and fusiform fibrochondrocytes 
from the white zone of the meniscus. (C) Red zone fibrochondrocytes. (D) Typical 
fibroblast type cell.
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Fig. 1-5: Regeneration strategy.
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Chapter 1 Tables

Table 1-1: Properties of meniscus and related tissues.

Predominant
collagen

type

Collagen 
amount 
(% dry 
weight)

Water
content

GAG content 
(% dry weight) Cell type

Predominant
mechanical

function

Cartilage Type II 50- 73% 4,40 75-80%22 15-25% 4,40 Chondrocyte Compression

Meniscus Type 1 & II 60- 70% 62 72% 37 2-3% 24,66 Fibrochondrocyte Compression and 
tension

Tendon
(tensile
region)

Type I44 65-75%46 70% 43 0.2%46 Fibroblast Tension
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Chapter 2: Fibrochondrocytes and their use in tissue
engineering of the knee meniscus
Abstract

The meniscus is a fibrocartilaginous tissue within the knee joint responsible for 

shock absorption, load transmission, lubrication, and stability. Damage to the meniscus 

can result in loss of some or all of the above functions. Unfortunately, current repair 

techniques do not adequately address the issue of meniscus regeneration. Tissue 

engineering is one possible solution to fix this difficult problem. Meniscal cells, also 

known as fibrochondrocytes, have the potential to play a central role in the tissue 

engineering approach. This article provides a description of various studies performed to- 

date, such as fibrochondrocyte characterization and their reaction to different culturing 

environments, peptides, and growth factors. The current tissue engineering attempts 

performed are also examined.

Introduction

The meniscus is a fibrocartilaginous structure found within the knee joint 

responsible for shock absorption, load transmission, and stability.5, 102, 188’ 212, 275 

According to the National Center for Health Statistics in the United States, over 600,000 

surgeries each year are the result of complications with the meniscus.220 Regions of the 

meniscus, namely those in the vascular zone, have an intrinsic healing capability,

19Rwhereas the avascular zone does not heal. To repair damage in the avascular region 

and overcome tissue degeneration, methods that will assist the meniscus in healing itself 

need to be developed, and tissue engineering is a potential solution. Fibrochondrocytes

* Chapter published as Sweigart, AufderHeide and Athanasiou. “Fibrochondrocytes and their Use in 
Tissue Engineering of the Meniscus,” Topics in Tissue Engineering, 1-19, 2003
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to the mechanical stimuli present in the joint, and helping the tissue construct integrate 

with the surrounding tissue. A thorough understanding of the mechanics and anatomy of 

the tissue is necessary before attempting to tissue engineer the meniscus.

Meniscus anatomy

The meniscus is a tissue consisting of two wedge-shaped semilunar sections of 

fibrocartilaginous tissue between the tibial and femoral bearing surfaces of the knee joint 

(Fig. 2-1). On gross inspection the meniscus is a white, glossy, and smooth tissue; this 

smoothness is also present at the microscopic level.82 The peripheral portion of the 

meniscus, also known as the red zone, is vascularized, whereas the inner portion, known 

as the white zone, is avascular (Fig. 2-2).81 The meniscus is attached to the medial 

collateral ligament, the meniscofemoral ligaments, the transverse ligament, and the 

anterior and posterior horns. The anterior and posterior horns are where the meniscus 

joins with the tibial plate; these attachments are usually considered the most important.80

Cells in the meniscus

Most meniscal cell characterization has been carried out in humans and the

rabbits.81, 82' 98, 173,277 Meniscal cells are generally considered to be a cross between

chondrocytes and fibroblasts. The cells have a rounded morphology and are protected by

a territorial matrix, as are chondrocytes, yet the cells produce type I collagen, like

fibroblasts. In 1985, Webber and coworkers277 coined the term ‘fibrochondrocytes’ to

describe these unique cells. There are two relatively distinct fibrochondrocyte

populations found in different locations within the human meniscus. Oval or fusiform

fibrochondrocytes with a few small processes are found in the superficial layers (Fig. 2-

3). Fibrochondrocytes from the deeper zone are rounded or polygonal and contain more
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processes.81 In-depth studies have also been carried out on the rabbit meniscus. A study
t •j-y

by Moon et al. found that the periphery of the meniscus contains cells that are 

fibroblast-like, whereas chondrocyte-like cells were found in the inner rim of the 

meniscus. This correlates with the functional aspects of the tissue. The inner rim of the 

meniscus is a bearing surface for the knee joint, is subjected to compressive forces, and 

contains a combination of type I and II collagen. The periphery is responsible for shock 

absorption, is subjected mainly to tensile forces, and contains large quantities of type I 

collagen. A recent study on rabbit fibrochondrocytes98 provides an in-depth look at the 

different locations of the meniscus. This study found four morphologically distinct 

classes of fibrochondrocytes within the meniscus. Cells in the superficial layer were 

found to be fusiform in shape, as shown in other studies.81,82 Cells from the inner rim, 

also known as the white zone, contained rounded cells that lacked projections. The last 

two cell types, found in the red zone and red-white zone, had long cellular processes 

(larger quantities in the red zone) and a large number of gap junctions. Cells within these 

two regions were also organized into rows, something not seen in the white zone. This 

row-like organization of cells along the collagen fibers is also noted in other fibrous 

tissues, such as tendon. It is believed that the large number of processes helps the tissue 

organize the extracellular matrix so that it can withstand the tensile hoop-stress. It should 

also be noted that the processes observed in fibrochondrocytes in vivo are not found in 

these cells if grown in culture, indicating that culture conditions result in morphological 

changes.
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Extracellular matrix of the meniscus

The extracellular matrix is made of four different components: water, fibrillar

proteins, proteoglycans, and adhesion glycoproteins. Biochemical analysis has shown that 

human meniscal tissue contains 72% water, 22% collagen, 0.8% glycosaminoglycans; the 

rest is made up of DNA and adhesion molecules." These numbers can vary depending on 

age, species, and location within the tissue.163,209

Fibrillar Components

The main type of fibrillar component found in the meniscus is collagen. Collagen

types I, II, III, V, and VI have been found within meniscal tissue, and account for 60-70% 

of the dry weight. Type I collagen is by far the most predominant, accounting for more 

than 90% of the collagen within the tissue.69 For example, in bovine menisci the outer 2/3 

of the tissue collagen is predominantly type I collagen, whereas the inner 1/3 is 60% type 

II collagen and 40% type I collagen.43 The meniscus has a unique collagen fiber 

orientation that is related to its function and consists of three different layers. The 

superficial layer consists of a thin layer of randomly orientated fibers.203 The lamellar 

layer, situated just inside the superficial layer, also consists of randomly orientated fibers, 

with the exception of the peripheral portions at the anterior and posterior sections; here 

the fibers are orientated radially. The deep zone consists of circumferentially orientated 

fibers with a small amount of radial fibers, also referred to as tie fibers.203 The 

combination of the different mechanical stimuli most likely cause the cells to organize 

the collagen fibers in such a fashion.

Proteoglycans

Proteoglycans are responsible for hydration within the meniscus and the 

compressive properties of the tissue.3,230 The concentration of proteoglycans in meniscal
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tissue is 8 fold lower than the concentration found in articular cartilage.4, 165 Various 

studies have been performed on meniscal proteoglycans, which are responsible for tissue 

hydration.3 The inner 2/3 of the meniscus produces more proteoglycans than the outer 

1/3. More proteoglycans are produced laterally than medially, though the 

glycosaminoglycan makeup of the proteoglycans stays the same at all of these 

locations.44, 251 This higher proteoglycan content in the inner third correlates with the 

bearing surface nature in the avascular portion of the tissue.

Adhesion Glycoproteins

As the name suggests, adhesion molecules are partly responsible for binding with

other matrix molecules and cells. There are three of these molecules that have been 

identified within the meniscus: type VI collagen, fibronectin, and thrombospondin.163 

While the exact nature of these three glycoproteins has not yet been described, the RGD 

peptide, which plays a central role in cell adhesion, has been found in type VI collagen, 

fibronectin, and thrombospondin.163

Meniscal biomechanics

Functionally, the meniscus acts as a shock absorber, helps with load bearing and

transmission in the knee joint, improves stability in the knee, and helps with lubrication.5, 

102,188,212,275 g e c a u s e  a p  0 f  these different functions and the geometry of the tissue, the 

meniscus is subjected to compressive, tensile, and shear stress. Whenever a load is 

applied to the knee joint, the meniscus is compressed, but due to its wedge-shape it is also 

displaced away from the center of the femoral condyles, resulting in tensile stress because 

of the anterior and posterior attachment to the tibial plate.38, 78, 275 In terms of shear 

properties of the meniscus, it is known that they depend heavily on the collagen

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



4 3

orientation of the meniscus and the low circumferential shear strength is thought to be

Q 9Q9partly responsible for the occurrence of longitudinal tears. ’ The menisci partially 

cover the articular cartilage on the tibial plate and are responsible for absorbing some of 

the load transmitted through the knee and protecting the articular cartilage within the

C -jo 7 o j a g  9 7S  9RQ
joint. ’ ’ ’ In general, the lateral meniscus is displaced more than the medial

meniscus during compression, showing that while both menisci have the same general
- J O

function they do react differently. These differences can also be noted in the 

biomechanical and biochemical properties of the meniscus among various animal 

models.120’248

Tissue engineering of the meniscus

The amount of work that has been performed in the attempt to tissue engineer the

meniscus has been limited when compared to other musculoskeletal tissues, such as bone 

or articular cartilage. Many components, such as the fibrochondrocytes, the animal 

model, scaffold material, and evaluation techniques, are of importance. Several aspects of 

the cellular components have been studied, such as cell isolation, cell culture, the effect 

of peptides, and the effect of growth factors. Much of this information has been used in 

the few attempts to engineer the meniscus carried out to-date.

Fibrochondrocyte isolation methods

A variety of different methods have been used to isolate the fibrochondrocytes

from the surrounding matrix for tissue culture applications.87,110, u2,181,187,251,279 Webber

et al.279 used a method adopted from Green87 for articular chondrocytes. This isolation

method consisted of sequential treatment of minced tissue with 0.05% hyaluronidase,

0.2% trypsin, and 0.2% clostridial collagenase, in conjunction with mechanical stirring,
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to release the cells, followed by filtering and washing the fibrochondrocytes several times 

to remove the debris.87’279 Tanaka et al.251 treated meniscal tissue with 0.8% pronase for 

25 minutes, followed by digestion with 0.4% collagenase for 40-60 minutes to isolate 

fibrochondrocytes from the meniscus. Mueller et al.181 used a simple collagenase 

digestion (0.2%), in conjunction with mechanical stirring, for a period of six hours to 

release the fibrochondrocytes from the meniscal tissue. Nakata et al.187 looked at each of 

the three above methods and determined that a simple collagenase digestion provided the 

most consistent results in terms of cell number and phenotype. In their studies a 0.4% 

collagenase solution was used for a period of 2-3 hours. Ibarra et al.110,112 also used a 

simple collagenase digestion method.

In vitro cell culture

The majority of in vitro studies have been performed in monolayers. 

Fibrochondrocytes from several different species have been used, such as the human, 

rabbit, dog, and pig, but the majority of studies have been performed on the human and

187 77 f \  777 77Q 78firabbit models. ’ Human fibrochondrocytes grown in monolayer culture

have shown three distinguishable types: elongated fibroblast-like cells, polygonal cells, 

and round chondrocyte like cells.187 There are many different factors which can have an 

effect on the cells, such as the media type, the age and sex of the animal, and the amount 

of C02 in the culture environment.

Media type

The type of media used in monolayer culture can have a profound effect on

1 87 77 f \morphology, proliferation, and protein synthesis capabilities of fibrochondrocytes. ’

277,280 ^  s t u c j y  performed by Nakata et al.187 compared morphology, proliferation ability,
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and mRNA synthesis of fibrochondrocytes in three different culture mediums: Ham’s F- 

12 with 10% fetal bovine serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM) 

with 10% FBS, and a 1:1 mixture of Ham’s F-12 and DMEM supplemented with 10% 

FBS. Fibrochondrocytes proliferated the fastest in DMEM and the slowest in Ham’s F- 

12. Morphology was maintained in the Ham’s F-12 media and the Ham’s F-12:DMEM 

media, but the elongated fibroblast like cells became predominant in the DMEM media 

within one week. Fibrochondrocytes grown in the Ham’s F-12:DMEM mixture also 

showed expression of mRNA for types I, II, III, and IX collagen, and aggrecan. 

Additional studies looking into the effect of the different media types on 

fibrochondrocytes have been carried out by Webber et al.276, 277’ 280 In a study from 

1985277 fibrochondrocytes were grown in either a DMEM/10% FBS media or a Ham’s 

F-12/10% FBS media. The cells were then passaged into secondary culture and analyzed 

for morphology, growth, and proteoglycan synthesis. The morphology of the 

fibrochondrocytes varied depending on the initial media type. The cells grown in the 

DMEM had a polygonal shape and resembled chondrocytes, whereas the cells from the 

F-12 media were fusiform, with a fibroblast-like morphology. Cells grown in the F-12 

media had a slightly faster growth rate in primary culture, but in secondary culture the 

growth rate of the cells from the DMEM was more rapid. The addition of ascorbate to the 

media had a drastic effect on the population doubling time of the fibrochondrocytes. In 

secondary culture the addition of ascorbate to the F-12 media increased the population 

doubling time (PDT) from 20 hours to greater than 24 hours, whereas the PDT of the 

cells grown in the DMEM decreased from 15 hours to 8.8 hours with the addition of 

ascorbate. The addition of ascorbate also decreased the uptake of 35S04, a marker used
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for estimating proteoglycan synthesis, though it should also be noted that the uptake was 

higher in the F-12 media than the DMEM media. In another study, performed by Webber 

et al.280, a serum-free culture media was developed that gives similar results to 10% FBS. 

The serum-free media developed consists of a 1:1 ratio of DMEM:Ham’s F-12, 

transferrin (1 /rg/ml), selenium (1 pg/ml), trace metal mix (1:100), dexamethasone (100 

ng/ml), insulin-like growth factors I and II (50 ng/ml each), pituitary fibroblastic growth 

factor (lOOng/ml), and lactalbumin hydrolysate (2 jug/ml). The one major difference 

between the serum-free media and the media with 10% FBS was the morphology. 

Fibrochondrocytes from the serum-free media had a more polygonal morphology. This 

trait continued for the length of the experiment (20 days).

Age and gender

Webber et al.263,279 have also performed two studies examining the effect of age 

and gender on fibrochondrocyte quantity, proliferation, and proteoglycan synthesis. A

7701986 study looked into these characteristics in rabbit fibrochondrocytes. Results 

showed that female menisci contain more fibrochondrocytes than male menisci, 

regardless of age. Gender and age did not have a significant effect on the PDT, but an 

effect was noted on proteoglycan synthesis. Fibrochondrocytes from six-month-old male 

rabbits incorporated four times as much 35S04 as the female fibrochondrocytes, though 

this trend was reversed in older rabbits (24 months), with the fibrochondrocytes from the 

females exhibiting twice as much uptake as the fibrochondrocytes from the males. A later 

study,263 performed using human explants, showed that ingrowth of fibrochondrocytes 

into a fibrin clot was significantly quicker in skeletally immature individuals (14 and 16 

years old) when compared to skeletally mature individuals (>22 years old).
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C02 levels

Different CO2 levels have been used in fibrochondrocyte culture both for 

fibrochondrocyte characterization studies and tissue engineering attempts. Ten percent 

CO2 was used by Webber et al. 276,277,279,280 for all of their cell characterization work, 

whereas Nakata et al.187 and Bhargava et a l27, Ibarra et al.109, m , and Mueller et al.181 

used 5% CO2 for their tissue engineering efforts. No direct comparison has been 

performed to determine the effect of these two culture environments on 

fibrochondrocytes.

Fibrochondrocytes and peptides

It has been shown that the RGD peptide enhances the attachment of

97 f \fibrochondrocytes. Canine fibrochondrocytes were harvested and seeded on surfaces 

either coated with chondroitin sulfate alone, or with chondroitin sulfate conjugated to a 

peptide containing the RGD sequence. A large quantity of cells attached to the surface 

containing the RGD peptide, but not on the surface with chondroitin sulfate alone.276 

Overall, the RGD sequence shows great potential for supporting fibrochondrocytes 

attachment to a scaffold for tissue engineering.

Fibrochondrocytes and growth factors

Numerous growth factors have been used on meniscal fibrochondrocytes to test

their effects on the healing of tears or defects, and on protein synthesis in tissue and cell 

culture. Table 2-1 summarizes the different growth factors that have been used. All of 

these have the potential to help in tissue engineering of the meniscus.

Most experiments have used cultures of fibrochondrocytes or small tissue 

explants to examine the proliferative response of the cells or protein synthesis. One
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growth factor that has a potential application is transforming growth factor- (TGF-). 

Studies by Tanaka et al.251 and Collier et al.44 showed that TGF- increases proteoglycan 

synthesis in fibrochondrocytes from all different regions of the meniscus in a dose- 

dependent manner. In these studies Collier and Ghosh used ovine fibrochondrocytes and 

Tanaka et al. used human fibrochondrocytes (24, 25).44,251 Studies by Spindler et al.238 

and Bhargava et al.27 tested the effect of human platelet-derived growth factor-AB 

(PDGF-AB) on ovine and bovine cells. The ovine study showed that PDGF-AB only 

affected the mitogenic response from the peripheral third of the meniscus; there was no 

effect on the inner 2/3 of the tissue.238 Bhargava et al.27 bovine test showed that PDGF- 

AB stimulated the migration of fibrochondrocytes from the inner, middle and outer 1/3 of 

the meniscus; PDGF-AB was also shown to increase DNA synthesis by the cells from all 

three sections. Bhargava et al.27 also found increased DNA synthesis when hepatocyte 

growth factor (HGF) or bone-morphogenic protein-2 (BMP-2) was used. HGF also 

increased the cell migration rate similar to PDGF-AB. BMP-2 and IFG-I (insulin-like 

growth factor-1) stimulated the migration of fibrochondrocytes from the middle zone by 

40-50%. This study also tested the effects of two other growth factors: interleukin-1, 

which stimulated migration of cells taken from the peripheral 1/3 of the tissue, and 

epidermal growth factor (EFG), which stimulated migration of cells from the inner and 

outer zones by 40-50% (42)27 A study by Imler et al.114 found that in bovine explants the 

addition of IGF-1 increased proteoglycan synthesis in a dose dependent manner. An 

earlier study by Webber et al.277 tested the effect of fibroblast growth factor (FGF) and 

human platelet lysate (PL) on proliferation of fibrochondrocytes and both were found to 

stimulate their growth. Other studies have been performed to check the effects of growth
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factors on healing of open defects and tears in the meniscus. Hyaluronic acid, hyaluronan 

and endothelial cell growth factor (ECGF) have been studied in both tear healing and 

defect repair.96,184,237,247 Suzuki et al.247 created a cylindrical defect in a rabbit anterior 

lateral horn and then made weekly injections of hyaluronic acid, demonstrating increased 

rate of healing. A study by Sonoda et al.237 tested hyaluronan’s effect on the healing of 

tears in the peripheral and avascular region of the rabbit meniscus. They found that 

hyaluronan stimulated collagen remodeling in the peripheral zone and inhibited swelling

'y'in
in the avascular zone. Another study tested the effect of ECGF, a member of the acidic 

FGF family,228 on the healing of an allograft to the joint capsule, found that ECGF 

increases short-term healing, but over the long term no difference was found.184 A study 

by Hashimoto96 tested the effect of ECGF on assisting the healing of a cylindrical full

thickness defect placed in the meniscus of a dog. The defect was filled with a fibrin 

sealant (some containing ECGF) and then allowed to heal over a 24-weeks period. The 

defects that contained both the fibrin sealant and ECGF showed the best results. Roughly, 

90% of the defect was filled at the end of the study 96

Tissue Engineering attempts

Only a limited amount of work has been carried out to attempt to tissue engineer

1 1 0  1 8 1  1 0 7  1 1 0the meniscus with fibrochondrocyte seeded scaffolds. ’ ' ’ Ibarra et al. used

polyglycolic acid (PGA) scaffolds seeded with bovine fibrochondrocytes in an attempt to 

engineer the meniscus. The cells were seeded onto the PGA scaffold, implanted 

subcutaneously in nude mice, and evaluated after 12 weeks. Grossly, the construct 

resembled meniscal tissue, and histology indicated meniscal repair tissue. Unconfined 

compression on the constructs demonstrated compressive properties that were 40% of the
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native tissue levels. These studies were also performed using ovine, canine, and human 

cells. In a later study, ovine cells were seeded onto a copolymer of PGA and polylactic 

acid (PLA), implanted subcutaneously in a sheep, and later implanted within the knee 

joint. Histological evaluation showed the presence of fibroblastic and chondrocytic cells 

within the repair tissue, along with collagen and proteoglycans. In a study by Ertl et al.65 

a PGA mesh was seeded with rabbit fibrochondrocytes, grown in culture for one month, 

and implanted into a full-thickness defect for a period of one year. Histological results 

showed healing at one year, but no biochemical or biomechanical testing was performed. 

Collagen scaffolds have also been examined for tissue engineering of the meniscus. A 

study by Nakata et al.187 showed that human fibrochondrocytes can attach to a collagen 

sponge and infiltrate some of the scaffold. Mueller et al.181 examined the effect of 

collagen-glycosaminoglycan (GAG) scaffolds made from either type I collagen or type II 

collagen. The scaffolds were seeded with canine fibrochondrocytes and evaluated over a 

period of 21 days. Results showed that in the type I collagen matrix the cells remained 

near to the periphery of the scaffold, whereas they were evenly distributed throughout the 

type II scaffold. The type II scaffold contained 50% more GAGs than the type I scaffold, 

and did not contract, whereas the type I scaffold shrunk to half of its original size. To the 

authors’ knowledge, no seeded collagen scaffold has yet been implanted in an animal 

model.

Conclusion

Successful tissue engineering of the meniscus would provide great help for the 

treatment of meniscal defects, but much work needs to be carried out before this can be 

achieved. More characterization of the cells is needed, particularly with respect to their
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culture environment and growth factors. The use of bioreactors for small and large scale 

cell production needs to be examined, and more animal studies need to be performed. 

Hopefully, fibrochondrocytes can be used to tissue engineer constructs that will 

successfully address the difficult problem of meniscal regeneration.
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Medial 
Meniscus
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Meniscus

Proximal Tibia

Fig. 2-1: Meniscus attached to the tibia.

Middle third (red-white zone)

Outer third (red zone)

Inner third (white zone)

Posterior Horn 
Attachment

Anterior Horn
Attachment

Fig. 2-2: Meniscus schematic.
Drawing of the meniscus showing the vascular profile and tibial attachment locations. 
The white zone is avascular, the red-white zone is a transitional area, and the red zone is 
vascularized.
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Cell from the 
Deep Zone
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Superficial Zone

Fig. 2-3: Morphological differences of fibrochondrocytes at the superficial zone and 
deep zone.
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Chapter 2 Tables

Table 2-1: Growth factors studied for meniscal tissue engineering.

Growth factor Cells In Vitro or In 
Vivo (Animal) Results Reference

FGF Lapine In vitro Proliferation was stimulated 277

Human PL Lapine In vitro Proliferation was stimulated 277

ECGF No cells Dog Improved healing in cylindrical 
defect

96

ECGF No cells Dog Increased shortterm healing 
in meniscal tears

184

PDGF-AB Ovine In vitro
Affected mitogenic response 

from the outer 1/3 of 
meniscus

238

PDGF-AB Bovine In vitro Stimulated cell migration and 
increased DNA synthesis

27

TGF-a Ovine In vitro Increased proteoglycan 
synthesis

251

TGF-a Human In vitro Increased proteoglycan 
synthesis

44

Hyaluronic Acid No cells Rabbit Increased rate of healing in 
cylindrical meniscal defect

247

HGF Bovine In vitro Stimulated cell migration, 
increased DNA synthesis

27

BMP-2 Bovine In vitro Some cell migration and 
increased DNA synthesis

27

IGF-1 Bovine In vitro Some cell migration 27

IGF-1 Bovine In vitro Increased proteoglycan 
synthesis

114

Epidermal GF Bovine In vitro Some cell migration 27

lnterleukin-1 Bovine In vitro Some cell migration 27
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Chapter 3: Growth factor effects on articular cartilage, tendon, 
ligament, and the knee meniscus
Abstract

Articular cartilage, the meniscus of the knee, ligament and tendon are collagen 

rich structures of the musculoskeletal system of particular importance to tissue 

engineering due to their limited capacity for healing. As presented in this review, these 

tissues share many properties that may promote a better understanding of connective 

tissue healing by interpolation from studies performed on them. All produce collagen I 

or II or both, and all contain large proteoglycan molecules that increase tissue hydration. 

However, it is critical to appreciate the many differences and challenges inherent in these 

tissues prior to embarking on successful engineering strategies. Here, for the first time, 

growth factor effects on these tissues are presented together and the results compared. In 

particular, the effects of platelet derived growth factor (PDGF), insulin like growth factor 

(IGF), transforming growth factor (TGF), and fibroblastic growth factor (FGF) are 

examined.

By examining the effects the growth factors have on the individual tissues, some 

conclusions can be drawn from the juxtaposition of the relevant studies. For instance, 

FGF as well as PDGF appear to have a proliferative effect on chondrocytes, fibroblasts, 

and meniscal fibrochondrocytes. This effect is much greater on fibroblasts than on 

articular chondrocytes. IGF has a cell maintenance function on articular chondrocytes by 

limiting apoptosis and promoting proliferation. To produce collagen in fibroblastic cells, 

a combination of TGF and PDGF shows promise. However, in articular chondrocytes, a

* Chapter submitted as “Growth factor effects on articular cartilage, tendon, ligament, and the knee 
meniscus,” Special Issue: Journal o f Engineering in Medicine, 2006
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combination of IGF (for cell maintenance) and TGF (to promote ECM production) may 

prove to be the most beneficial.

Introduction

Articular cartilage, the meniscus of the knee, ligament and tendon are all collagen 

rich tissues that do not readily heal following an injury. The body’s ability to repair these 

tissues is limited, as evidenced by the number of surgical interventions each year in an 

attempt to repair or ameliorate pain associated with tissue damage. As reviewed 

elsewhere, 141,248 it is estimated that osteoarthritis affects 20.7 million Americans and that 

600,000 surgeries are performed each year due to complications involving the meniscus. 

Approximately 50,000 anterior cruciate ligament (ACL) reconstructions are performed in

QQ
the United States alone. This substantial morbidity makes these tissues good candidates 

for developing tissue-engineering strategies for more satisfactory clinical outcomes.

Articular cartilage, the meniscus of the knee, ligament and tendon share many 

interesting characteristics, which must be examined when investigating responses to 

growth factors in these tissues. For example, all contain proteoglycans, which draw 

water into the tissue, aiding in the mechanical purpose of the tissue (lubrication, energy 

storage, shock absorption, compressive strength, etc.). Due to such similarities, much can 

be gleaned about potential tissue engineering techniques from the study of these tissues. 

However, it is also important to understand the differences in structure and function of 

these tissues and how they present different challenges. In this review, for the first time, 

the growth factor effects on all four tissues are simultaneously presented and compared 

critically.
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Cartilage function, structure, and cells

Articular cartilage surfaces the bones of articulating joints. Healthy articular

cartilage with an aggregate modulus of 0.53-1.34 MPa undergoes hundreds or even 

thousands of compressions daily without ill effect.105 It is white in color due to its 

avascular nature, and perhaps because of this avascularity, it does not heal satisfactorily 

after injury. Injured articular cartilage tissue is replaced by inferior fibrocartilage that 

breaks down over time. Therefore, articular cartilage has been the focus of many 

therapies to induce tissue regeneration, including growth factor treatment, mechanical 

stimulation, and use of various scaffolding materials.

The capacity for articular cartilage to undergo repeated loading and unloading 

without damage is dictated by its components. These loads may exceed bodyweight by 

five to six times in the knee. Articular cartilage is frequently considered a two phase

i nn

material, consisting of solid and fluid components. The fluid phase, composed 

primarily of water and soluble ions, makes up 75-80% of the wet weight of the tissue. 

Water is drawn into the tissue by large proteoglycan molecules consisting of a core 

protein and large negatively charged side chains called glycosaminoglycans (GAGs). 

The archetypical example of such a large proteoglycan is aggrecan. By wet weight, the 

solid phase is 10-30% collagen, 3-10% proteoglycans, -10% chondrocytes, -10% lipids, 

with minor glycoproteins comprising the remaining balance. By dry weight, 50-73% of 

articular cartilage is collagen, of which 95% is type II,14’ 105 though types VI, IX, X, and 

XI are also present.8’ 68’ 69 GAGs compose 15-25% of the dry weight.14’ 105 The 

mechanical properties of the tissue are determined by the arrangement and interaction of 

these molecules, which vary by layer or zone within the tissue.
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Articular cartilage is divided into four layers called zones. These include a 

superficial zone, middle zone, deep zone and a calcified layer of cartilage that integrates 

into the subchondral bone (Fig. 3-1). The orientation of collagen fibers differs in these 

regions. In the superficial zone, fibers run parallel to the surface and to each other. In 

the middle zone, the fibers are of random orientation, while in the deep zone and calcified 

zone, fibers are perpendicular to the cartilage surface. Although the primary collagen in 

articular cartilage is collagen type II, following injury, collagen type I is produced 

leading to inferior fibrocartilage, which cannot withstand the compressive loads 

demanded of articular cartilage.

The cells of articular cartilage are known as chondrocytes. These cells are 

rounded or oval shaped in appearance and surrounded by a pericellular matrix that 

attaches the cell to the extracellular matrix (ECM). It has been suggested that this 

pericellular matrix serves as a fluid filled bladder to protect the chondrocyte from 

mechanical loads and to provide hydrodynamic protection for the chondrocyte.132 The 

arrangement of chondrocytes also differs by layer. In the superficial zone, cells are 

flattened and oriented in the direction of shear. In the middle zone, there is a random 

orientation of rounded cells. In the deep zone, the cells are arranged in columns along the 

collagen fibers extending into the calcified zone.

Tendon and ligament function, structure and cells

The purpose of tendon is to transmit tensile force generated by muscle to bone.

This is differentiated from ligament, which connects bone to bone and provides joint 

stability. Tendons are well suited to this task having a high tensile strength between 50 

and 100 MPa. This is due to large parallel bundles of collagen type I, called fascicles,
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oriented in the same direction as the tensile force (Fig. 3-2). The collagen fibers have a 

diameter of 1-12 |im,37 while fascicles are about 330 pm in diameter.95 Ligaments are less 

stiff than tendons and have smaller collagen fibers. These fibers can be parallel in 

direction or branching and interwoven.288

Tendon cells, sometimes called tenocytes or tendon fibroblasts, tend to be 

grouped in elongated rows parallel to and interspersed within the collagen fibrils.24 The 

fibroblasts have numerous processes that extend from the cell toward like projections on 

fibroblasts of other rows. These cellular projections form an elaborate network through 

which cells communicate via gap junctions.164

Collagen accounts for 70-80% of the tissue’s dry weight.288 Proteoglycans are 

also present in tendon. One such proteoglycan, decorin, has been demonstrated to play a 

role in formation and orientation of collagen fibrils.115 In areas where tendon wraps 

around bone, it is subject to compression and shear as well as tension.66 Tendon responds 

to compression by forming a fibrocartilaginous tissue 23 The same effects have been 

observed in ligament.151 In studies comparing the tensile and compressive regions of 

bovine tendon, it was determined that in the tensile region, small proteoglycans 

composed 90% of the total proteoglycan content.268 In the compressed region, the ratio 

changed to about equal numbers of small and large proteoglycan molecules similar to

/yfiQ
aggrecan. The compressed regions of these tissues share many characteristics with both

articular cartilage and the meniscus; these include rounded cells,23, 24, 66 expression of 

aggrecan and biglycan,66 and expression of type II collagen in areas of compression.23,24,

169
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Meniscus function, structure and cells

The knee contains two semicircular sections of fibrocartilaginous tissue, the

menisci, which are wedge-shaped in cross section and are in the medial and lateral

948aspects of the tibiofemoral articulated surface. The outer portion of the meniscus, 

which is vascularized and has the intrinsic ability to heal itself, is frequently referred to as 

the red zone. This area of the meniscus also has large nerve bundles running 

circumferentially and smaller nerves running radially.170 The inner portion of the 

meniscus is avascular, has no innervation,170 and is referred to as the white zone. The 

medial and lateral menisci differ in shape and connections to the surrounding tissues with 

the medial meniscus being semicircular in shape, while the lateral meniscus is more 

nearly circular in appearance.

The extracellular matrix of the meniscus, though arranged in a unique manner, 

shares similarities to both articular cartilage and tendon (Fig. 3-3). The exterior region of 

the meniscus on the superior and inferior surfaces is arranged in a random meshwork and 

is referred to as the superficial layer. The next region within the meniscus is a thin 

section called the lamellar region and is composed of mostly randomly oriented fibers 

except at the outer periphery. In this latter region, the fibers are predominantly oriented 

in the radial direction. Lamellar fibers are 20-50 pm wide203 and are composed of 

individual fibers of collagen 120 nm thick. The deep zone of the meniscus is populated 

primarily by large circumferential fibers, 50-150 pm diameter,73 though radial fibers are 

present as well.203

By wet weight, normal human meniscal tissue has been shown to be 70-75% 

water, 20-25% collagen, 0.6-0.8% GAGs, and the remainder DNA and adhesion 

molecules." Age, injury, disease, and location can affect the relative numbers."’ 163, 209
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The two primarily fibrillar components are collagen and elastin. Collagen accounts for 

60-70% of the dry weight, while elastin content is significantly smaller (0.6%). Total 

GAG content of the human meniscus is around 2-3% dry weight.73,179

The inner one-third of the meniscus is under a predominantly compressive load. 

Sixty percent of collagen in this region is type II, and GAGs are 5-6 times the amount as 

in the outer one-third.43, 186 The superficial zone also has a 2-3 times greater relative 

amount of collagen type II as compared to the deep zone of the meniscus.69 The small 

proteoglycans decorin and biglycan are also found within the inner one-third of the 

meniscus, with biglycan in greater abundance. Biglycan is thought to have a role in 

protecting cells and is found predominantly in the pericellular matrix of compressed

991 9 9 0cartilaginous tissues. ’ The outer portion of the meniscus is composed of large, 

circumferentially oriented collagen type I fibers. These large parallel fibers resemble 

those of tendon in many aspects. Like the circumferential fibers of menisci, tendon is 

composed of collagen type I fibers organized in a parallel fashion. Unlike the meniscus, 

the tendon fibrils have a characteristic crimp or wave pattern. The predominant form of 

proteoglycan in both tissues are small proteoglycans such as decorin, a leucine-rich 

proteoglycan located between collagen fibers, which is thought to play a role in
1 A -l  1 O f

organizing collagen fibrillogenesis. ’

Meniscal cells exhibit a unique combination of both fibroblast and chondrocytic 

characteristics. Like chondrocytes, they present in a round or oval form with relatively 

large nuclei and are situated in a territorial matrix.82 However, they produce 

predominantly collagen type I, as fibroblasts do, and are thus termed 

“fibrochondrocytes.”277 All cells of the meniscus fall under the umbrella term
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fibrochondrocyte, however there are separate subpopulations that correspond to location 

within the tissue. Cells of the superficial zone are usually either oval or fusiform and 

contain few processes.249 The cells of the deep zone are usually rounded and contain 

many processes that extend through the pericellular zone. These processes, as well as 

gap junctions, allow communication between cells. It has been proposed that this 

communication aids in the orientation of collagen fibers within the deep zone.98 Cells of 

the inner one-third of the meniscus are rounded and lack projections.98 These cells 

produce both collagen types I and II.

Growth factor effects on tissues

Growth factors are potent stimulators of cells. However, a particular growth

factor does not necessarily have a universal effect on all cell types. The action of a 

growth factor on one cell type may produce a different reaction in another cell type. 

Thus, it is critical to understand the effect and the interaction of a growth factor on a 

tissue of interest as it fits into the entire tissue-engineering paradigm. It is hoped that by 

combining appropriate stimuli, growth factors, and cells, a tissue that would not normally 

heal could be satisfactorily regenerated clinically. For instance, it could be hoped that 

autologous cells could be harvested and then expanded in culture by the application of a 

growth factor that promotes cell division. However, in certain cell types like 

chondrocytes, as cells divide, they rapidly lose their chondrogenic phenotype. Thus, 

when an appropriate number of cells have been produced, it is hoped that the addition of 

some growth factor/stimuli combination would return the dedifferentiated cells to their 

native phenotype.
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Before discussing each growth factor in detail, it must be necessary to discuss 

some of the nomenclature associated with each growth factor. The study of growth 

factors is relatively recent in biological studies, and as such, the nomenclature used to 

describe each is also evolving. For instance, earlier papers described just transforming 

growth factor (TGF). Later it was discovered that there were different classes of TGF, 

for example TGF-p. Still later, subclasses were identified (e.g., TGF-01, 2 and 3). For 

the purposes of this paper, we use the designation of the growth factor that the original 

authors used if it cannot be determined which subgroup of molecule was used.

Effect o f serum concentration

To develop a strategy for growth factor usage, it is important to understand the

role that serum plays in culturing cells. Serum is often added to the media to provide 

growth factors, albumin, and other nutrients that are not present in the media fed to cells. 

It is difficult to standardize batches as serum is collected from multiple animals and 

different animals add variation. It has been shown that in human serum, growth factor 

levels can be as high or higher than many of the growth factors discussed in this paper. 

For instance, insulin-like growth factor-I (IGF-I) has been shown to be 153 ng/ml and 

platelet derived growth factor (PDGF) 50 ng/ml.12,290 It has been proposed that there are 

progression and competence growth factors. These are, respectively, growth factors that 

cause proliferation and differentiation. Due to the interrelated mechanisms of growth 

factor action, it may be necessary for both types of factors to be present to study the 

effect of a single growth factor. However, saturating the experimental tissue with serum 

may provide a maximal dosage of growth factors, yielding the false conclusion that the 

growth factor of interest has had no effect over controls. Many experiments use a
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minimal dosage of serum (as little as 0.5% final volume) so as to have a low

n'lconcentration of both progression and competence growth factors.

Insulin like growth factor

Insulin-like growth factor-I (IGF-I) is a single chain polypeptide molecule that is

involved in normal growth and healing. It derives its name from its structural similarity 

to the hormone insulin. Interestingly, when administered at supraphysiological doses, 

insulin can have the same anabolic effects attributed to IGF-I.74 The effects of IGF-I were 

first noted by Salmon and Daughaday in 1957 and were described as a growth hormone 

dependent serum factor.224 There are different subclasses of IGF, IGF-I and IGF-II which 

bind to different types of recepters.1 However, there is considerable cross-reactivity 

between the two receptors and growth factors.1

IGF-I is considered the main anabolic growth factor in articular cartilage under 

normal conditions. In one study, IGF-I (100 ng/ml) doubled radiolabeled sulfate and 

proline incorporation after 1 hour of incubation and caused an 8.4 fold increase in 

proliferation.195 IGF-I stimulates cell growth and survival by limiting apoptosis.6,190, 255 

Lo and Kim146 demonstrated that IGF-I inhibited apoptosis in collagenase treated 

chondrocytes in a dose dependent manner up to 200 ng/ml. IGF is considered a 

progression factor as it increases cell numbers.204, 205 IGF-I treatments alone do not 

reverse osteoarthritis, as osteoarthritic chondrocytes lose IGF-I responsiveness.156 

Chondrocytes in arthritic cartilage have a reduced anabolic response to IGF-I.60,264 This 

is due in part to nitric oxide (NO) production in the affected tissues decreasing the effect 

of IGF-I.246 Inhibition of NO synthesis restores some cellular response to IGF-I.246 

During tendon healing, IGF-I is especially involved in the inflammatory response and
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proliferative stages.172 It has been shown that endogenous IGF-I mRNA signal is 

upregulated in equine tendon fibroblasts after injury, with a peak at 4 weeks post injury.49 

A corresponding level of IGF protein was also produced.

IGF levels are regulated by many factors. In the body, IGF-I is generally bound 

to carrier proteins and circulates in serum. These molecules are a class of extracellular 

proteins known as IGF-I binding proteins (IGFBPs). There are several different subtypes 

of these molecules and at least three (IGFBP-3, 4, 5) have been found in human articular 

chondrocytes.156 IGFBP expression is upregulated by IGF-I, IL-1, prostaglandin^, and 

TNFa while expression is downregulated by TGF-p.45,57,159,192,193,216,217

Other growth factors also have a direct effect on IGF levels. Basic fibroblastic 

growth factor (bFGF) has been shown to stimulate IGF production, while TGF-P inhibits 

IGF production. When both growth factors are presented together to articular cartilage,

/-i
TGF-p attenuates the effect of bFGF. IGF-I somewhat reverses the spindle shaped 

phenotype induced in cartilage cells by bFGF.54

IGF-I found in articular cartilage is derived from synovial fluid or secreted by 

articular chondrocytes. IGF-I suppresses the production of type I collagen.54 In most 

studies to date involving cartilage, IGF-I has demonstrated an upregulation of sulfate

I S  83  01 1 Ifi Qtincorporation as well as proliferation. ’ ’ ’ Guenther et al. demonstrated that IGF-I 

upregulated radiolabeled sulfate incorporation 3 times that of controls in the absence of 

serum on rabbit articular chondrocytes in monolayer culture after 2 hours (Table 3-1). 

However, the effect on collagen production has been mixed with some studies showing 

an increase,28, 91, 118, 195 while others had no change.83’ 91 One possibility is that serum 

levels may mask the effects of IGF. In the absence of serum, Guenther et al.91 showed a
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2-fold increase in collagen production with the addition of 80 ng/ml of IGF. However, in 

the presence of 10% serum, the same addition of growth factor did not further increase 

collagen production over serum-supplemented controls. As discussed earlier, normal 

human serum has approximately 150 ng/ml of IGF-I.290 Thus experiments containing 

high levels of serum may saturate the effects of exogenous IGF-I. Additionally, the 

effects of growth factors are often diminished with the age of the cell. Messei et 

al.166showed that IGF-I increases proliferation, protein synthesis, and GAG content in a 

dose dependent manner in mouse cartilage, and this effect is decreased with the age of the 

animal.

The addition of mechanical stimulation to a growth factor supplemented culture

has also shown an additive effect in protein synthesis.160 For example, with cartilage

explants, IGF-I (300 ng/ml) increased protein synthesis 2 fold, while dynamic

compression (0.1 Hz, 2% strain) increased synthesis 40-50%28 Together, IGF-I and

dynamic compression increased synthesis to 2.7 times that of controls. Other forms of

118mechanical stimulation have also been beneficial. Jin et al. combined IGF-I and 

mechanical shear with bovine articular explants, both of which upregulated proline and 

sulfate incorporation. The maximum effect of IGF-I alone occurred at 100 ng/ml with a 

2-fold increase in radiolabeled molecule incorporation, and further increases in IGF-I did 

not increase incorporation significantly. The addition of shear further increased 

incorporation 25-35%.

IGF-I has differing effects depending upon dosage and cell type. In a study by 

Gueme et al., proliferation in human fibroblasts and chondrocytes was measured after 

exposure to IGF-I (0.1-100 ng/ml). The maximum proliferative response of articular
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chondrocytes was 2.1 times that of controls at 10 ng/ml while fibroblasts were only 50%

greater at 100 ng/ml. Different regions of tendon have different mitotic potentials and

tenocytes respond in a dose dependent manner to IGF-I in terms of ECM production.2

IGF-I (0.1-10 ng/ml) did not increase cell proliferation, but had a modest effect on

collagen and GAG synthesis in canine ACL fibroblasts.226 A dosage of 125 ng/ml

resulted in a 40 and 50% increase in collagen and GAG, respectively.55

The effects of IGF-I on fibroblasts can be altered when combined with

mechanical stimulation. IGF-I (100 pM or 0.75 ng/ml) was found to be a mitogen in

avian tendon fibroblasts when combined with cyclic stretching (1.8 times) but not when 

01unloaded.

The effect of IGF-I on fibrochondrocytes is highly dependent on cell type and 

serum concentration. Tumia and Johnstone examined the effects of IGF-I on various 

regions of the ovine meniscus. The meniscus was divided into inner, middle and outer 

regions. In the absence of serum, IGF-I increased cell proliferation of the middle and 

inner cells 8 to 10 times that of the controls at 100 and 200 ng/ml concentrations, while 

the outer cells were only 3.5 times that of controls. Radiolabeled proline also increased 

to 3.5 times that of controls in all regions of the meniscus at 100 and 200 ng/ml. 

Radiolabeled sulfate incorporation increased correspondingly with IGF-I dosage 

administered, with the maximum occurring in middle meniscus cells being 5 times that of 

controls.

Culture conditions as well can influence fibrochondrocyte reaction. For instance, 

IGF-I increased protein synthesis 40% in monolayer but not in scaffold culture.196, 197 

IGF-I at 3 and 30 ng/ml had no effect on sulfate incorporation of meniscal explants,145
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while a monolayer experiment of similar culture conditions showed a 1.8 and 11.7 fold

9SRincrease in sulfate incorporation at 1 and 10 ng/ml.

Interestingly, the meniscal cells that showed the most upregulation of collagen 

production when stimulated by IGF-I were from the inner third. There is other evidence 

that the more strongly chondrocytic a fibrochondrocyte is, the more responsive to IGF-I

97the cell becomes. Bhargava et al. found that IGF-I at 1, 10, and 100 ng/ml caused cell 

migration in the inner and middle cells of the meniscus, but not in cells from the outer
I n

third. Imler et al. , who used explants from the middle third of the meniscus, found that 

IGF-I at 300 ng/ml increased proline and sulfate incorporation 291% and 188%, 

respectively.

Transforming growth factor beta

Transforming growth factor-beta (TGF-P) describes a superfamily of growth

factors that includes the bone morphogenic proteins (BMPs). These molecules play a 

role in modulating mesenchymal differentiation, bone formation during embryogenesis,

1 SRpostnatal growth, and remodeling and regeneration of the musculoskeletal system. 

TGF-p receptors activate gene regulatory proteins directly at the plasma membrane. 

These receptor serine/threonine kinases phosphorylate themselves and then recruit and 

activate cytoplasmic gene regulatory proteins called SMADs. The SMADs then 

dissociate from the receptors and bind to other SMADs, and the complexes then migrate 

to the nucleus of the cell where they stimulate transcription of specific, targeted genes.7

TGF-p 1 is found throughout the body and is responsive to changes in activity of 

the organism. For example after 1 hour of exercise, TGF-P 1 is increased in plasma by 

about 30%.97 Endogenous TGF-p has been found to be upregulated during the wound
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healing response of tendon.172 TGF-p 1 may be stored throughout tissues in an inactive 

form and found bound to various matrix molecules including fibronectin, 

thrombospondin, and decorin.174 Human articular chondrocytes release three isoforms of 

TGF-P in active and latent forms, TGF-p 1, 2, and 3, and all three are expressed by human 

articular chondrocytes. Inactive TGF-P can be activated by proteases, glycosidases and 

extremes of pH.148,171

Expression of PDGFa receptors is induced by TGF-P in fibroblasts.116 Gueme et 

al.92 tested whether PDGF is responsible for or contributes to the effects of TGF-P on 

human chondrocyte proliferation (Table 3-2). TGF-P effects were only slightly reduced 

by neutralizing PDGF with antibodies. This is in contrast to fibroblasts where TGF-p 

effects were inhibited by anti-PDGF antibodies. During successive cell passages, TGF-P 

effects became more dependent on PDGF, similar to the results demonstrated with 

fibroblasts. TGF-P effects are also decreased with age.

Chondrocytes exhibit changes in proliferation, and proteoglycan and collagen 

synthesis due to TGF-P 1, however results have been anything but consistent. For 

instance, in one study TGF-p (1 ng/ml) had no effect on proliferation of rat articular 

cartilage195 while in another TGF-P 1 caused a 4.7 factor increase in proliferation in 

human articular cartilage cells at 1 ng/ml. Many factors may contribute to these varying 

results, including extracellular matrix proteins, age of the cells and serum concentrations. 

In the previously mentioned studies, no effect was shown in the presence of 0.2% serum 

while the large effect was shown in the presence of 10% serum. Articular chondrocytes 

in alginate bead culture show increased sulfate incorporation with both increasing serum

9/̂ 9levels and increasing TGF-P2 doses. TGF-P was the most potent stimulator of primary
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articular cartilage proliferation though PDGF, bFGF, and IGF-1 were shown to have an

Q'J
effect (5.3, 2.0, 1.9, and 1.2 times controls respectively at optimal dosage for each). The 

addition of IL-1 to cultures inhibited proliferation.

Long-term studies of the effects of TGF-P 1 have also been performed. Over a 35 

day study, TGF-p 1 alone caused a 6.1 and 2 fold increase, respectively, in collagen and 

GAG accumulation in chondrocytes.160 A corresponding aggregate modulus of 23 kPa 

was observed. Adding direct compression (1 Hz, 10% strain) did not significantly 

increase GAG or collagen amounts, but did more than double the aggregate modulus to 

50.5 ± 19.4 kPa. This illustrates well the importance of organization as well as ECM 

amounts for producing a stronger tissue engineered construct.

TGF-P is prototypic of a tendon anabolic growth factor.84 Vogel and Hernandez269 

demonstrated that 1 ng/ml of TGF-P doubled newly synthesized proteoglycan in bovine 

flexor tendon. TGF-P also promotes differentiation of fibroblasts into myocytes that aids 

in would closure and promotion of collagen rich scar tissue.6 TGF-p increased collagen 

synthesis by about 50% in both the ACL and medial collateral ligament (MCL) at 1

1 CH
ng/ml. Effects of TGF-P also seem to depend from where the fibroblasts were 

harvested. TGF-p (0.6 ng/ml) stimulated proliferation slightly in fibroblasts from the 

MCL but not in the ACL.227

Other growth factors increase the effects of TGF-p. For instance, it has been 

shown that TGF-p will double ACL fibroblast proline and sulfate incorporation at a dose 

as low as 0.3 ng/ml.55 The addition of 125 ng/ml of IGF-I increased proline uptake a 

further 15%, while the addition of only 5 ng/ml of PDGF to TGF resulted in a further
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25% increase in proline uptake. The addition of 33 ng/ml of EGF decreased 

incorporation of proline to the level of controls.

TGF-p increases radiolabeled sulfate production in meniscal cells, and the degree 

of stimulation depends on the location within the meniscus.251 In a study by Collier and 

Ghosh,44 TGF-P increased sulfate incorporation from 50 to 100% depending on location 

in the meniscus. The inner and middle region had the greatest increase while the outer 

regions had the least. TGF-P doubled proliferation rates in the absence of serum.

TGF-P 1 has been shown to increase collagen and GAG production in several 

meniscal studies.113,196,197 TGF-P 1 increased radiolabeled proline by 2.5 and 2.9 fold at 

10 and 100 ng/ml respectively in monolayer.196 In scaffolds, TGF-pl (100 ng/ml) 

increased GAG 4 fold and proline 2.6 fold.197

Age appears to also affect the responsiveness of meniscal cells to TGF-p. 

Fibrochondrocytes from a 16-year-old patient had twice the synthetic ability of those of a 

72 year old 251

Fibroblastic growth factor

Fibroblastic growth factors (FGFs) stimulate proliferation and differentiation of

various cell types including epithelial and mesenchymal cells, as well as inhibit 

differentiation of some precursor cells.6 Fibroblastic growth factor is a potent stimulator 

of fibroblasts and dedifferentiated chondrocytes, but an inhibitor of primary chondrocyte 

growth. This family of growth factors includes acidic (aFGF or FGF-1), basic (bFGF or 

FGF-2), FGF-5, FGF-6, and keratinocyte growth factor as well as others.31 aFGF, also 

referred to as FGF-1, is a monomeric, acidic protein of approximately 18 kDa. It shares
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about 55% homology with the basic fibroblastic growth factor (FGF-2). bFGF is a 16.5 

kDa, 146 amino acid protein.

FGF receptors, also monomers, form multimers by binding to heparin sulfate 

proteoglycans, either on the cell surface or in the ECM. There are four different known 

receptors for FGFs, and each is present in multiple isoforms due to alternative splicing of 

mRNA.79 A given FGF may be capable of binding to multiple FGF receptors and vice

22 , 31, 79versa. ’ ’

In addition to growth factors produced by cells, many growth factors may be

• • 122 stored in the ECM, for example, type I collagen can function as a reservoir of bFGF.

Thus cyclic loading (625 to 2500 kPa) of articular cartilage causes bFGF to be released

267 266into serum free media. Likewise, cutting articular cartilage also releases bFGF. This 

storage and release may aid in wound response time.

FGFs have been shown to be potent stimulators of chondrocytes proliferation 

(Table 3-3). The dosage of 1 ng/ml bFGF caused a 12.7 and 21.7 fold increase in 

proliferation at 24 and 48 hours.195 The addition of bFGF may increase the rate of de- 

differentiation of chondrocytes or push fibrochondrocytes to a more fibroblastic 

phenotype. bFGF causes chondrocytes to rapidly become spindle shaped and fibroblast 

like.54 The addition of bFGF decreases radiolabeled sulfate incorporation in 

chondrocytes.54 In addition, bFGF does not increase collagen type I mRNA but 

significantly increases collagen type I protein expression.54 bFGF (1-50 ng/ml) decreases 

collagen type II mRNA.54

As in chondrocytes, FGFs seem to be stimulators of proliferation rather than 

synthesis in tenocytes; bFGF and aFGF, both 0.1-1 ng/ml, had no effect on collagen or
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GAG synthesis.157 Schmidt et al.227 demonstrated that 0.6 ng/ml of bFGF caused 

proliferation rates of 7.6 times (MCL) and 6.2 times (ACL). Interestingly, higher 

dosages decreased the rate of proliferation. The use of aFGF, 1 ng/ml, doubled the rate 

of DNA synthesis.

Fibrochondrocytes also show a proliferative response to FGF as well as a 

synthetic response.113,277 The action of meniscal cells to bFGF appears to depend on the 

location of the cells and dosage of growth factor administered. In a study examining the 

inner, middle, and outer zones of the ovine meniscus exposed to 1, 10, 100, and 200 

ng/ml bFGF, serum free culture demonstrated a generally dose dependent response for 

sulfate and proline incorporation.257 The greatest uptake of thymidine occurred at 1 ng/ml 

in serum free culture. In the presence of serum, all showed a dose dependent response 

with a maximum of 113% increase for proline (outer meniscal cells, 200 ng/ml) and a 

175% increase for sulfate (inner meniscal cells, 200 ng/ml).

Platelet derived growth factor

Platelet derived growth factor (PDGF) is produced by mesenchymal stem cells

and stimulates survival, growth, and proliferation of multiple cell types, and is also a 

competence factor. 6’204,205,245 PDGF affects the action of many other growth factors and 

is also affected by other serum factors, for example it is inducible by TGF-p.92. IL-I 

induces PDGF secretion in fibroblasts, and PDGF increases IL-I receptor expression.29,

PDGF (100 ng/ml) increases vascular endothelial growth factor (VEGF) expression 2- 

fold in rat Achilles tendon fibroblasts. PDGF receptor is one of a subfamily of receptor 

tyrosine kinases. When PDGF binds, it cross-links two adjacent receptor chains which 

phosphorylate each other.6 There are 3 biologically active forms of PDGF, termed PDGF-
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AA, PDGF-BB, and PDGF-AB, with PDGF-AB being the predominant form in 

humans.191

PDGF action in chondrocytes seems to be primarily proliferative (Table 3-4). 

PDGF-BB (100 ng/ml) caused a 14.8 and 18.1 fold increase in proliferation in rat 

articular chondrocytes at 24 and 48 hours.195 At a serum concentration of 10%, PDGF 

caused a 2.3 fold increase in human articular chondrocyte proliferation at 100 ng/ml.92

Compared to the growth factors TGF-P, bFGF, and IGF-1, PDGF was found to be 

the most potent stimulator of proliferation of fibroblast cells. PDGF-BB at 1 ng/ml 

caused a 4-fold increase in proliferation of ligament fibroblasts.227

The proliferative effect of PDGF on chondrocytes and fibroblasts is observed in 

fibrochondrocytes as well. However, some variations in results do occur. PDGF caused 

proliferation to increase in a dose dependent manner in outer, middle and inner cells up to 

10 ng/ml in one study, while in another 10 ng/ml significantly increased proliferation of 

both lateral and medial peripheral regions but not central regions.238 Interestingly, in 

fibrochondrocytes PDGF appears to have a synthetic as well as proliferative effect. 

PDGF-AB (100 ng/ml) increased proline 148% and sulfate 468% in bovine meniscal 

explants.113

Combinations

Growth factors in the body are often present in combinations and may have 

synergistic effects. In addition, the amounts of growth factors vary over time depending 

upon the biological processes occurring (e.g., wound healing, development, etc.) For 

example, during wound healing of tendons, IGF-I mRNA signal peaks at 4 weeks post 

injury while TGF-P 1 signal is highest at 2 weeks post injury.49 Thus there may be a
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temporal component to growth factor stimulation. Crabb et al.48 used TGF-P (1 ng/ml) to 

stimulate a 3.5 fold increase, bFGF (10 ng/ml) a 14.5 fold increase, and a combination 

(TGF-P 0.3 ng/ml, FGF 100 ng/ml) a 73-fold increase in cell proliferation (Table 3-5). 

Sequential addition of the factors had a similar effect. Incubating monolayer 

chondrocytes with TGF (0.3 ng/ml, 1 hr) and then with FGF (10 ng/ml, 25 hrs) was not 

significantly different from the synergistic stimulation of culturing both growth factors 

for 24 hours. In another study, TGF (1 ng/ml) alone did not increase proliferation.116 

PDGF (10 ng/ml) increased proliferation 2.8 times that of controls. Addition of TGF (1 

ng/ml) and PDGF (10 ng/ml) increased proliferation to 4.5 times that of controls. 

Incubating fibroblasts with 1 ng/ml of TGF for 8 hours and then adding 10 ng/ml of 

PDGF caused an increase in proliferation of 5 times that of samples only given PDGF. 

This is certainly a cause for interest in sequential addition of growth factors.

In addition to other growth factors, some form of mechanical stimulation may add

• 28  160 21 to the effectiveness of growth factor treatments. ’ Bates et al. stretched (1 Hz,

0.05%) avian tendon fibroblasts in the presence of PDGF-BB and IGF-I at 100 pM

combined with stretching upregulated thymidine incorporation 10.5 times that of

unloaded and untreated controls.

Conclusions and future directions

As has been seen, the effects of any growth factor are intrinsically tied to such

variables as species from which the cell type was isolated, location within the tissue, age 

of the donor, condition of the in vitro culture and the presence of additional growth 

factors or regulatory molecules. All of these can be utilized to aid in the production of 

our tissues of interest. For instance, growth of cells in monolayer in the presence of FGF

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



7 6

would aid in expansion of cell number by stimulating proliferation. However, if we are 

interested in growing functional articular cartilage, this expansion technique will produce 

cells that are phenotypically fibroblastic and unsuitable for articular cartilage production 

without further culturing. Using IGF-I or TGF-P and culture techniques such as seeding 

in agarose beads that push these cells toward a chondrocytic phenotype could yield the 

desired amount of chondrocytic cells for a successful tissue engineering approach.

In addition to the production of the correct type of matrix and cells, some stimulus 

must be given to channel the growth of engineered constructs into functional tissue. 

Recently, it was shown that the application of mechanical stimulation to constructs grown 

in the presence of TGF-P 1 did not have a statistically greater amount of collagen or 

GAG.160 However, the stimulated constructs doubled their aggregate modulus. This 

agrees with previous research that indicates that total amount of extracellular matrix is 

not necessarily a predictor of mechanical stiffness.274

Successful tissue engineering of these tissues would provide a great help for 

healing defects in these tissues. However, before that goal can be realized much work 

needs to be done. More growth factor studies need to be performed to optimize the 

signals for growing these difficult to heal tissues. These studies would include not only 

effects of one or two growth factors, but combined effects of many growth factors that 

could yield a synergistic result. In addition, work needs to be done to study the effect of 

dosage and time. In development or healing of tissues, in situ growth factor amounts 

vary over time and within the tissue. It is likely that an ideal clinical application will 

mimic this natural phenomenon. By thoroughly understanding the mechanisms that may 

promote regeneration, we hope to harness that knowledge for tissue engineering.
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From what we have learned previously, some directions for future tissue 

engineering studies can be gleaned. For an ideal tissue-engineering paradigm, autologous 

cells are harvested from a patient; the cells are then greatly expanded in vitro. This rapid 

expansion can be encouraged by the choice of an appropriate growth factor. However, 

this likely leads to dedifferentiation and loss of desirable phenotype for regeneration of 

the tissue of interest. It is thus hoped that another appropriate growth factor, or 

combination of growth factors, could then redifferentiate the cells to an appropriate 

condition for tissue regeneration.

Articular chondrocyte expansion is upregulated by IGF-I, PDGF, TGF, and 

FGF. ’ However, FGF seems to push the chondrocyte to a more fibroblastic 

phenotype, exemplified by more spindle like cells.54 Thus, the best candidate for 

expansion of articular chondrocytes seems to be IGF-I, which is also known for 

maintaining a chondrocytic cell type. There is a natural feedback loop, which seems to 

suppress the action of IGF regarding ECM production, and this involves the IGF binding 

proteins. IGFBP expression is down-regulated by TGF-P, ’ which implies that a 

combination of IGF and TGF-P could be used to maintain a proliferating chondrocyte 

population.

Both PDGF and FGF strongly increase proliferation of fibroblasts,92’ 226 and are 

good choices for a rapid expansion of cells from tendon or ligament. Tendons and 

ligaments, being mechanical tissues, require strong collagen fibers to perform in vivo. 

TGF-P has been shown to up-regulate proline incorporation in fibroblasts from the ACL, 

and this effect is enhanced with the inclusion of PDGF or IGF.55
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The meniscus is an interesting problem as it composed of two regions: the outer 

region, which is very similar to tendon or ligament and the inner region, which shares 

many traits with articular cartilage. Previous research has shown that bFGF and PDGF 

strongly enhances proliferation of cells from the peripheral region of the meniscus. 

Proliferation of cells from the inner meniscus is also up-regulated by PDGF and bFGF,27, 

but also strongly by IGF. IGF has the added benefit of increasing proline 

incorporation in inner, middle, and outer meniscal cells in the absence of added serum, 

with the greatest effect being on the inner meniscal cells at 200 ng/ml. TGF-p also up- 

regulates proline incorporation in a mixed population of meniscal fibrochondrocytes.113,

196, 197

In general, it seems that the more fibroblastic a cell is, FGF and PDGF best up- 

regulate proliferation. The more chondrocytic a cell is in nature, the better choice for 

proliferation while maintaining a chondrocytic phenotype is IGF. In both cases, the 

addition of TGF-P appears to increase collagen production.

Further work is required to examine the type of collagen production involved with 

each cell type. Also, the mere production of more collagen in these biomechanical 

tissues may not in and of itself be adequate. Some stimuli, such as mechanical 

compression or tension, may be required to enhance fiber orientation and impart the 

desired mechanical properties.
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Chapter 3 Tables

Table 3-1: Effect of IGF-1.
Table describes growth factors used, the dosage applied, the animal from which the cells 
or explants were harvested, the cell type examined, the serum concentration, as well as 
the effect on proliferation, collage production, and GAG production. Numbers used the 
the chart represent the fold increase compared to the control group used in each study. (* 
= not measured, A = + 6% shear, B = + 3% shear at 0.1 Hz, C = +1 ug/ml BSA, D = +1 
ug/ml FN)

Factor Dose
ng/ml Animal Cell type Serum

%
Culture

type
Effect on: 

Prolif Coll GAG

IGF-I 0 rabbit art. cart. 0 monolayer 1.0 1.0 1.0
IGF-I 0 rabbit art. cart. 10 monolayer 1.3 2.0 4.2
IGF-I 80 rabbit art. cart. 0 monolayer 1.2 2.1 2.7
IGF-I 80 rabbit art. cart. 10 monolayer 1.3 2.0 5.0
IGF-I 0 bovine art. cart. 0 explant * 1 1
IGF-I 3 bovine art. cart. 0 explant * 1.1 1.1
IGF-I 30 bovine art. cart. 0 explant * 1.6 1.4
IGF-I 300 bovine art. cart. 0 explant * 2.3 1.8
IGF-I 0 A bovine art. cart. 0 explant * 1.3 1.3
IGF-I 3 A bovine art. cart. 0 explant * 1.6 1.4
IGF-I 30 A bovine art. cart. 0 explant ★ 2.1 1.7
IGF-I 300 A bovine art. cart. 0 explant * 2.9 2.4
IGF-I 0 bovine art. cart. 0 explant * 1 1
IGF-I 300 bovine art. cart. 0 explant * 1.6 2.6
IGF-I 0 B bovine art. cart. 0 explant * 1.3 2.1
IGF-I 300 B bovine art. cart. 0 explant * 2.4 4.3
IGF-I 100 rat art. cart. 0.2 monolayer 12.6 * *

IGF-I 50 rat art. cart. 0.2 monolayer * 1.75 ★

IGF-I 0.15 bovine art. cart. 0.3 explant 0.4 * *

IGF-I 1.5 bovine art. cart. 0.3 explant 0.6 * 1.5
IGF-I 15 bovine art. cart. 0.3 explant 0.7 * *

EGF, IGF-I 100, 15 bovine art. cart. 0.3 explant * * 14
FGF, IGF-I 100, 15 bovine art. cart. 0.3 explant * * 9
FGF, IGF-I 1000, 15 bovine art. cart. 0.3 explant * * 19

IGF-I 0 C rat art. cart. 0 monolayer * * 1
IGF-I 10 C rat art. cart. 0 monolayer * * 1
IGF-I 100 C rat art. cart. 0 monolayer * * 2
IGF-I 0 D rat art. cart. 0 monolayer * it 1
IGF-I 10 D rat art. cart. 0 monolayer * * 1
IGF-I 100 D rat art. cart. 0 monolayer * * 1
IGF-I 0 C rat art. cart. 0 alginate * * 1
IGF-I 10 C rat art. cart. 0 alginate * * 1.8
IGF-I 100 C rat art. cart. 0 alginate * * 1.4
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IGF-I 0 D rat art. cart. 0 alginate * k 2.5
IGF-I 10 D rat art. cart. 0 alginate * k 3.3
IGF-I 100 D rat art. cart. 0 alginate * * 2.2

- 0 bovine art. cart. 0 alginate bead * * 1.0 262

IGF-I 10 bovine art. cart. 0 alginate bead * k 2.9
IGF-I 30 bovine art. cart. 0 alginate bead k k 3.0
IGF-I 100 bovine art. cart. 0 alginate bead k k 3.0

- 0 bovine art. cart. 2.5 alginate bead k k 2.3
IGF-I 10 bovine art. cart. 2.5 alginate bead k k 3.3
IGF-I 30 bovine art. cart. 2.5 alginate bead k k 3.4
IGF-I 100 bovine art. cart. 2.5 alginate bead k k 4.0

- 0 bovine art. cart. 5 alginate bead k k 2.3
IGF-I 10 bovine art. cart. 5 alginate bead k * 2.8
IGF-I 30 bovine art. cart. 5 alginate bead * ★ 3.1
IGF-I 100 bovine art. cart. 5 alginate bead * * 3.9

- 0 bovine art. cart. 10 alginate bead * k 2.4
IGF-I 10 bovine art. cart. 10 alginate bead * k 2.8
IGF-I 30 bovine art. cart. 10 alginate bead k k 3.6
IGF-I 100 bovine art. cart. 10 alginate bead * k 4.6
IGF 300 bovine art. cart. 10 agarose disk k 3.9 2 160

IGF-I 0.1 human art. cart. 10 monolayer 1.4 k * 92

IGF-I 1 human art. cart. 10 monolayer 1.6 k *

IGF-I 10 human art. cart. 10 monolayer 2.1 k *

IGF-I 100 human art. cart. 10 monolayer 1.3 k *

IGF-I 0.1 human fibroblasts 10 monolayer 1.1 k *

IGF-I 1 human fibroblasts 10 monolayer 1.1 k *

IGF-I 10 human fibroblasts 10 monolayer 1.3 k *

IGF-I 100 human fibroblasts 10 monolayer 1.5 k *

IGF-I 125 canine ACL 0 monolayer * 1.4 1.5 55

IGF-I, EGF 125, 33 canine ACL 0 monolayer * 1.2 1.8
IGF-I,PDGF- 

AB 125, 5 canine ACL 0 monolayer ★ 1.5 1.8

IGF-I, TGF-P1 125, 0.3 canine ACL 0 monolayer k 2.3 2
IGF-I 0.1 rabbit MCL 0.5 monolayer 1 * k 227

IGF-I 1 rabbit MCL 0.5 monolayer 1.1 * k

IGF-I 10 rabbit MCL 0.5 monolayer 1 * k

IGF-I 0.1 rabbit ACL 0.5 monolayer 1 * k

IGF-I 1 rabbit ACL 0.5 monolayer 1.1 k k

IGF-I 10 rabbit ACL 0.5 monolayer 1 k k

IGF-I 5 rabbit meniscus 10 monolayer * 1.3 1 197

IGF-I 12.5 rabbit meniscus 10 monolayer * 1.3 1
IGF-I 50 rabbit meniscus 10 monolayer k 1.4 1
IGF-I 5 rabbit meniscus 10 PGA scaffold k 1.6 1 197

IGF-I 12.5 rabbit meniscus 10 PGA scaffold k 1.1 1
IGF-I 50 rabbit meniscus 10 PGA scaffold k 1.5 1
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FGF,IGF-I 100,10 rabbit meniscus 0 monolayer 2.9 * ★

FGF,IGF-I 100,50 rabbit meniscus 0 monolayer 3.7 * *

FGF,IGF-I 100, 100 rabbit meniscus 0 monolayer 3.7 * it

IGF-I 30 bovine meniscus 0 explants * 1.3 2
IGF-I 100 bovine meniscus 0 explants it 1.6 2.4
IGF-I 300 bovine meniscus 0 explants * 1.8 2.9
IGF-I 1000 bovine meniscus 0 explants * 1.6 2.5

- 0 porcine meniscus 0 explant * * 1
IGF-I 3 porcine meniscus 0 explant * * 1.1
IGF-I 30 porcine meniscus 0 explant * * 1.1

Serum 0 porcine meniscus 10 explant it * 2-5

IGF-I 0 ovine inner meniscus 0 monolayer 1.0 1.0 1.0

IGF-I 1 ovine inner meniscus 0 monolayer 6.2 1.1 1.9
IGF-I 10 ovine inner meniscus 0 monolayer 5.9 1.5 9.2
IGF-I 100 ovine inner meniscus 0 monolayer 4.7 2.6 15.2
IGF-I 200 ovine inner meniscus 0 monolayer 6.1 2.9 27.4
IGF-I 0 ovine inner meniscus 10 monolayer 0.3 0.3 9.1
IGF-I 1 ovine inner meniscus 10 monolayer 0.5 0.4 7.9
IGF-I 10 ovine inner meniscus 10 monolayer 0.4 0.6 19.9
IGF-I 100 ovine inner meniscus 10 monolayer 2.9 0.9 24.0
IGF-I 200 ovine inner meniscus 10 monolayer 3.4 1.1 33.2
IGF-I 0 ovine middle meniscus 0 monolayer 1.0 1.0 1.0
IGF-I 1 ovine middle meniscus 0 monolayer 3.0 0.9 1.8
IGF-I 10 ovine middle meniscus 0 monolayer 3.0 1.1 11.7
IGF-I 100 ovine middle meniscus 0 monolayer 3.0 2.1 20.4
IGF-I 200 ovine middle meniscus 0 monolayer 3.8 2.2 33.6
IGF-I 0 ovine middle meniscus 10 monolayer 0.2 0.4 10.3
IGF-I 1 ovine middle meniscus 10 monolayer 0.4 0.4 2.0
IGF-I 10 ovine middle meniscus 10 monolayer 0.4 0.5 9.4
IGF-I 100 ovine middle meniscus 10 monolayer 1.7 0.8 30.0
IGF-I 200 ovine middle meniscus 10 monolayer 1.8 1.5 31.6
IGF-I 0 ovine outer meniscus 0 monolayer 1.0 1.0 1.0
IGF-I 1 ovine outer meniscus 0 monolayer 3.8 1.0 0.8
IGF-I 10 ovine outer meniscus 0 monolayer 3.4 1.5 5.5
IGF-I 100 ovine outer meniscus 0 monolayer 3.0 2.4 70.9
IGF-I 200 ovine outer meniscus 0 monolayer 3.5 2.6 12.2
IGF-I 0 ovine outer meniscus 10 monolayer 0.2 0.3 5.6
IGF-I 1 ovine outer meniscus 10 monolayer 0.3 0.7 2.0
IGF-I 10 ovine outer meniscus 10 monolayer 0.3 0.5 3.9
IGF-I 100 ovine outer meniscus 10 monolayer 0.2 0.6 12.4
IGF-I 200 ovine outer meniscus 10 monolayer 0.5 0.9 13.5
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Table 3-2: Effect of TGF.
(* = not measured, A = inner 2/3’s)

Factor Dose
ng/ml Animal Cell type Serum

%
Culture

type

Effect on: 

Prolif Coll GAG

TGF-p 0 A human meniscus 0.5 monolayer * it 1
TGF-p 0.1 A human meniscus 0.5 monolayer * it 1.3
TGF-p 1 A human meniscus 0.5 monolayer * * 1.9
TGF-p 0 human art.cart. 0.5 monolayer * it 1
TGF-p 0.1 human art. cart. 0.5 monolayer * it 1.5
TGF-p 1 human art.cart. 0.5 monolayer * it 1.7

- 0 bovine art.cart. 20 collagen gel 1 1 1
TGF-pl, 

IGF-I, bFGF 10,100,10 bovine art.cart. 0 collagen gel 1.1 0.6 0.3

TGF-p rat art.cart. 0.2 monolayer 0.9 * *

- 0 bovine art.cart. 0 alginate bead * * 1.0
TGF-p2 10 bovine art.cart. 0 alginate bead * * 2.3
TGF-p2 30 bovine art.cart. 0 alginate bead * * 2.3
TGF-P2 100 bovine art.cart. 0 alginate bead * it 2.4

- 0 bovine art.cart. 2.5 alginate bead * * 2.3
TGF-p2 10 bovine art.cart. 2.5 alginate bead * it 3.5
TGF-p2 30 bovine art.cart. 2.5 alginate bead * it 3.4
TGF-P2 100 bovine art.cart. 2.5 alginate bead * it 4.4

- 0 bovine art.cart. 5 alginate bead * * 2.3
TGF-p2 10 bovine art.cart. 5 alginate bead * * 4.6
TGF-p2 30 bovine art.cart. 5 alginate bead * * 4.8
TGF-P2 100 bovine art.cart. 5 alginate bead * * 4.5

- 0 bovine art.cart. 10 alginate bead * it 2.4
TGF-p2 10 bovine art.cart. 10 alginate bead * it 5.3
TGF-P2 30 bovine art. cart. 10 alginate bead it * 4.7
TGF-p2 100 bovine art.cart. 10 alginate bead * * 4.7
TGF-pl 10 bovine art.cart. 10 agarose disc * 6.1 2
TGF-pl 0.1 human art. cart. 10 monolayer 1.5 * *

TGF-p1 1 human art.cart. 10 monolayer 4.7 * *
TGF-p1 10 human art. cart. 10 monolayer 4.5 it *

TGF-p 1 100 human art.cart. 10 monolayer 3.4 it it

TGF-pl 0.1 human fibroblasts 10 monolayer 2.1 * *
TGF-p1 1 human fibroblasts 10 monolayer 1.4 * it

TGF-P1 10 human fibroblasts 10 monolayer 1.2 * it

TGF-p1 100 human fibroblasts 10 monolayer 1.4 * *

TGF-p1 0.01 rabbit ACL 0.5 monolayer it 1.1 *

TGF-P1 0.1 rabbit ACL 0.5 monolayer it 1.3 *

TGF-p1 1 rabbit ACL 0.5 monolayer it 1.5 *

TGF-p1 0.01 rabbit MCL 0.5 monolayer it 1 *

TGF-p1 0.1 rabbit MCL 0.5 monolayer it 1.4 *

TGF-p1 1 rabbit MCL 0.5 monolayer it 1.6 *

TGF-p 0.006 rabbit MCL 0.5 monolayer 1.5 * it

TGF-p 0.06 rabbit MCL 0.5 monolayer 1.4 * it
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TGF-p 0.6 rabbit MCL 0.5 monolayer 1.7 * *

TGF-p 0.006 rabbit ACL 0.5 monolayer 1 * *

TGF-p 0.06 rabbit ACL 0.5 monolayer 1 * *

TGF-p 0.6 rabbit ACL 0.5 monolayer 1 * *

- 0 porcine meniscus 0 explant * * 1
TGF-p1 3 porcine meniscus 0 explant * * 3
TGF-p1 30 porcine meniscus 0 explant * * 3.5
Serum 0 porcine meniscus 10 explant * * 2-5

TGF-p1 0.05 bovine meniscus 0 explants * 1.2 1.7
TGF-p1 0.5 bovine meniscus 0 explants * 1.6 3
TGF-p1 1 bovine meniscus 0 explants * 1.6 3.8
TGF-p1 5 bovine meniscus 0 explants * 2 6.3
TGF-p1 10 bovine meniscus 0 explants * 2.7 6
TGF-p1 50 bovine meniscus 0 explants * 2.1 7.8
TGF-p1 100 bovine meniscus 0 explants * 3 10.2
TGF-pi 1 rabbit meniscus 10 monolayer * 1.7 1.2
TGF-p1 10 rabbit meniscus 10 monolayer * 2.5 1.6
TGF-p1 100 rabbit meniscus 10 monolayer * 2.9 2.1
TGF-p1 1 rabbit meniscus 10 PGA scaffold * 1.3 1.3
TGF-P1 10 rabbit meniscus 10 PGA scaffold * 1.7 3.9
TGF-P1 100 rabbit meniscus 10 PGA scaffold * 2.4 4.8

145

113

197

TGF-pl 
IGF-I, TGF- 

P1 
TGF-p1, 

EGF 
TGF-P1, 

PDGF-AB

0.3 canine ACL 0 monolayer * 2 2

125, 0.3 canine ACL 0 monolayer * 2.3 2

0.3, 33 canine ACL 0 monolayer * 1 1.9

0.3, 5 canine ACL 0 monolayer * 2.5 1.9

55
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Table 3-3: Effect of FGF.
(* = not measured, A = immature, B = mature)

Factor Dose
ng/ml Animal Cell type Serum

%
Culture

type
Effect on: 

Prolif Coll GAG
bFGF 1 rat art.cart. 0.2 monolayer 21.7 * *

FGF 0 rabbit art.cart. 0.5 monolayer 1 * *

FGF 0 rabbit art. cart. 1 monolayer 1.2 * *

FGF 0 rabbit art.cart. 5 monolayer 1.3 * *

FGF 0 rabbit art.cart. 10 monolayer 1.9 * *

FGF 50 rabbit art. cart. 0.5 monolayer 1.4 * *

FGF 50 rabbit art.cart. 1 monolayer 1.5 * *

FGF 50 rabbit art. cart. 5 monolayer 2.3 * *

FGF 50 rabbit art.cart. 10 monolayer 3.1 * *

FGF 10 rabbit art.cart. 1 monolayer 1.1 * *

FGF 50 rabbit art.cart. 1 monolayer 1.3 * *

FGF 100 rabbit art.cart. 1 monolayer 1.5 * *

FGF 0 rabbit art.cart. 0.5 monolayer 1 * 1
FGF 0 rabbit art.cart. 1 monolayer 1.1 * 1
FGF 0 rabbit art.cart. 5 monolayer 1.1 * 2.3
FGF 0 rabbit art.cart. 10 monolayer 1.9 * 2.3
FGF 50 rabbit art. cart. 0.5 monolayer 1.3 * 0.6
FGF 50 rabbit art.cart. 1 monolayer 1.6 * 0.7
FGF 50 rabbit art.cart. 5 monolayer 2.3 * 1.3
FGF 50 rabbit art.cart. 10 monolayer 3.1 * 1.5
FGF 1 bovine art.cart. 0.3 explant * * 2.1
FGF 10 bovine art.cart. 0.3 explant 2.6 * 1.5
FGF 100 bovine art.cart. 0.3 explant 3.9 * 3.5
FGF 1000 bovine art. cart. 0.3 explant 7.1 * 3.6

EGF, FGF 1,100 bovine art.cart. 0.3 explant * * 5.5
EGF, FGF 10, 100 bovine art.cart. 0.3 explant ★ * 7.5
EGF, IGF 100, 15 bovine art.cart. 0.3 explant * * 14
FGF, IGF 100, 15 bovine art.cart. 0.3 explant * * 9
FGF, IGF 1000, 15 bovine art.cart. 0.3 explant * * 19

bFGF 0.1 human art. cart. 10 monolayer 0.8 * *

bFGF 1 human art.cart. 10 monolayer 1.6 * *

bFGF 10 human art.cart. 10 monolayer 1.9 * *
bFGF 100 human art.cart. 10 monolayer 2.5 * *

bFGF 0.1 human fibroblasts 10 monolayer 1.1 * *

bFGF 1 human fibroblasts 10 monolayer 2 * *

bFGF 10 human fibroblasts 10 monolayer 3.6 * *

bFGF 100 human fibroblasts 10 monolayer 3.9 * *

aFGF 0.01 A rabbit ACL 0.5 monolayer 1.2 * *

aFGF 0.1 A rabbit ACL 0.5 monolayer 1.5 * *

aFGF 1 A rabbit ACL 0.5 monolayer 3.4 * *

bFGF 0.006 A rabbit ACL 0.5 monolayer 2.5 * *

bFGF 0.06 A rabbit ACL 0.5 monolayer 3.2 * *

bFGF 0.6 A rabbit ACL 0.5 monolayer 6.1 * *

aFGF 0.01 A rabbit MCL 0.5 monolayer 1 * *
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aFGF 0.1 A rabbit MCL 0.5 monolayer 1.1 * *

aFGF 1 A rabbit MCL 0.5 monolayer 2.5 * *

bFGF 0.006 A rabbit MCL 0.5 monolayer 1.9 * *

bFGF 0.06 A rabbit MCL 0.5 monolayer 3.3 it *

bFGF 0.6 A rabbit MCL 0.5 monolayer 7.7 * *

aFGF 0.01 B rabbit ACL 0.5 monolayer 0.9 * *

aFGF 0.1 B rabbit ACL 0.5 monolayer 1.1 * it

aFGF 1 B rabbit ACL 0.5 monolayer 1.2 * *

bFGF 0.006 B rabbit ACL 0.5 monolayer 1 * it

bFGF 0.06 B rabbit ACL 0.5 monolayer 2.7 * *

bFGF 0.6 B rabbit ACL 0.5 monolayer 2.6 * it

aFGF 0.01 B rabbit MCL 0.5 monolayer 0.9 ★ *

aFGF 0.1 B rabbit MCL 0.5 monolayer 1 it *

aFGF 1 B rabbit MCL 0.5 monolayer 1.4 * *

bFGF 0.006 B rabbit MCL 0.5 monolayer 1 * *

bFGF 0.06 B rabbit MCL 0.5 monolayer 2 * *

bFGF 0.6 B rabbit MCL 0.5 monolayer 3.4 * *

bFGF 0.006 rabbit MCL 0.5 monolayer 1.8 * *

bFGF 0.06 rabbit MCL 0.5 monolayer 3 * it

bFGF 0.6 rabbit MCL 0.5 monolayer 7.5 * *

bFGF 6 rabbit MCL 0.5 monolayer 6.5 it it

bFGF 60 rabbit MCL 0.5 monolayer 4.2 * it

bFGF 600 rabbit MCL 0.5 monolayer 3 * *

bFGF 0.006 rabbit ACL 0.5 monolayer 2.5 * *

bFGF 0.06 rabbit ACL 0.5 monolayer 3 * ★

bFGF 0.6 rabbit ACL 0.5 monolayer 6 * *

bFGF 6 rabbit ACL 0.5 monolayer 5.5 * *

bFGF 60 rabbit ACL 0.5 monolayer 3.2 it *

bFGF 600 rabbit ACL 0.5 monolayer 2.8 * *

aFGF 0.01 rabbit MCL 0.5 monolayer 1 * *

aFGF 0.1 rabbit MCL 0.5 monolayer 1 it it

aFGF 1 rabbit MCL 0.5 monolayer 2.5 it *

aFGF 0.01 rabbit ACL 0.5 monolayer 1.1 * *

aFGF 0.1 rabbit ACL 0.5 monolayer 1.5 it it

aFGF 1 rabbit ACL 0.5 monolayer 3.5 * *

bFGF 0.01 rabbit ACL 0.5 monolayer * 1.1 *

bFGF 0.1 rabbit ACL 0.5 monolayer * 1 *

bFGF 1 rabbit ACL 0.5 monolayer * 1.1 it

bFGF 0.01 rabbit MCL 0.5 monolayer * 0.9 *

bFGF 0.1 rabbit MCL 0.5 monolayer * 0.9 *

bFGF 1 rabbit MCL 0.5 monolayer it 1 *

aFGF 0.01 rabbit ACL 0.5 monolayer * 1 *

aFGF 0.1 rabbit ACL 0.5 monolayer * 1 *

aFGF 1 rabbit ACL 0.5 monolayer * 1.2 *

aFGF 0.01 rabbit MCL 0.5 monolayer * 1 *

aFGF 0.1 rabbit MCL 0.5 monolayer * 1 it

aFGF 1 rabbit MCL 0.5 monolayer * 1 it

- 0 porcine meniscus 0 explant * * 1
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bFGF 3 porcine meniscus 0 explant * * 1
bFGF 30 porcine meniscus 0 explant * * 1.1
Serum 0 porcine meniscus 10 explant * * 2.5

FGF 100 rabbit meniscus 0 monolayer 1.9 ★ *

FGF.IGF-I 100,10 rabbit meniscus 0 monolayer 2.9 * *

FGF.IGF-I 100,50 rabbit meniscus 0 monolayer 3.7 * *

FGFJGF-I 100, 100 rabbit meniscus 0 monolayer 3.7 * *

bFGF 1 bovine meniscus 0 explants * 0.9 1.3
bFGF 10 bovine meniscus 0 explants * 1.1 1.3
bFGF 100 bovine meniscus 0 explants ★ 1.1 1.4
bFGF 300 bovine meniscus 0 explants * 1.1 1.7
bFGF 10 rabbit meniscus 10 monolayer * 1 0.9
bFGF 25 rabbit meniscus 10 monolayer * 1 1.4
bFGF 100 rabbit meniscus 10 monolayer * 1 2
bFGF 10 rabbit meniscus 10 PGA scaffold * 1.2 1
bFGF 25 rabbit meniscus 10 PGA scaffold * 1.7 1
bFGF 100 rabbit meniscus 10 PGA scaffold * 1.6 1
bFGF 0 ovine inner meniscus 0 monolayer 1 1 1
bFGF 1 ovine inner meniscus 0 monolayer 10.5 ★ *

bFGF 10 ovine inner meniscus 0 monolayer 7.5 4.7 1.6
bFGF 100 ovine inner meniscus 0 monolayer 5.8 11.4 1.8
bFGF 200 ovine inner meniscus 0 monolayer * 16.2 2.2
bFGF 0 ovine middle meniscus 0 monolayer 1.6 1.2 1.2
bFGF 1 ovine middle meniscus 0 monolayer 11 * *

bFGF 10 ovine middle meniscus 0 monolayer 10.2 7.3 1.3
bFGF 100 ovine middle meniscus 0 monolayer 5.8 9.3 1.7
bFGF 200 ovine middle meniscus 0 monolayer * 15 2
bFGF 0 ovine outer meniscus 0 monolayer 3 2.7 1.6
bFGF 1 ovine outer meniscus 0 monolayer 14.5 * *

bFGF 10 ovine outer meniscus 0 monolayer 13.5 8.4 1.3
bFGF 100 ovine outer meniscus 0 monolayer 8.5 10 2
bFGF 200 ovine outer meniscus 0 monolayer * 14.4 2.7
bFGF 0 ovine inner meniscus 10 monolayer 3 6.8 0.8
bFGF 10 ovine inner meniscus 10 monolayer 3.5 11 1.2
bFGF 100 ovine inner meniscus 10 monolayer 4.6 10 1.6
bFGF 200 ovine inner meniscus 10 monolayer 8.2 13.1 2.3
bFGF 0 ovine middle meniscus 10 monolayer 1 6.6 1.1
bFGF 10 ovine middle meniscus 10 monolayer 1.9 6.9 1
bFGF 100 ovine middle meniscus 10 monolayer 3 13.4 1.2
bFGF 200 ovine middle meniscus 10 monolayer 7 14.4 1.8
bFGF 0 ovine outer meniscus 10 monolayer 2.5 8.3 1
bFGF 10 ovine outer meniscus 10 monolayer 3.5 7.8 1.5
bFGF 100 ovine outer meniscus 10 monolayer 5.2 16.1 1.7
bFGF 200 ovine outer meniscus 10 monolayer 5.5 17.8 1.6
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Table 3-4: Effect of PDGF.
(* = not measured, A = immature, B = mature)

Factor Dose
ng/ml Animal Cell type Serum

%
Culture

type

Effect on: 

Prolif Coll GAG

PDGF-BB 50 rat art. cart. 0.2 monolayer 23.5 2.8 *

PDGF-AA 0.1 human art. cart. 10 monolayer 0.9 * *

PDGF-AA 1 human art. cart. 10 monolayer 1.3 * *

PDGF-AA 10 human art. cart. 10 monolayer 1.9 * *

PDGF-AA 100 human art. cart. 10 monolayer 2.3 * *

PDGF-AA 0.1 human fibroblasts 10 monolayer 1.1 * *

PDGF-AA 1 human fibroblasts 10 monolayer 1.3 * *

PDGF-AA 10 human fibroblasts 10 monolayer 5.1 * *

PDGF-AA 100 human fibroblasts 10 monolayer 6.6 * *

PDGF-BB 0.1 rabbit MCL 0.5 monolayer 1.4 * *

PDGF-BB 1 rabbit MCL 0.5 monolayer 1.6 * *

PDGF-BB 10 rabbit MCL 0.5 monolayer 4.4 * *

PDGF-BB 0.1 rabbit ACL 0.5 monolayer 1.4 * *

PDGF-BB 1 rabbit ACL 0.5 monolayer 1.8 * *

PDGF-BB 10 rabbit ACL 0.5 monolayer 4 * *

PDGF-AA 0.1 rabbit MCL 0.5 monolayer 1 * *

PDGF-AA 1 rabbit MCL 0.5 monolayer 1.1 * *

PDGF-AA 10 rabbit MCL 0.5 monolayer 1.5 * *

PDGF-AA 0.1 rabbit ACL 0.5 monolayer 1 * *

PDGF-AA 1 rabbit ACL 0.5 monolayer 1 * *

PDGF-AA 10 rabbit ACL 0.5 monolayer 1 * *

PDGF-BB 0.1 A rabbit ACL 0.5 monolayer 1.2 * *

PDGF-BB 1 A rabbit ACL 0.5 monolayer 2.2 * *

PDGF-BB 10 A rabbit ACL 0.5 monolayer 3.9 * *

PDGF-BB 0.1 A rabbit MCL 0.5 monolayer 1.4 * *

PDGF-BB 1 A rabbit MCL 0.5 monolayer 1.8 * *

PDGF-BB 10 A rabbit MCL 0.5 monolayer 4.2 * *

PDGF-BB 0.1 B rabbit ACL 0.5 monolayer 0.9 * *

PDGF-BB 1 B rabbit ACL 0.5 monolayer 1.4 * *

PDGF-BB 10 B rabbit ACL 0.5 monolayer 1.5 * *

PDGF-BB 0.1 B rabbit MCL 0.5 monolayer 1 * *

PDGF-BB 1 B rabbit MCL 0.5 monolayer 1.6 * *

PDGF-BB 10 B rabbit MCL 0.5 monolayer 2.4 * *

PDGF-AB 5 canine ACL 0 monolayer * 0.9 1.4
IGF-1.PDGF-

AB 125, 5 canine ACL 0 monolayer * 1.5 1.8

TGF-p1,
PDGF-AB 0.3, 5 canine ACL 0 monolayer * 2.5 1.9

PDGF-AB,
EGF 3, 33 canine ACL 0 monolayer * 0.9 1.7

PDGF-AB 3 bovine meniscus 0 explants * 1.2 1.2
PDGF-AB 30 bovine meniscus 0 explants * 1 1.8
PDGF-AB 100 bovine meniscus 0 explants * 1.5 4.7
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PDGF-AB 300 bovine meniscus 0 explants * 1.4 4
PDGF-AB 10 rabbit meniscus 10 monolayer * 1 0.9
PDGF-AB 25 rabbit meniscus 10 monolayer * 1 1.4
PDGF-AB 100 rabbit meniscus 10 monolayer * 1 1.4
PDGF-AB 10 rabbit meniscus 10 PGA scaffold * 1.4 1
PDGF-AB 25 rabbit meniscus 10 PGA scaffold * 1.3 1
PDGF-AB 100 rabbit meniscus 10 PGA scaffold * 1.3 1
PDGF-AB 0 ovine lat. out. meniscus 5 explant 1 * *

PDGF-AB 1 ovine lat. out. meniscus 5 explant * * *

PDGF-AB 10 ovine lat. out. meniscus 5 explant 2.2 ★ *

PDGF-AB 50 ovine lat. out. meniscus 5 explant 12.1 * *

PDGF-AB 100 ovine lat. out. meniscus 5 explant 7.1 * *

PDGF-AB 200 ovine lat. out. meniscus 5 explant * * *

PDGF-AB 0 ovine med. out. meniscus 5 explant 1 * ★

PDGF-AB 1 ovine med. out. meniscus 5 explant 0.6 * *

PDGF-AB 10 ovine med. out. meniscus 5 explant 1.1 * *
PDGF-AB 50 ovine med. out. meniscus 5 explant 0.8 * *

PDGF-AB 100 ovine med. out. meniscus 5 explant 3.7 * *

PDGF-AB 200 ovine med. out. meniscus 5 explant 2.8 * *

- 0 porcine meniscus 0 explant * * 1
PDGF-AB 3 porcine meniscus 0 explant * * 1.6
PDGF-AB 30 porcine meniscus 0 explant * * 3.8

Serum 0 porcine meniscus 10 explant * * 2-5
Serum 0.1 bovine inner meniscus 0.1 monolayer * * 1
Serum 0.1 bovine middle meniscus 0.1 monolayer * * 1.4
Serum 0.1 bovine outer meniscus 0.1 monolayer * * 1.2
Serum 10 bovine inner meniscus 10 monolayer * * 10
Serum 10 bovine middle meniscus 10 monolayer * * 6
Serum 10 bovine outer meniscus 10 monolayer * * 13.3

- 0 bovine inner meniscus 0 monolayer 1 ★ *

PDGF-AB 0.1 bovine inner meniscus 0 monolayer 1 * *

PDGF-AB 0.1 bovine middle meniscus 0 monolayer 1.4 * *
PDGF-AB 0.1 bovine outer meniscus 0 monolayer 1.3 * *
PDGF-AB 1 bovine inner meniscus 0 monolayer 2.5 * *

PDGF-AB 1 bovine middle meniscus 0 monolayer 2.9 * it

PDGF-AB 1 bovine outer meniscus 0 monolayer 2.3 * it

PDGF-AB 10 bovine inner meniscus 0 monolayer 2.6 * it

PDGF-AB 10 bovine middle meniscus 0 monolayer 3.1 * *

PDGF-AB 10 bovine outer meniscus 0 monolayer 2.9 * ★
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Table 3-5: Effect of growth factor combinations.
(*= not measured.)

Factor Dose
ng/ml Animal Cell type Serum

%
Culture

type Prolif
Effect on: 

Coll GAG

TGF-p1, IGF-I, 
bFGF

0

10,100,10

bovine

bovine

art.cart.

art.cart.

20

0

collagen gel 

collagen gel

1

1.1

1

0.6

1

0.3

EGF, FGF 1,100 bovine art.cart. 0.3 explant * * 5.5
EGF, FGF 10, 100 bovine art.cart. 0.3 explant * * 7.5
EGF+IGF 100, 15 bovine art.cart. 0.3 explant * * 14
FGF, IGF 100, 15 bovine art.cart. 0.3 explant * * 9
FGF, IGF 1000, 15 bovine art. cart. 0.3 explant * * 19

FGF 100 rabbit meniscus 0 monolayer 1.9 * *

FGF,IGF-I 100,10 rabbit meniscus 0 monolayer 2.9 * *

FGF,IGF-I 100,50 rabbit meniscus 0 monolayer 3.7 * *

FGF,IGF-I 100, 100 rabbit meniscus 0 monolayer 3.7 * *

IGF-1, EGF 125, 33 canine art. cart. 0 monolayer * 1.2 1.8
IGF-1,PDGF-AB 125, 5 canine art.cart. 0 monolayer * 1.5 1.8
IGF-I, TGF-p1 125, 0.3 canine art.cart. 0 monolayer * 2.3 2
TGF-p1, EGF 0.3, 33 canine art.cart. 0 monolayer * 1 1.9

TGF-P1, PDGF-AB 0.3, 5 canine art.cart. 0 monolayer * 2.5 1.9
PDGF-AB, EGF 3, 33 canine art.cart. 0 monolayer * 0.9 1.7
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Chapter 4: A comparison of scaffolds and culture conditions 
for tissue engineering of the knee meniscus

Abstract

The menisci of the knee are semilunar fibrocartilaginous structures critical in 

load-bearing, shock absorption, stability, and lubrication. In this study, two commonly 

used biomaterials, a hydrogel (agarose) and a non-woven mesh polymer (PGA), were 

compared for suitability as scaffold materials for tissue engineering the knee meniscus. 

In addition, a rotating wall bioreactor culture of both scaffold materials was compared to 

static cultures. Constructs were cultured for up to seven weeks in static and rotating wall 

bioreactor culture. Cell numbers were 22 times higher in PGA than agarose after 7 weeks 

in culture. Static PGA scaffolds had more than twice the amount of sulfated GAGs and 

three times the amount of collagen compared to static agarose constructs at week 7. The 

rotating wall bioreactor was not found to increase matrix production or cell proliferation 

significantly over static cultures.

Introduction

The meniscus of the knee is a semilunar fibrocartilaginous tissue which serves in

c 1'7Q 7€  
shock absorption, load distribution, and lubrication. ’ ’ The outer third of the

meniscus is vascularized and commonly termed the red zone of the meniscus. The inner 

third of the meniscus is avascular and, like articular cartilage, cannot heal on its own. 

This lack of regenerative capability means that meniscal injuries are often permanent and 

degenerative. Meniscal injuries are commonly associated with sports injuries as well as

* Chapter published as “Comparison o f Scaffolds and Culture Conditions for Tissue Engineering o f the 
Knee Meniscus,” Tissue Eng, 11 (7-8): 1095-1104,2005.
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overall age related degeneration. Before the importance of this tissue was recognized, a 

common treatment for meniscal injury was total meniscectomy, complete removal of the 

tissue. However, this leads to an almost three-fold increase in local stresses on the 

underlying articular cartilage.135 The increases in stress can lead to osteoarthritic changes 

in the knee.47 Currently, the clinical goal is to preserve as much of the meniscus as 

possible and only remove the damaged sections through arthroscopy.30 While partial 

meniscectomy is an improvement over complete excision of the tissue, stresses on the 

local articular cartilage still increase 47 A widely accepted solution to the problem of 

meniscal injury has yet to be realized.

While sharing many similarities to related tissues such as articular cartilage and 

ligaments and tendons, the arrangement of the ultrastructure of the meniscus is uniquely 

suited to its biomechanical purpose. By wet weight, normal human meniscal tissue has 

been shown to be 70-75% water, 20-25% collagen, 0.6-0.8% glycosaminoglycans 

(GAGs), and the remainder comprises of DNA, elastin, and adhesion molecules." Age, 

disease, injury, and location can affect these numbers.99,163,209 The two primary fibrillar 

components are collagen and elastin. Collagen accounts for 60-70% of the dry weight,

163while elastin content is significantly smaller (0.6%). In addition to collagen, which is

organized into large circumferential fibers, much of the shock absorbing properties of the

00meniscus are attributable to its high water content and low permeability. This means 

that when the menisci are loaded, much of the initial load is borne by the hydrostatic 

pressure within the tissue. Water is drawn into the meniscus by large proteoglycan 

molecules containing glycosaminoglycan (GAGs) side chains. These molecules consist 

of large chains of repeating disaccharides that have hydrophilic negatively charged side
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'J'X 170groups. Total GAG content of the human meniscus is around 2-3% dry weight. ’ The

inner third of the meniscus is under a predominantly compressive load. Sixty percent of

collagen in this region is type II, and GAGs are 5-6 times the amount in the outer third.43, 

186

Tissue engineering of the meniscus promises a potent solution by regenerating 

and repairing this important tissue. Before such a goal can be realized, several questions 

such as cell source, scaffolding biomaterial, culturing methods and growth factor 

requirements must be addressed.248 The purpose of this study was to examine two 

commonly used classes of biomaterials, non-woven mesh polymers and hydrogels. 

Hydrogels, such as agarose, have shown promise in direct compression studies with 

chondrocytes.138,140,162 Agarose has the added advantage of being easy to seed with cells 

and easy to mold. Non-woven PGA mesh is a common biomaterial that has been used in 

many tissue engineering studies.273 Both fibroblasts and chondrocytes readily attach and 

proliferate on PGA. Rotating wall bioreactors (RWB) have been used with 

PGA/chondrocyte constructs previously.272 These studies have demonstrated an up- 

regulation of synthesis, proliferation, and mechanical properties.76, 272 Therefore, it is 

worthwhile to examine if they demonstrate a similar effect on fibrochondrocytes seeded 

in either PGA or agarose. Thus, the objective of this study was to compare PGA and 

agarose, as well as the effect of a rotating wall bioreactor, for the purpose of tissue 

engineering the meniscus.
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Materials and methods 

Cell harvesting and expansion

Fibrochondrocytes were harvested from skeletally mature New Zealand white

rabbits. The weight of the rabbits was 3.6 +0.1 kg. These rabbits were skeletally mature 

at the time of cell harvest as evidenced by a closed physis. Animals were sacrificed with 

Euthanasia-B. Cells were harvested within 2 hours post sacrifice. The knee joint of the 

rabbit was exposed under aseptic conditions. The medial menisci were then placed in a 

beaker of sterile PBS. The meniscal horns, synovium, and joint capsule were removed

•j
and discarded. The menisci were then minced into 1 mm pieces and placed in 

collagenase type II (Worthington) at 37°C for 24 hrs. The mixture was then centrifuged 

at 200xg and the cells washed with trypsin-EDTA, seperated, and placed in tissue culture 

flasks (285 cm2 surface area) with 50:50 DMEM/F-12 (Gibco) containing 10% FBS 

(Cellgro), 1% Penicillin/Streptomycin/ Fungizone (Biowhittaker), 1% non-essential 

amino acids (Gibco), and 25 pg/ml L-ascorbic acid (Sigma). The cells were grown to 

near confluence while maintained in a 37°C environment with 5% CO2 and 95% 

humidity. Cells were then trypsinized, separated, washed and seeded into new T285 

tissue culture flasks to obtain the necessary number of cells.

Cell seeding and culture

Two scaffold types were used for this study: agarose, a hydrogel, and non-woven

PGA fiber. A non-woven mesh is composed of many fibers intertwined and compressed 

to fit the shape desired, in this case a flat sheet 2 mm thick. The many individual fibers 

are not cross-linked and on gross inspection resemble a cotton ball or steel wool. The 

non-woven mesh was chosen, as opposed to a hydrogel, as it is assumed in a hydrogel 

that the cell is surrounded by cross-linked polymer and thus forced to maintain a rounded
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phenotype. This is not the case with the non-woven mesh as cells can spread along the 

fiber. Fibrochondrocytes were seeded at 5x107 cells per ml of scaffold volume into 2 mm 

thick by 5 mm diameter discs. Cells were mixed into low melting temperature agarose 

type VII (Sigma) to form 2% gels at 37°C, and chilled at 4°C for 10 minutes before discs 

were punched from the gel. PGA scaffolds were punched from a 2 mm thick large sheet 

(Albany International, intrinsic viscosity: 0.8dl/g, porosity: 95%, 45-55% crystalline, 

degradation time: ~4 weeks) with a 5mm dermal punch. These were then sterilized with 

ethylene oxide. PGA scaffolds were seeded via spinner flask. Briefly, scaffolds were 

strung on thin wire separated my 1 mm diameter glass beads. The wire and scaffolds 

were suspended in medium containing the cells. The medium was agitated by a stir bar 

rotating at 60 rpm for 2 days. Scaffolds were maintained in static culture for 5 more days 

to allow cells to attach. Agarose scaffolds were maintained in static culture for 7 days to 

be as comparable to the PGA scaffolds as possible. At the end of 7 days static culture, 

scaffolds were separated into static or bioreactor cultures. Static cultures were in 48 well 

non-tissue culture treated plates. Each sample was in an individual well with 2 ml of 

medium. Half of the medium was changed every 2 days. Bioreactor samples were 

loaded through a port in the face of the bioreactor (Synthecon). Initially, there were 24 

samples per RWB. Two syringes were used to remove all air bubbles from the medium 

after sealing the port. The rotation speed of the bioreactor was set to maintain the 

constructs in a settling regime77 with a fixed position relative to the ground plane. These 

bioreactors hold 50 ml of medium, and half the medium was changed every 2 days. At 

various time points, samples were taken to asses cell proliferation, total collagen and 

GAG production, as well as biomechanical properties of the constructs. Biochemical and
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histology samples were harvested at weeks 1,3, and 7. Mechanical testing occurred at 1, 

5, and 7 weeks.

Histology

Constructs were fixed in 10% phosphate buffered formalin, and then fast frozen 

with liquid nitrogen in cryoembedding medium. The frozen blocks were then sectioned 

at 14 pm. Picrosirius red staining was used to visualize collagen distribution. Safranin-0 

and fast green staining was used to observe GAG distribution.

Biochemistry

Samples were digested with 125 pg/ml papain (Sigma) in 50 mM phosphate 

buffer (pH = 6.5) containing 2 mM N-acetyl cysteine (Sigma) and 2 mM EDTA (Sigma) 

at 65°C overnight. Total sulfated GAG was then quantified using the Blyscan 

Glycosaminoglycan Assay kit (Biocolor), based on 1,9-dimethylmethylene blue binding. 

The number of cells in each scaffold was measured through Picogreen analysis. After 

being hydrolyzed by 4 N NaOH for 20 minutes at 110°C, samples were assayed for total

‘JQA
collagen content by a modified chloramine-T hydroxyproline assay. For all 

biochemistry assays, a sample size of n=6 were used.

Mechanical tests

Samples (n=6) were evaluated with an indentation apparatus under creep 
11

condtions. Each specimen was attached to the sample holder by use of cyanoacrylate 

glue and was submerged in saline solution containing protease inhibitors (Benzamidine 

HC1, N. ethylmalemide, PMSF). The specimen was positioned under the load shaft of the 

apparatus so that the sample surface test point was perpendicular to the indenter tip. The 

specimen was automatically loaded with a tare load of 0.2 g (0.002 N), using a 1.67 mm-
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diameter rigid, flat-ended, porous indenter tip. It was allowed to reach tare creep 

equilibrium, which was defined as deformation<10'6 mm/s. When tare equilibrium was 

reached, a step force of 0.5 g (0.005 N) was applied. Displacement of the sample surface 

was measured until equilibrium was reached. At that time, the step load was removed 

and the displacement recorded until equilibrium was again reached. The intrinsic 

mechanical properties of the samples were then determined using the biphasic linear 

theory150,176 through iterations in a numerical algorithm.

Statistical analysis

Data were analyzed by analysis of variance to assess the differences in 

biochemical content and biomechanical properties between PGA and agarose culture, and 

between the static and rotating wall bioreactor environment. Post hoc tests were 

performed with Fisher’s predicted least squared difference method. All data are reported 

as mean ± standard deviation.

Results

Gross histology and appearance

On gross inspection, agarose scaffolds in both rotating wall bioreactor and static

culture conditions maintained shape and appearance throughout time in culture. Agarose 

scaffolds became slightly more transparent as time in culture progressed (Fig. 4-1). PGA 

scaffolds began to contract in rotating culture at week 5 and appeared more yellow than 

static constructs. At week 7, these scaffolds had decreased to approximately 50% the 

original size. Constructs in static culture maintained their approximate size and shape 

throughout (Fig. 4-1).

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



99

Immediately after seeding (week 0, time at which cells were placed on the PGA), 

the PGA scaffolds could not be removed from the spinner flask for histology. At week 1, 

cells can be seen throughout the PGA mesh (Fig. 4-2). Cells are also evenly distributed 

throughout the agarose constructs. At higher magnification, cells in PGA appear in large 

clusters spread along PGA fibers while those in agarose are alone and rounded.

Safranin-0 staining showed little change in color for agarose constructs in both 

static and RWB cultures (Fig. 4-3). Staining was diffuse and distributed throughout the 

construct. PGA samples showed a more intense staining than agarose scaffolds. At week 

1, PGA scaffolds stained only around cells. At week 7, static PGA samples stained 

throughout the scaffold. RWB PGA cultures stained intensely red in small areas of cell 

nodules, but were nearly colorless in other areas of the scaffold. Picrosirius staining 

demonstrated little collagen throughout the study for agarose in static and RWB cultures 

(Fig. 4-4). RWB PGA samples had higher densities of staining around the periphery and 

cell nodules while static cultures were lighter in color but more uniform throughout.

Biochemistry

The number of cells per scaffold in the static PGA group remained constant over 

time in culture (914,000± 185,000 cells per scaffold; Fig. 4-5). RWB cultures of PGA 

increased to more than double static values at week 3 (2,240,000±139,000 cells per 

scaffold, p<0.05) and then decreased to week 1 values (941,000±452,000) by week 7. At 

week 1, agarose had half the number of cells per scaffold that PGA did (485,000±82,000 

cells per scaffold). Agarose static cultures decreased throughout time in culture (week 

7=43,000±44,000 cells per scaffold). Agarose in rotating wall bioreactor culture 

decreased to 23,000±17,000 cells per scaffold by week 7.
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The amount of GAG present in PGA scaffolds was greater than agarose scaffolds 

at all times measured (Fig. 4-6). GAG levels in PGA scaffold maintained in static culture 

increased threefold from week 1 to week 3 (15±8 pg and 64±17 pg, respectively; p<0.05) 

and then decreased to week 1 levels at t = 7 (21±17pg). At week 7, PGA scaffolds in the 

RWB had half the amount of GAG compared to static cultures (10±6pg p<0.05). 

Agarose cultures demonstrated a similar trend, though there was less GAG in agarose 

scaffolds than in PGA scaffolds. At week 1 GAG was 3±5 pg per scaffold. At week 3, 

GAGs had risen to 14±7 pg per scaffold but then decreased to week 1 levels (8±3pg) by 

week 7. Agarose RWB GAG amounts remained at week 1 levels throughout time in 

culture.

The amount of collagen in PGA scaffolds doubled from week 1 to week 3 (6±4 

pg and 14±6 pg per scaffold, p<0.05) and then stayed constant for the remainder of time 

in culture (Fig. 4-7). There was not a statistically significant difference between static 

and RWB cultures for PGA. There was more collagen present in both PGA cultures than 

either agarose cultures at all time points after week 1. Agarose scaffolds in static culture 

had ~4pg collagen per scaffold at all time points. RWB agarose cultures decreased to 

undetectable collagen levels by week 7.

Mechanical tests

At week 1, PGA had an aggregate modulus of 5.8±2.6 kPa. The static PGA 

cultures decreased to 2.6±0.6 kPa at week 5 and did not change significantly with time in 

culture (Fig. 4-8). PGA RWB cultures were too delicate to test at all time points after 

week 1. Agarose static and RWB cultures maintained an aggregate modulus of ~ 10 kPa. 

Agarose had a higher modulus at all time points compared to PGA (p<0.05).
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Discussion

Both agarose and non-woven mesh PGA have been used as three dimensional 

scaffolds for tissue engineering articular cartilage. In the present study, we compared 

their suitability for culturing knee meniscal fibrochondrocytes. We attempted to 

duplicate the culturing conditions as closely as possible between the two scaffolding 

material groups. The method used for seeding fibrochondrocytes into PGA scaffolds 

requires that the scaffolds remain in static culture for 1 week post introduction of cells to 

scaffolds. Because of this, the agarose scaffolds were also maintained in static culture for 

one week after the mixing of cells with the hydrogel. Despite the fact that both groups 

were seeded with the same number of cells per ml of scaffold, by week 1 there was a 

significant difference between groups. The continued loss of cells from agarose scaffolds 

suggests not only a lack of proliferation, but cell death as well. By week 7, RWB agarose 

scaffolds lost the most cells, possibly by being washed out of the constructs. By contrast, 

cells were maintained in the PGA scaffolds in both RWB and static cultures. Agarose 

has been shown previously to promote re-differentiation of chondrocytes in vitro, a 

necessary step after the de-differentiation associated with passaging this cell type in

9Smonolayer. However, knee meniscus cells have both fibroblastic as well as 

chondrocytic properties. Fibroblasts in tendon and ligament elongate along the direction 

of tension.24 Agarose forces the cells to remain rounded, as shown histologically in Fig. 

4-4, and may inhibit the fibroblasts’ synthesis and proliferation.

Fibroblasts cultured in gels have been shown to exhibit a marked decrease in

• 9̂ 9 .  • • • •collagen synthesis. Our results agree with this previous finding as collagen production 

in agarose constructs did not increase over time in culture while PGA scaffolds, in both 

static and RWB culture, exceeded week 1 levels. In both types of construct, there was a
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large initial increase in the amount of GAG per scaffold, followed by a decrease in the 

amount present. It is possible that without a collagen matrix to retain them, GAGs could 

be washed out of the constructs.

The aggregate moduli of our scaffolds at week 1 agree with initial values in

i i nc t
previously published articular cartilage studies. ’ However, in this study there was 

no demonstrable increase in moduli with time in culture as with some previously 

published works. These differences are likely due to differences in cell origin (articular 

cartilage vs. knee meniscus) as well as age of donor animal (fetal or young vs. skeletally 

mature). It has previously been shown that adult cells have a lower synthetic ability than 

those harvested from young animals.39,70 While the modulus of agarose was higher than 

PGA for all measured times, this is most likely due to the material properties and non- 

biodegradability of agarose rather than ECM production by our cells, given the cells in 

agarose exhibited reduced synthesis compared to PGA. This decrease in the modulus of 

PGA is consistent with a biodegradable polymer. The modulus of PGA constructs in the 

RWB was lower than static PGA cultures at all measured times. It is unclear whether this 

was due to increased degradation of the PGA due to the mechanical environment or 

whether the RWB upregulated degradative enzyme activity. While PGA scaffolds 

produced more collagen than agarose, it should be noted that organization, as well as 

quantity, of ECM is important. Waldman and coworkers274 demonstrated that 

mechanical stimulation of articular cartilage constructs yielded constructs with higher 

mechanical properties but little difference in matrix production.

Our results indicated that the fibrochondrocytes of the adult rabbit knee meniscus 

produce more collagen and GAG while maintaining a higher cell number on PGA than on
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agarose. Additionally, the rotating wall bioreactor did not add a statistically significant 

increase in proliferation or production. To achieve the goal of tissue engineering the 

knee meniscus using adult cells, other techniques need to be explored. These may 

include growth-factors, mechanical stimulation, optimized seeding densities, and 

improved scaffold materials.
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Chapter 4 Figures

Fig. 4-1: Gross appearance of constructs.
Agarose week 1; PGA week 1; agarose static week 1; PGA static week 7; agarose RWB 
week 7; and PGA RWB week 7. PGA, poly(glycolic acid); RWB, rotating wall 
bioreactor.
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Fig. 4-2: Ceil morphology (original magnification, x400).
Agarose week 1; PGA week 1; agarose static week 7; PGA static week 7; agarose RWB 
week 7; PGA RWB week 7.
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Fig. 4-3: GAG staining with safranin O (original magnification, xlOO).
Agarose week 1; PGA week 1; agarose static week 7; PGA static week 7; agarose RWB 
week 7; PGA RWB week 7.
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Fig. 4-4: Collagen distribution, picosirius red staining (original magnification, xlOO).
Agarose week 1; PGA week 1; agarose static week 7; PGA static week 7; agarose RWB 
week 7; PGA RWB week 7.
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Fig. 4-5: Number of cells in each construct.
Left: Comparison of PGA and agarose in static culture.
Right: Effect of bioreactor on cell proliferation in PGA scaffolds. Columns and error 
bars represent means and standard deviations.
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Fig. 4-6: GAG production.
Left: PGA constructs exceed agarose constructs in the amount of GAG produced.
Right: RWB PGA cultures have significantly less GAG than do static cultures at week 7. 
Columns and error bars represent means and standard deviations.
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Fig. 4-7: Amount of collagen in each construct.
Left: PGA constructs produce more collagen than do agarose constructs.
Right: Bioreactor does not change the amount of collagen produced. Columns and error 
bars represent means and standard deviations.

| | PGA static
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111 Agarose RWB

Fig. 4-8: Modulus of constructs.
Static PGA constructs had a lower modulus than agarose at all times. There was no 
difference between the modulus of RWB and static agarose cultures. RWB PGA cultures 
were too delicate to test. Columns and error bars represent means and standard 
deviations.
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Chapter 5: A direct compression stimulator for articular
cartilage and meniscal explants
Abstract

This paper describes the development and use of a direct compression stimulator 

for culturing explants from the meniscus of the knee and articular cartilage. Following 

design and fabrication of the instrument along with its data acquisition system, the 

function of the machine was verified by both mechanical means and tissue effect. The 

loading chamber can hold up to 45 5mm diameter samples. While designed to stimulate 

samples up to 4 mm thick, axial displacements as little as 0.127 pm are within the 

theoretical capacity of the stimulator. In gene expression studies, collagen II and 

aggrecan expression were examined in explants from articular cartilage as well as medial 

and lateral menisci subjected to dynamic stimulation and static compression. These 

results were then compared to free swelling samples. It was found that static 

compression to cut thickness down-regulated aggrecan and collagen II expression in 

articular cartilage explants compared to free swelling controls by 94% and 90%, 

respectively. The application of a dynamic, intermittent, 2% oscillation around the cut 

thickness returned expression levels to those of free swelling controls at 4 hrs but not at 

76 hrs. In medial meniscus samples, dynamic compression up-regulated aggrecan 

expression by 108%, but not collagen II expression, at 4 and 76 hrs compared to static 

controls. No difference in gene expression was observed for lateral meniscal explants. 

Thus, effects of direct compression seen in articular cartilage may not necessarily 

translate to the knee meniscus. The design of this stimulator will allow a variety of

* Chapter accepted as “A direct compression stimulator for articular cartilage and meniscal explants,”
Ann Biomed Eng, accepted, 2006
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tissues and loading regimens to be examined. It is hoped that regimens can be found that 

not only return samples to the production levels of free swelling controls, but also surpass 

them in terms of gene expression, protein synthesis, and functional properties.

Introduction

Articular cartilage and the knee meniscus share many properties, which must be 

considered when investigating responses to mechanical stimulation. Both of these tissues 

have shown a susceptibility to a wide range of injuries from automobile accident to sports 

related trauma. Damage to the menisci of the knee almost invariably leads to 

degeneration of the underlying articular cartilage, as greater stresses are subsequently 

placed upon the cartilage. In the United States alone, it is estimated that osteoarthritis 

affects 20.7 million Americans; 600,000 surgeries are performed each year due to 

complications of the meniscus.220

The mechanical environment in which a tissue is placed can have a profound 

effect on that tissue’s biology.231,261,285 It has been shown that articular chondrocytes and 

meniscal fibrochondrocytes respond to changes in their mechanical environment in vivo, 

but the mechanisms of matrix and mechanical property regulation are as of yet not fully 

understood.59, 61, 129, 130, 182 Due to the inherent difficulties of study in the in vivo 

environment, several in vitro studies have been undertaken to examine the effects of 

mechanical stimulation on cartilage and the meniscus.28,33'35,113,127,143,144,213,214,222,223, 

2 2 5 ,240-244, 256,259  jy jo r e  recently, direct compression mechanical stimulation has been used 

toward the goal of functional tissue engineering.160'162,222,274

Several different methods of driving these stimulation devices have been 

developed, including pneumatics, stepper motors, and cam driven pistons, as well as

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



112

adaptation of commercially available systems.75, 162, 2n’ 223, 240, 259 The methods of 

controlling these devices have fallen into two broad categories: load or deformation 

control. Previous deformation-control studies have used the cut thickness of the explant 

as the control. ’ ’ Dynamic compression is then performed by oscillating about that

point. Load-control studies have generally used a free swelling control,137,144,153,199,206, 

2 2 5 ,240,2 4 2 ,2 4 3 ,2 5 6 ,2 5 9  fljcmgh some studies have used an intermediate value of the applied 

cyclic force as a static control.113, 144 Some of the load controlled studies have also 

examined the effect of a statically applied constant load equal to the intermittently 

applied load.137,206,256

There have been a number of previous direct compression studies performed on 

articular cartilage explants and chondrocytes seeded in gels or on scaffolds. It has been 

found that static compression is detrimental to gene expression and synthesis in 

explants.35,86,144,213,287 In addition, down-regulation of chondrocytes cultured in gels also

w  \(\n ins i ic oid.occurred when statically compressed. ’ To date, numerous dynamic loading

studies have been performed and, as reviewed,15 the results from these are anything but 

conclusive. Frequency, strain, stimulation duration, and loading duty cycle all have been 

shown to contribute to the effects of dynamic stimulation.32,144,199,223,225,24 N243,256 The 

effects of direct compression also appears to be influenced by the age of the tissue being 

stimulated, with responsiveness to direct compression diminishing with age.142,144,153 :206

Far less research has been performed in terms of mechanical stimulation of 

meniscal cells or explants. Static compression has been shown to decrease radiolabeled
114

proline and sulfate incorporation in bovine menisci. Another experiment found that 

expression for Col I and II was significantly down-regulated following 24 hrs of static
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compression (0.1 MPa) while aggrecan expression was not changed. Dynamic 

stimulation (0.16 MPa max, 0.08 MPa minimum, 0.5 Hz, 24 hrs) did not appear to 

regulate aggrecan expression under this loading protocol.259 To date, no deformation- 

controlled dynamic compression studies have been performed on meniscal explants. 

However, a tensile strain study examining varying frequencies demonstrated meniscal 

fibrochondrocytes suppress proinflamatory markers when subjected to dynamic tensile

71 • • • • • • •forces. Certainly more work is warranted in exploring the role mechanical stimulation 

may have in tissue maintenance and regeneration of articular cartilage and the knee 

meniscus.

Both articular cartilage and the knee meniscus have a diminished capacity for 

complete recovery post injury. As such, they are ideal candidates for tissue engineering 

attempts. It is hoped that a complete tissue engineering strategy for these tissues can be 

developed that will use a combination of growth factors, mechanical stimulation, and an 

appropriate scaffold. The objectives of this study were to develop a direct compression 

stimulator and examine the effect of direct compression on gene expression in articular 

cartilage, as well as lateral and medial meniscal explants. We hypothesize that dynamic 

stimulation of articular cartilage and meniscal explants will up-regulate expression of 

aggrecan and Col II compared to static and free swelling controls.

Materials and methods

Mechanical stimulator design and components

The mechanical stimulator is designed to fit inside a normal incubator and has a

large aluminum base for stability (Fig. 5-1). Two 25.4 mm stainless steel rods serve as 

both guide rails for the upper platen and as supports for the upper crosspiece. The motion
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of the upper platen is provided by a linear stepper motor (LA23ECKJ-4, Eastern Air 

Devices, Dover, NH), which is attached to the upper crosspiece of the system. A 

threaded rod, which engages a threaded sleeve within the stepper motor, is attached to a 

cross plate that holds the mounting equipment for the upper platen in the center and is 

uniaxially restrained at both ends by linear bearings (McMaster-Carr, Atlanta, GA).

The stepper motor is driven by a micro-stepper drive (IM483, Intelligent Motion 

Systems, Marlborough, CT). The stepper motor driver is powered by a stepper motor 

amplifier (ISP200, Intelligent Motion Systems). A load cell provides force feedback to 

ensure contact with explants and for force feedback operation (DSM-100, Transducer 

Techniques, Temecula, CA). Linear variable displacement transducers (LVDTs) provide 

positional feedback (500 HCA-200, Schaevitz, Hampton, VA).

The direct compression stimulator is connected to a computer for control. Motion 

of the upper platen is achieved with the linear stepper motor, which is interfaced with a 

motion control board (PCI 7344, National Instruments, Austin, TX). Data are collected 

through a data acquisition board (6048E, National Instruments). This system gives a 

theoretical positional control of 0.127pm. The software used to control the components 

is LabView 7.1 (National Instruments).

The explant chamber (Fig. 5-2) is constructed of polysulfone, which was chosen 

due to its biocompatibility, ease of machining, ease of sterilization, and compressive 

modulus of 2.6 GPa. The compression chamber can hold up to 45 samples and allows 

media to circulate amongst the samples. The upper and lower halves of the chamber are 

separated by safety pins, which allow the chamber to be removed from the stimulator 

without crushing the samples inside. A quick release system allows the explants to be
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loaded into the chamber in a sterile environment and then transferred to the direct 

compression stimulator. After the chamber is mounted in the stimulator, the safety pins 

are removed, allowing unhindered axial compression of the samples. Due to possible 

variations in the position of the attachment of the chamber due to play in the quick 

release mounts, an LVDT for both the upper and lower platens is included, and the 

difference between the two is calibrated for sample height.

Stimulator validation

Linear validation of movement of the stepper motor was compared to both LVDT

output and to a dial indicator (Last Word Dial Indicator, Starret, Athol, MA). The force 

transducer was calibrated by known weights. Validation of platen separation was 

attained by comparing measured separation to known custom made spacers. Validation of 

depth of wells and upper platen uniformity was performed with a dial indicator.

Explant harvest and culture

Five knees from young calves were acquired within 24 hrs of slaughter (Research

87, Inc.). The joint capsule was opened using sterile technique. Medial and lateral 

menisci were isolated and transferred to sterile PBS. Full thickness explants of 5 mm 

diameter were taken using a dermatological punch in a manner similar to that which has 

been described previously.113 Plugs were taken in the axial direction, from the femoral 

surface to the tibial surface, and thus all had the same orientation when placed in the 

stimulation chamber. The surfaces of the menisci were removed, leaving only a 2 mm 

thick disc from the deep zone of the meniscus. Cartilage explants from the femoral 

condyles were harvested in the same manner, leaving only cartilage from the middle deep 

zone. These explants were then washed with PBS and placed in medium, which
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contained Dulbeccos’s Modified Eagle Medium (DMEM) with Glutamax™ (Invitrogen, 

Grand Island, NY) supplemented with 100 units/ml Penicillin (Invitrogen), 1% Fetal 

Bovine Serum (FBS)(Biowhittaker, Frederick, MD), 2.5 mg/ml Fungizone (Gemini 

Bioproducts, Woodland, CA), 0.1 mM non-essential amino acids (NEAA) (Invitrogen), 

and ascorbic acid (25 mg/L). One percent FBS was chosen so as to provide a minimum 

of progression and competence growth factors without saturating the sample and 

overshadowing the effects of mechanical stimulation. Samples were allowed to 

equilibrate for 4 days post harvest prior to stimulation.

Mechanical stimulation

All loading experiments were conducted in a tissue culture incubator at 37°C,

10% CO2 . The loading chamber was sterilized with ethylene-oxide prior to the insertion 

of explants. Dynamic stimulation (compressed to the cut thickness of 2mm with a 2% 

oscillatory strain, 1 Hz, 60 s on 60 s off duty cycle) was applied for 4 hrs per day for 4 

consecutive days to articular cartilage and medial and lateral meniscal explants. 

Compression back to cut thickness was necessary, as the samples from all groups had 

swollen since harvest. Force readings were obtained to ensure that liftoff, or platen 

separation between the samples and the platens, did not occur. At all measured times, the 

compressive force was greater than 0.5 N. Static controls were compressed to the cut 

thickness, but no oscillation was applied. Free swelling controls were placed in the same 

chamber for 4 hrs as well but were not compressed. Samples were harvested 

immediately after the first 4 hr stimulation and on the 4 day immediately after the 

stimulation had been completed. These two groups are termed 4 hrs and 76 hrs 

respectively.
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RNA isolation

The explants were placed in RNAlater (Ambion, Austin, TX) and frozen at -20°C 

for no longer than 2 weeks. Articular cartilage RNA was then isolated using TriZol 

Reagent (Invitrogen, Grand Island, NY). Meniscal RNA was isolated using the FastRNA 

Pro Green Kit (Qbiogene Inc., CA) and FastPrep Instrument (Qbiogene Inc.). Meniscal 

explants were placed into a tube containing beads and 1 ml of FastRNA Pro solution 

(Qbiogene Inc). The total amount of RNA was normalized across all samples by using a 

spectrophotometer (ND-1000, NanoDrop, Wilmington, DE). The RNA was reverse 

transcribed to DNA using Stratascript™ First Strand Synthesis System (Stratagene, La 

Jolla, CA).

Quantitative reverse transcriptase-polymerase reaction was performed for Col II, 

aggrecan and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to determine gene 

expression levels. For each gene a forward primer, reverse primer, and a gene-specific 

probe were used. The primers and probes are listed in Table 5-1, and the primers were 

designed from bovine and human mRNA sequences from The National Center for 

Biotechnology Information (NCBI). qRT-PCR was performed using HotStarTaq Master 

Mix Kit (Qiagen, Malencia, California). The concentration of the MgCl was 3.5 mM for 

all reactions.

Gene Expression

GAPDH was used to verify the presence of cDNA in the samples as a positive 

control. The efficiencies for each gene were found by running standard curves for the 

qRT-PCR tests. The abundance of each gene of interest ( A g o i )  was found using the 

equation:
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where E g o i  and C t,Goi are the efficiencies and take off cycle numbers of the gene of 

interest, respectively.

Statistical Analysis

A sample size of n = 4 or 5 was used for all gene expression experiments. 

Samples from each of the five bovine knees were randomized throughout all 

experimental groups. Each sample was run in triplicate. A multifactor ANOVA with 

repeated measures was performed on the qRT-PCR results using statistics software (JMP 

IN 5.1, SAS Institute Inc, Cary, NC). If significance existed, a Tukey’s HSD post-hoc 

was performed with p<0.05 being considered significant. All data are expressed as mean 

± standard deviation.

Results

Stimulator design

The direct compression stimulator proved easy to use inside the incubator. 

Samples were loaded into the sterile direct compression chamber in a laminar flow hood. 

The entire chamber was then transferred into the frame of the direct compression 

stimulator. The machine had a 3 mm maximum axial displacement and linear resolution 

of ± 1 pm. The machine is also capable of applying 445 N with a resolution of 0.02 N. 

The maximum frequency of stimulation as configured is 5 Hz.

Gross inspection

Upon gross inspection, articular cartilage explants maintained a smooth, shiny 

surface for the 4 days in culture (Fig. 5-3). The free swelling group at 4 hrs (2.4±0.2 mm,
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Fig. 5-3 A) was noticeably thicker than the statically compressed samples (2±0.1 mm, Fig. 

5-3B). The dynamically compressed samples (2.3±0.1 mm, Fig. 5-3C) appeared similar 

to the free swelling group (Fig. 5-3A). The stimulated samples recovered overnight to 

greater than their cut thickness of 2 mm. At 76 hrs, the free swelling group was thicker 

(2.5±0.2 mm, Fig. 5-3D) than the free swelling group at 4 hrs. The dynamic group at 76 

hrs was approximately the same thickness (2.4±0.1 mm, Fig. 5-3F) as the free swelling 

group. The statically compressed group had also increased slightly in thickness (2.1±0.1 

mm, Fig. 5-3E).

Similarly, immediately after the first 4 hrs of compression, both the cut thickness 

(2.1 ±0.0 mm) and dynamically compressed (2.1±0.1 mm) medial meniscal samples were 

visibly thinner than free swelling samples (2.2±0.1 mm, Fig. 5-4A, B, C). Only the free 

swelling meniscal group increased in thickness over the 4-day experiment (2.3±0.2 mm, 

Fig. 5-4D), while both the dynamic and statically compressed groups remained at 

approximately 2.1 mm thick (Fig. 5-4E and F). The direct compression stimulator left no 

visible marks or damage to the surfaces of compressed samples. Lateral menisci were 

similar upon inspection to the medial meniscus (not shown).

Gene expression

Initially, a three factor ANOVA was run to examine the effects of tissue type, 

time, and culture condition. This demonstrated that the tissue types were significantly 

different (p < 0.0001) in terms of aggrecan and Col II abundance. Thus, the groups were 

divided by tissue and a two factor ANOVA was performed for each tissue separately to 

further elucidate the effects of culture condition and time. When an individual term was 

significant, an interaction test of time and culture condition was analyzed for
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significance. The result of the interaction test shows differences in aggrecan and Col II 

expression between the six treatment groups (two times and three culture conditions).

A two factor ANOVA demonstrated that time was not a significant factor between 

4 and 76 hrs for Col II expression (p=0.38) or aggrecan expression (p=0.53). However, 

culture condition for both genes was significant (p<0.01). An interaction test between the 

two for Col II was performed and is shown in fig. 5-5. A similar graph is shown for 

aggrecan in fig. 5-6. Following 4 hrs of direct dynamic compression (1 Hz, 60 s on, 60 s 

off), expression of Col II in articular cartilage explants did not differ significantly from 

free swelling controls (Fig. 5-5, 0.87+0.38x1 O'4 and 1.18+0.19x1 O'4, respectively, 

p>0.05), while statically compressed samples were much lower (1.20+2.18x1 O'5, p<0.05). 

However, at 76 hrs (Fig. 5-5B) after the first compression began, the abundance of Col II 

in dynamically stimulated samples (0.39+0.19X10-4) had decreased to that of cut 

thickness controls (0.38±0.18x1 O'4) while the free swelling group (1.15±0.25xl0'4) had 

not changed significantly compared to 4 hrs free swelling group (p>0.05).

Aggrecan expression was also measured at 4 and 76 hrs. Free swelling and 

dynamically stimulated cartilage explants (Fig. 5-6, 1.05±0.48xl0'8 and 0.94+0.53x10~8, 

respectively) were not significantly different from each other at 4 hrs (p>0.05), but were 

both significantly higher than statically compressed samples (0.06+0.10x1 O'8, p<0.05). 

At 76 hrs, statically compressed samples were not significantly different from 

dynamically compressed samples (0.44±0.33xl0'8 and 0.52+0.50x1 O'8, respectively,

o
p>0.05) but both were significantly less than free swelling samples (1.60+1.05x10' , 

p<0.05) which had not changed significantly from 4 hrs (p>0.05).
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The same loading regimen was used for both medial and lateral menisci. Time 

was significant for Col II expression (P=0.043) but culture condition was not significant 

(p=0.46, Table 5-2) and the cross of these effects was not significant (p>0.05) in the 

medial meniscus. Time and culture condition were both significant for aggrecan 

(p<0.001, Fig. 5-7) for the medial meniscus. Dynamically loaded medial meniscal tissue 

(4 hr =1.65±1.08xl0'8, 76 hr = 2.4±2.26xlO‘10) did not demonstrate any significant

o
difference for Col II expression from cut thickness (4 hr = 4.14+3.44x10’ , 76 hr = 

2.65±4.56xlO'10, p>0.05) or free swelling controls (4 hr =0.86±1.33xl0’7, 76 hr 

=2.74±1.55xlO"10) at 4 or 76 hrs. The abundance values over this period did not decrease 

significantly (p>0.05).

Static compression of the medial meniscus (Fig. 5-7) significantly decreased

0 8 aggrecan expression (6.66± 1.53x1 O' ) compared to dynamic (1.39±0.41xl0') and free

swelling controls (1.28±0.41xl0’8) after 4 hrs of stimulation (p<0.05). After 76 hrs of

total culture time, dynamically compressed medial meniscus samples (6.88+5.3lxlO '9)

demonstrated significantly more aggrecan expression than statically compressed samples

(0.938±0.791xl0'9, p<0.05), however the free swelling group at 76 hrs expressed

significantly less aggrecan than at 4 hrs. Neither time nor culture condition was

significant for aggrecan or Col II in the lateral meniscus (p>0.05, Table 5-3).

Discussion

In this study, we have successfully designed, fabricated, and validated a direct 

compression stimulator capable of culturing cartilaginous tissues. This is critical for the 

pursuit of the goal of a tissue engineered articular cartilage or knee meniscal construct, 

where mechanical stimulation is believed to be essential.15 With this stimulator, we can
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examine a wide range of loading modalities, probing such factors as frequency, duration, 

strain, and duty cycle, with the overall goal to find a treatment that exceeds the results 

shown in free swelling culture. We chose a modular design for the construction of our 

stimulator to easily allow for changing requirements. For instance, changing the load cell 

allows for more precise work or for greater loads and changing the loading platens allows 

for different, novel shaped constructs to be stimulated. We validated our machine by both 

verification of mechanical operation and by gene expression measurements in articular 

cartilage and meniscal explants.

One question that arises during any mechanical loading experiment is the 

appropriate use of a control for the dynamic loading samples. The obvious first choice is 

a free swelling, unloaded control. This, however, has problems. A free swelling control 

is an artifact of the in vitro environment. In a previous study, free swelling articular 

cartilage control discs were found to swell 25-45% in the axial direction. In a worst 

case scenario (45% swelling from cut thickness, no upper platen) for a 5 mm diameter, 2 

mm cut thickness sample, the free swelling control has 108% greater surface area 

available for nutrient transport than the cut thickness sample placed between two platens. 

Even if no load is applied, the use of a non-porous upper platen reduces surface area by 

30%. Some studies using force-controlled methods of applying load have used some 

constant force, usually the mean value of the applied cyclic force, as their static controls 

in addition to free swelling controls.144,147 Previous studies using the deformation-control 

method have often used the cut thickness of the explants as the control. Dynamic
-ya

compression is then performed by oscillating about that point. ’ Thus, for the
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validation of our machine, we included both a free swelling positive control and cut 

thickness (static) control.

We chose 1% FBS, compared with other studies that have used 10% FBS, so as to 

provide a minimum of necessary growth factors, but not so much as to saturate the effects 

of dynamic stimulation. Research with growth factors has shown that normal human 

serum can contain as much as 153 ng/ml of insulin-like growth factor-I and 50 ng/ml of 

platelet derived growth factor.12,290 More recently, it has been shown that TGF-pi levels 

in fetal bovine serum can range as high as 13 ng/ml.282 These same growth factors 

modulate collagen production and cell proliferation.92,166 Thus, it was thought prudent to 

have a minimum of exogenous growth factors in the medium so as not to overshadow the 

effects of the compression loading.

Another difference between our study and previous direct compression research is 

the CO2 level in the incubator. Previous research has shown that decreased oxygen 

tension is chondrogenic and has an additive effect when combined with intermittent 

hydrostatic pressure.94 This decreased oxygen tension may have provided an added 

benefit to the articular cartilage explants. It is also reasonable to culture the meniscal 

explants in the same condition as it is generally accepted that the inner one third of the 

meniscus, which is most like articular cartilage, is the most likely to benefit from tissue 

engineering approaches. It would be interesting in the future to examine the effect of 

direct compression and varying levels of CO2 with meniscal explants.

Our strain and frequency were chosen from published literature where beneficial

”7 8  1 GD ' ) 7 ' l
effects were noted. ’ ’ We chose a 60 sec on, 60 sec off duty cycle as there is some

evidence for an up-regulation of synthesis with a resting period following stimulation and
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that the optimum timeframe for unloading between loading periods is less than 100 

sec.225 Static compression has been shown to down-regulate Col II and aggrecan

01 Texpression in chondrocytes. Our articular cartilage results correlate well with previous 

research. 28, 213, 223 In response to static compression to cut thickness, a clear down- 

regulation of aggrecan and Col II gene expression was observed in articular cartilage 

compared to free swelling controls, more so than previously published. Previous 

research compressing explants from free swelling back to cut thickness has not shown a 

significant decrease in gene expression. However, this phenomenon has been observed

214 213in alginate cultures. Ragan et al. demonstrated that samples compressed to cut 

thickness were not significantly different from free swelling controls. A possible 

explanation for this is our use of 1% rather than 10% FBS. This may imply that the 

growth factors in FBS mask or in other ways cover the effects of static direct 

compression. In our study for articular cartilage, a 2% dynamic oscillation returned 

expression levels to those of free swelling controls at 4 hrs. After 4 hrs, dynamically 

stimulated articular cartilage explants had a 7.3 times higher Col II and a 15.7 times 

higher aggrecan expression than static groups. The free swelling articular cartilage 

groups were not significantly different from each other at 4 or 76 hrs. On the 4th 

consecutive day of compression, both dynamic and static articular cartilage compression 

groups were not significantly different from each other for either gene measured. This 

may be due to a greater strain in the dynamic samples as they continued to swell, thus the 

down-regulation of gene expression. Our dynamic loading regimen dictated that explants 

were compressed to their cut thickness of 2 mm and then a 2% intermittent, oscillatory 

strain was superimposed. On the 4th day, the free swelling group had swollen to an
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average of 2.5 mm with a maximum of 2.7 mm. The dynamic group had swollen to a 

similar thickness and this corresponds to approximately 26% maximum static strain. 

This is within the detrimental range observed previously for gene expression. ’ 

During the same loading conditions, the lateral meniscus exhibited no change in gene 

expression. Interestingly, the medial meniscus did exhibit a change in aggrecan 

expression at both 4 and 76 hrs (2 and 7 times static controls, respectively). The free 

swelling group did significantly decrease in aggrecan gene expression between 4 hrs and 

76 hrs. A previous meniscal gene expression study demonstrated a down-regulation of 

Coll, Col II and decorin during static compression.259 In the same study, dynamic 

stimulation appeared to down-regulate Col II while it did not change aggrecan 

expression. This is in contrast to our work, which showed a down-regulation of aggrecan 

due to static compression, but no difference in aggrecan expression in dynamically 

stimulated samples when compared to the free swelling controls. There are many 

possible explanations for these differences including different frequency (1 Hz vs. 0.5 

Hz), duration (4 hrs vs. 24 hrs), duty cycle, percent FBS (1% vs. 10%), as well as 

deformation versus load control of the stimulation.

It has been thought that stimulation techniques used for articular cartilage may 

also prove beneficial for tissue engineering the knee meniscus. Our results suggest that 

while direct compression does have an effect on both articular cartilage and the knee 

meniscus, the results are not directly comparable. Further work is required to determine 

whether the initial thickness or swollen thickness is most appropriate for calculating 

beneficial strain on explants. Longer-term studies must be done to examine the effects of 

dynamic compression not just on gene expression, but also on protein synthesis and
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mechanical properties. Following design, fabrication, and validation of this direct 

compression stimulator, future goals will be to establish a loading regimen that produces 

more matrix and greater mechanical properties than controls in both articular cartilage 

and the knee meniscus.
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Chapter 5 Figures

Stepper motor

Linear bearing

LVDTs

Column

Ball mount

Cross-brace

Upper platen mount 

Loading chamber

Lower platen mount

Load cell

Fig. 5-1: Direct compression stimulator.
The loading chamber is held in place by 8 pins. This allows for loading in a sterile 
environment and then transfer to the machine in the incubator.
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Recessed well

Upper platen

Safety pins
LVDT attachment

Fig. 5-2: Chamber components.
The entire chamber is composed of polysulphone that is autoclaveable. Samples are 
placed in wells of uniform depth so position is maintained under the loading heads.
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Fig. 5-3: Articular cartilage explants.
A) 4 hrs, free swelling articular cartilage explants. B) 4 hrs, statically compressed 
articular cartilage explants. C) 4 hrs, dynamically stimulated articular cartilage explants. 
D) 76 hrs, free swelling articular cartilage explants. E) 76 hrs, statically compressed 
articular cartilage explants. F) 76 hrs, dynamically stimulated articular cartilage explants.
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Fig. 5-4: Medial meniscus explants.
A) 4 hrs, free swelling medial meniscus explants. B) 4 hrs, statically compressed medial 
meniscus explants. C) 4 hrs, dynamically stimulated medial meniscus explants. D) 76 hrs, 
free swelling medial meniscus explants. E) 76 hrs, statically compressed medial meniscus 
explants. F) 76 hrs, dynamically stimulated medial meniscus explants.
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Fig. 5-5: Articular cartilage collagen II expression shown at 4 and 76 hrs.
Data shown as mean ± standard deviation. Groups not connected by same letter are 
significantly different (p < 0.05). AF: Articular cartilage free swelling, AS: Articular 
cartilage compressed to cut thickness, AD: Articular cartilage dynamically stimulated
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Fig. 5-6: Articular cartilage aggrecan expression shown at 4 hrs and 76 hrs.
Data shown as mean ± standard deviation. Groups not connected by same letter are 
significantly different (ANOVA: p<0.05). AF: Articular cartilage free swelling, AS: 
Articular cartilage compressed to cut thickness, AD: Articular cartilage dynamically 
stimulated.
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Fig. 5-7: Medial meniscal aggrecan expression shown at 4 hrs and 76 hrs.
Data shown as mean ± standard deviation. Groups not connected by same letter are 
significantly different (ANOVA: p<0.05). MF: Medial meniscus free swelling, MS: 
Medial meniscus compressed to cut thickness, MD: Medial meniscus dynamically 
stimulated.
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Chapter 5 Tables

Table 5-1: Target gene sequences, dyes, and quenchers.
GAPDH was used as a positive control for qRT-PCR.

Gene* (accession 
number, product size)

Forward primer, 
Reverse primer, 

Probe

Dye
Quencher

Glyceraldehyde-3- 
phosphate 

dehydrogenase 
(U85042, 86bp)

ACCCT CAAGATTGTCAGCAA 
ACGATGCCAAAGTGGTCA 

CCTCCTGCACCACCAACTGCTT

FAM
BHQ-1

Collagen type II 
(NM_174520, 69bp)

AACGGTGGCTT CCACTTC 
GCAGG AAGGT CAT CT GGA 

ATGACAACCTGGCTCCCAACACC

ROX
BHQ-2

Aggrecan 
(U76615, 76bp)

GCTACCCT CACCCTT CAT C 
AAGCI I ICTGGGATGTCCAC 

TGACGCCATCTGCTACACAGGTGA

Cy5
BHQ-2

Table 5-2: Lateral meniscus gene expression.
Data shown as mean ± standard deviation. Neither culture time nor culture condition 
was significant. (ANOVA: p>0.05)

Group, time Col II abundance AGC abundance

Free swelling, 4 hrs 3.93E-08 ± 1.78E-08 5.70E-08 ± 4.20E-08

Statically compressed, 4 hrs 5.81 E-07 ± 8.07E-07 2.78E-08 ± 2.42E-08

Dynamically stimulated, 4 hrs 1.07E-07 ± 1.15E-07 2.95E-08 ± 1.48E-08

Free swelling, 76 hrs 5.72E-08 ± 5.65E-08 2.33E-08 ± 1.63E-08

Free swelling, 76 hrs 4.27E-08 ± 4.10E-08 1.69E-08 ± 6.95E-09

Dynamically stimulated, 76 hrs 1.98E-07 ± 3.09E-07 4.07E-08 ± 2.39E-08
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Table 5-3: Medial meniscus gene expression.
Data shown as mean ± standard deviation. Neither culture time nor culture condition 
was significant. (ANOVA: p>0.05)

Group, time Col II abundance

Free swelling, 4 hrs 8.63E-08 ± 1.33E-07

Statically compressed, 4 hrs 4.14E-08 ± 3.44E-08

Dynamically stimulated, 4 hrs 1.65E-08 + 1.08E-08

Free swelling, 76 hrs 2.74E-10 ± 1.55E-10

Free swelling, 76 hrs 2.65E-10 ± 4.56E-10

Dynamically stimulated, 76 hrs 2.40E-10 ± 2.26E-10
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Chapter 6: Application of a co-culture self-assembly method 
for growing knee meniscus constructs

Abstract

Using a self-assembly, scaffoldless method,100, 104 five high density co-cultures 

with varied ratios of articular chondrocytes (ACs) and meniscal fibrochondrocytes 

(MFCs) were seeded into novel meniscus-specific, ring-shaped agarose wells. The 

following ratios of ACs to MFCs were used: 100:0, 75:25, 50:50, 25:75, and 0:100. 

Over 4 wks, all ratios of cells self-assembled into three-dimensional constructs with 

varying mechanobiological and morphological properties. The wet weight of the 

100AC:0MFC group was 218.1±20.8 mg/construct while the wet weight of the 

0AC:100MFC group was 23.0±5.6 mg/construct after 4 wks. All of the co-cultured 

constructs demonstrated a distinct circumferential fiber orientation. All groups stained 

for collagen II and all groups except for the 100AC:0MFC group stained for collagen I. 

In terms of mechanical properties, it was found that the tensile modulus was proportional 

to the percentage of MFCs employed. The 0AC:100MFC group yielded the greatest 

mechanical stiffness with 432.2±47 kPa tensile modulus and an ultimate tensile strength 

of 23.7±2.4 kPa. Gross morphologically, the 50AC:100MFC constructs were the most 

meniscus like in shape. It is suggested that the geometric constraint imposed by the ring- 

shaped, non-adhesive mold guides collagen fibril directionality and, thus alters 

mechanical properties. Co-culturing ACs and MFCs in this manner appears to be a 

promising new method for tissue engineering fibrocartilaginous tissues exhibiting a 

spectrum of mechanical and biomechanical properties.

* Chapter submitted as “Application o f a co-culture self-assembly method for growing knee meniscus 
constructs,” Tissue Eng, 2006
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Introduction

The menisci of the knee are semilunar fibrocartilaginous tissues that provide

r  17 Q 7 7 5
shock absorption, stability, and lubrication within the joint. ’ ’ Damage to these

structures tends to be permanent and can lead to further degeneration. Deterioration of 

the menisci is a serious concern as these structures carry up to 50% of the load through 

the knee. Meniscal degeneration can contribute to the subsequent breakdown of the 

surrounding articular cartilage which in turn leads to osteoarthritis.47 Tissue engineering

74ftpromises a potential solution to this problem.

By wet weight, normal human meniscal tissue has been shown to be 70-75% 

water, 20-25% collagen, 0.6-0.8% GAGs, and the remainder DNA and adhesion 

molecules." The two primarily fibrillar components are collagen and elastin. Collagen 

accounts for 60-70% of the dry weight, while elastin content is significantly smaller 

(0.6%).163 Total GAG content of the human meniscus is around 2-3% by dry weight.73,179 

The inner one-third of the meniscus is under a predominantly compressive load and 

exhibits a makeup more similar to articular cartilage. Sixty percent of collagen in this 

region is type II, and GAGs are 5-6 times more abundant interiorly than in the outer one- 

third.43, 186

As a result of the differing functional regions, between two and four cell types

1ft7 740have been described as populating the meniscus. ’ These cells range from fibroblastic 

to chondrocytic in nature and are termed meniscal fibrochondrocytes (MFCs).15, 249 Like 

articular cartilage, the inner one-third of the meniscus generally does not heal 

satisfactorily post injury. Due to the general similarities of these tissues, methods 

developed for tissue engineering of articular cartilage are now employed in attempts to
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repair fibrocartilage.16 Other studies investigating tissue engineering of fibrocartilage

* •  • 201  202  210  281 have used chondrocytes as a cellular therapy for repair with varying success. ’

The general model of previous tissue engineering strategies includes seeding cells 

on a scaffold and then culturing the construct in vitro or in vivo to grow the tissue of 

interest. Previous meniscal tissue engineering attempts have utilized agarose and PGA 

scaffolds as well as bioreactors.16’ 52, 110, 112, 131, 168 While these studies show some 

promising results, no method has yet resulted in a widely accepted clinical solution. 

Some of the shortcomings of previous tissue engineering attempts can be directly 

attributable to the scaffold choice, including: rate of degradation, toxicity of degradation 

products, stress shielding, interference with cell-to-cell communication, mechanical wear 

on underlying tissues, and phenotypic alteration of the cells.

A solution recently proposed to circumvent scaffold limitations is the self- 

assembling method for growing articular cartilage.104 In this method, high density 

cultures of articular chondrocytes (ACs) seeded in agarose molds, self-assembled into 

constructs that reached by 12 wks one-third the stiffness of native tissues. It was 

hypothesized that the agarose prevents the cells from attaching to the substrate and, thus, 

guides formation of neo-cartilage by forcing the cells to attach to either other cells or to 

newly synthesized ECM.

In this study, co-cultures of ACs and MFCs were seeded into agarose ring-shaped 

molds in high densities to examine their ability to form scaffoldless tissue engineering 

constructs. Two observations made previously were instrumental in the formation of this 

study: 1) chondrocytes seeded in high-density culture continue to expand over time, 

getting thicker;104 and 2) fibrochondrocytes, seeded in scaffolds or allowed to self-
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assemble, tend to contract over time.100, 180 Thus, it was theorized that by using a 

combination of the two cell types, these properties could be tailored to grow a pre

stressed collagen fibril network that would mimic native menisci. Five ratios were 

examined to determine which co-culture gave the best overall results in terms of meniscal 

shape, mechanical properties, and biochemical synthesis. Our hypotheses were that 1) by 

varying the initial ratio of cells in the co-culture, we would be able to tailor the resultant 

construct in terms of biochemical, biomechanical, and geometrical properties; and 2) the 

contraction normally seen in scaffolds with fibroblastic cells could be harnessed to 

channel collagen fiber orientation.

Materials and methods

Chondrocyte and fibrochondrocyte isolation and seeding

Chondrocytes were isolated from the distal femur and fibrochondrocytes were

isolated from the medial and lateral menisci of twelve one-week-old male calves 

(Research 87 Inc., Boston, MA) less than 36 hrs after slaughter. Tissue was minced and 

digested with collagenase type II (Worthington, Lakewood, NJ) in culture medium. The 

medium was DMEM with 4.5 g/L-glucose and L-glutamine (Biowhittaker, East 

Rutherford, NJ), 10% fetal bovine serum (FBS, Biowhittaker), 1% fungizone 

(Biowhittaker), 1% Penicillin/Streptomycin (Biowhittaker), 1% non-essential amino 

acids (Life Technologies, Gaithersburg, MD), 0.4 mM proline (ACS chemical, Point 

Pleasant, NJ), 10 mM HEPES (Fisher Scientific, Fairlawn, NJ), and 50 pg/ml L-ascorbic 

acid (Acros Organics, Geel, Belgium). Cells were frozen in culture medium 

supplemented with 20% FBS and 10% DMSO at -80°C for 2 wks to 4 wks prior to 

utilization. After thawing, viability remained greater than 90%.
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Self-assembly in agarose wells

Meniscus-specific ring-shaped wells were created in the desired form by pressing

a negative mold into 500 pL of molten 2% molecular biology grade agarose in PBS 

(Sigma, St. Louis, MO) in a 24 well plate (Fig. 6-1). The agarose was allowed to cool for 

45 min before the negative molds were removed. The molds were machined from a solid 

polysulfone rod (McMaster-Carr, Atlanta, GA). The wells were then filled with cell 

culture medium and allowed to equilibrate for 48 hrs in the tissue culture incubator. The 

medium was changed once during this period.

Cells were thawed, counted, and mixed to the five desired ratios (100AC:0MFC, 

75AC:25MFC, 50AC:50MFC, 25AC:75MFC, 0AC:100MFC). The ratio of lateral 

fibrochondrocytes to medial fibrochondrocytes used was 1:2. To each well, 23 million 

cells in 800 pL of culture medium were introduced. Within 24 hrs, the cells formed non

attached constructs at the bottom of each well. These constructs were maintained in 

culture at 10% CO2 and 37°C for 4 wks with the medium (900 pL) changed every 12 hrs.

Histology and immunohistochemistry

At 4 wks, samples were frozen and sectioned at 14 pm. Fiber orientation was

determined using polarized light microscopy on picrosirius red stained sections. Fiber 

alignment was viewed in sections taken in the radial and axial directions through the 

constructs to determine fiber alignment in these planes. Immunostaining was performed 

using a Biogenex i6000 autostainer (San Ramon, CA). Slides were fixed for 20 min in 

acetone at 4°C. Slides were placed in the autostainer and rehydrated for 5 min in PBS. 

Endogenous peroxidase activity was quenched with 1% hydrogen peroxide in methanol 

for 30 min and then slides were blocked with horse serum (Vectastain ABC kit,
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Burlingame, CA). The slides were then incubated with either mouse anti-COLl 

(Accurate Chemicals, Westbury, NY) or mouse anti-COL2 (Chondrex, Redmond, WA) 

antibodies. The specimens were then incubated with a secondary antibody (mouse IgG, 

Vectastain ABC kit) for 30 min, followed by the avidin-biotinylated enzyme complex 

(Vector Laboratories, Burlingame, CA) for 30 min and then DAB (Vector Laboratories) 

for 4 min. Slides were removed from the autostainer, counterstained with hematoxylin, 

dehydrated in graded ethanol and mounted.

Mechanical testing

The compressive viscoelastic properties of the samples were determined using

• • 13 •creep indentation. Each specimen was attached to the sample holder by use of 

cyanoacrylate glue, and was submerged in saline solution with protease inhibitors. The 

specimen was positioned under the load shaft of the apparatus so that the sample surface 

test point was perpendicular to the indenter tip. The specimen was automatically loaded 

with a tare mass of 0.4 g, using a 1.0 mm diameter rigid, flat-ended, porous indenter tip. 

Displacement was measured with an LVDT. Samples were allowed to reach tare creep 

equilibrium, which was defined as deformation < 10'6 mm/s or a maximum creep time of 

20 min. When tare equilibrium was reached, a step load of 0.7 g was applied. 

Displacement of the sample surface was measured until equilibrium was reached or a 

maximum creep time of 2 hrs elapsed. At that time, the step load was removed, and the 

displacement was recorded until equilibrium was again reached. The intrinsic 

mechanical properties of the samples were then determined using the linear biphasic 

theory.178
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Tensile tests were performed with an electromechanical materials testing system 

(Instron Model 5565, Canton, Massachusetts, USA) with a 50 N load cell. Samples were 

all cut in the circumferential direction into a dog bone shape with a 3 mm long gauge 

length. Samples were attached to paper tabs for gripping with cyanoacrylate outside the 

gauge length. After a 0.05 N tare load was applied, the tissue was preconditioned to 2% 

strain at a displacement rate of 0.06 mm/s for 10 cycles. The 3 mm long sections were 

pulled at a constant strain rate of 0.02 s'1. Only samples that broke within the gauge 

length were considered. Stress-strain curves were created from the load-displacement 

curve and the cross-sectional area of each sample. From each stress-strain curve, 

Young’s Modulus (E) and the ultimate tensile strength (UTS) were calculated.

Quantitative biochemistry

Samples were digested with 125 pg/ml papain (Sigma) in 50 mM phosphate

buffer (pH = 6.5) containing 2 mM N-acetyl cysteine (Sigma) and 2 mM EDTA (Sigma) 

at 65 °C overnight. Total DNA content was measured by Picogreen® Cell Proliferation 

Assay Kit (Molecular Probes). Total sulfated GAG was then quantified using the 

Blyscan glycosaminoglycan assay kit (Biocolor, Newtownabbey, Northern Ireland), 

based on 1,9-dimethylmethlene blue binding. Samples were assayed for total collagen 

content by a chloramine-T hydroxyproline assay.

Statistical analysis

A sample size of n=6 was used for all quantitative analyses. A single factor 

ANOVA was used to analyze the samples, and Tukey’s post hoc test was used when 

warranted. Significance was defined as p<0.05.

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



143

Results

Gross inspection

Within 48 hrs of seeding, cells from all groups had aggregated at the bottom of 

the agarose molds in which they were seeded. After 6 days in culture, the 0AC:100MFC 

group had begun to contract from the outer wall of the well. The 50AC:50MFC and the 

25AC:75MFC group initially contracted but then increased in dimensions and filled the 

bottom of the wells. The 100AC:0MFC and 75AC:25MFC group grew and began to fold 

over onto themselves by 2 wks in culture. By the end of 4 wks, the 0AC:100MFC group 

had contracted tightly against the center post of the well, while the 100AC:0MFC group 

had buckled and began to grow up the sides of the well (Fig. 6-2A). After removal from 

the culture wells, the constructs ranged from tightly contracted rings of the 0AC:100MFC 

group to the overgrown dimpled appearance of the 100AC:0MFC group. The 

50AC:50MFC group appeared to most closely follow the original dimensions of the well 

and had a smooth, cartilaginous appearance (Fig. 6-2B).

The wet weights of the samples increased with increasing percentage of articular 

chondrocytes (Fig. 6-3). Each group was statistically different from each other (p<0.05). 

The maximum weight was found in the 100AC:0MFC group ( 218.1±20.8 mg). This was 

more than 9 times that of the 0AC:100MFC group (23.0±5.6 mg). The 50AC:50MFC 

group’s wet weight was approximately half of the 100AC:0MFC group (106.3±11.9 mg).

Histology and IHC

Collagen types I and II also varied within the constructs (Fig. 6-4). The 

100AC:0MFC constructs demonstrated only Col II staining with no Col I staining. The 

OAC: 100MFC constructs however stained primarily for Col I, but some Col II was also 

present. The intensity of the stain varied by initial construct seeding ratio, with Col II
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intensity increasing with percentage of ACs initially seeded. Col I staining was 

proportional to initial MFC staining. Negative tissue controls did not stain for Col I or II.

Histology sections showed the formation and alignment of collagen fibers within 

the constructs (Fig. 6-5). Fibers of the 0AC:100MFC group appeared random in the 

circumferential direction in the axial section. In the radial section, fibers ran toward the 

center of the construct except for the capsule formed around the outside of the construct. 

Large fibers of the 25AC:75MFC group appeared to have a circumferential directionality 

with smaller fibers running in the radial direction in the axial section. With a radial 

section, both large and small fibers appeared to run perpendicular to the outer periphery 

of the construct. In the 50AC:50MFC group, large fibers ran circumferentially and small 

fibers ran in the radial direction in the axial section. Short fibers ran both 

circumferentially and radially in the axial slice of the 75AC:25MFC group. Overall, the 

pattern appeared random in the radial slice. For the 100AC:0MFC group, small fibers ran 

in both the circumferential direction as well as in the radial direction.

Quantitative biochemistry

The number of cells per construct was not statistically different at the end of 4

wks in culture with the exception of the 0AC:100MFC group (Fig. 6-6). The 

0AC:100MFC constructs (69.7± 13.1 million cells) had more than double the number of 

cells than the 100% AC group (24.0±11.9 million cells).

The total amount of collagen per construct was also relatively constant amongst 

groups (Fig. 6-7). The only groups that were statistically different from each other were 

the 75:25 group with the most collagen produced (1,391±431.6 pg) and the 

0AC:100MFC group with the least collagen produced (706.4±485.8 pg, p<0.05). The
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total amount of GAG produced by all groups was not statistically different from each 

other (p>0.05) and was around 225 pg per construct (Fig. 6-8). For comparison to other 

studies, collagen and GAG content were also normalized to dry weight (DW). The 

normalized collagen amounts in the constructs ranged from 54.9 to 98.8 pg/mg DW 

(Table 6-1). The normalized GAG content ranged from 11.7 to 25.4 pg/mg DW (Table 

6-2).

Mechanical properties

The aggregate moduli of the three co-culture groups were significantly lower than

either the 100AC:0MFC or 0AC:100MFC groups (Fig. 6-9, p<0.05). The three co

culture groups had an aggregate modulus of approximately 24 kPa while the 

100AC:0MFC or 0AC:100MFC groups had an aggregate modulus of around 41 kPa. 

Permeability ranged from 3.8 to 7.1 (10'15-m4/N-s) while the Poisson’s ratio ranged from 

0 to 2.3-10' . No statisitical difference was observed between groups.

The tensile modulus increased with increasing percentage of MFCs (Fig. 6-10). 

The 0AC:100MFC group had a tensile modulus of 432.2 ± 47.0 kPa while the 

100AC:0MFC group had a modulus of 223.5 ± 43.5 kPa. The same trend could be seen 

for the ultimate tensile strength with a maximum of 23.7 ± 2.4 kPa for the OAC: 100MFC 

group and 9.0 ± 3.2 kPa for the 100AC:0MFC group (Fig. 6-11).

Discussion

Different methods have been used previously attempting to tissue engineer the 

knee meniscus. Scaffold materials employed include polyurethane implants, cell seeded 

PGA and agarose, and carbon fiber implants.16,52,53,110 More recently, a self-assembling 

culture technique has shown great potential with articular cartilage.104 This technique has
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also been tried with MFCs and a 50:50 co-culture of MFCs with ACs in a disc 

geometry.100 In this present study, meniscal constructs have been self assembled and 

these constructs exhibit a spectrum of mechanical and biomechanical properties based 

upon the initial seeding ratio.

Previous studies to self assemble meniscal constructs found contraction hindered 

the ability of meniscal fibrochondrocytes to be feasible constructs. Cells cause 

contractile forces through the cross-bridging interaction of actin and myosin filaments, as 

reviewed elsewhere.58 When such forces are applied to the substrate, they are called 

traction forces, and are known to cause wrinkles in the gels or polymers onto which they 

are seeded.19,58, 189 Thought difficult to demonstrate, it is believed that this behavior 

contributes to construct contraction. Traction forces may contract the construct toward 

its center. The placement of of non-adherent post in the center may translate this into a 

resultant hoop stress causing circumferential fiber alignment. Further research is required 

to elucidate the exact role that this post plays in the formation of neo-cartilage and neo- 

fibrocartilage. The design of our novel ring-shaped mold was chosen so as to provide a 

tensile force if the construct self-assembled and contracted. In addition, the bottom of the 

mold was sloped in an attempt to mimic the wedge cross-sectional shape of the meniscus.

The proper function of the meniscus is dependent upon not just the material 

properties of the construct, but also the geometry of the construct. The native menisci 

has a wedged-shape cross section that translates an axial compressive force into a

♦ • 048circumferential hoop stress. A successful tissue engineering approach must reconstitute 

this native geometry to mechanically function in vivo. The ring-shaped mold described in 

this study allows the construct to form large circumferential fibers characteristic of the
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native meniscus. This method is more advantageous than other potential tissue 

engineering methods which could simply carve the “correct” gross morphology from a 

disc or block of tissue as that method would lack the correct circumferential fibers which 

give the native meniscus its mechanical properties. In this study we have shown that all 

combinations of ACs and MFCs successfully self-assemble in a ring-shaped mold. 

However, the circular 50:50 ratio best recapitulated the native meniscal cross-section. 

This construct could then be trimmed so as to provide a meniscus even more similar in 

appearance to native tissue (Fig. 6-12).

A tissue engineered meniscal construct must produce both types I and II collagen. 

In this study, we have successfully produced such constructs. Of particular interest was 

the discovery that our constructs produced a matrix containing an anatomically relevant 

fiber orientation. Collagen fiber orientation was noted predominantly in the 

circumferential direction. This is exciting as it demonstrates that these cells contain the 

ability to reconstitute a native-like fiber orientation, with fibers running predominantly in 

the circumferential direction, as well as fibers not unlike radial tie fibers. In general, 

larger fiber diameters were seen as the ratio of MFCs to ACs increased, and this 

corresponded well to both the ultimate tensile strength as well as the tensile modulus. 

The fiber orientation in the 100% MFC constructs appeared random in the 

circumferential direction, but large fibers showed up brightly. Thus, it is possible that the 

fiber directionality was not apparent in a no-load condition but still present.

A comparison of the self-assembly method to a previous scaffold-based approach 

shows similar collagen and GAG production. A previous PGA-based tissue engineering 

study found that at 3 wks constructs produced 11 and 52 pg / million cells of collagen
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and GAG, respectively.16 At 7 wks, these constructs had 15 and 26 pg / million cells of 

collagen and GAG, respectively.16 In comparison, the 100:0 and 50:50 groups in this 

study produced 55 and 35 pg collagen / million cells, respectively, at 4 wks. At the same 

time, the 100:0 and 50:50 groups in this study produced 9 and 7 pg GAG / million cells, 

respectively.

The co-culture method of producing meniscal-specific constructs yielded neo

tissues that were mechanically testable. The aggregate modulus of the samples ranged 

from 23.6 to 43.6 kPa depending on initial cell seeding ratio. This is less stiff than native

9 4 8  •meniscus, which has a modulus reported from 90 to 150 kPa. An interesting 

observation was that all three co-cultures had approximately the same aggregate modulus 

(approx. 24 kPa), which was significantly lower than either the 100% AC or MFC group 

(approx. 41 kPa). This could be caused by the mixed cell types producing a matrix that 

does not integrate as well as a pure cell line. The tensile modulus was largest for the 

100% MFC group (432.2±47 kPa) while the 100% AC group was the least stiff 

(223.5±43.5 kPa). The 50:50 group was at about the midpoint between these two groups 

(305.2±39 kPa). The ACs reside in a predominantly compressive tissue while the MFCs

948function primarily in a tensile environment. It is likely that the compressive stiffness of 

the 100% MFC group was due to the tissues’ severe contraction which caused it to 

become denser and, thus, stiffer. The tensile modulus of the self-assembled constructs 

were also lower than native menisci, which have been reported to be between 73 and 131 

MPa in the circumferential direction.254 However, the ability to perform tensile testing on 

a construct after only 4 wks in culture is quite promising. It has been shown that the 

tensile stiffness of fetal bovine articular cartilage tissue is half that of adult tissue 42 This
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may indicate that longer culture periods will yield a tissue that more closely approximates 

native tissue.

While self-assembly is a potent new technique for tissue engineering the 

meniscus, there are some potential pitfalls as well. Currently, the culturing protocol 

requires a complete media change every 12 hrs. This is relatively labor intensive and 

could benefit from incorporation of either a medium perfusion system or an automated 

method for changing the medium. Another limitation is that due to the methodology 

employed to shape the construct (contractile forces being harnessed to pull the construct 

in shape), the construct must be grown in a ring-shaped mold. While this works very 

well for the meniscus, it may present problems for other fibrocartilaginous constructs 

such as the TMJ disc. One possible solution for overcoming this problem would be to 

first grow the tissue in a ring, and then seed a second layer of cells to completely enclose 

the ring, thus forming the thin intermediate zone observed in the TMJ disc.56 Another 

hurdle that must be overcome before this method could be employed clinically is the 

large number of cells required. In this study 23 million cells were required to produce a 

meniscus of the correct size and geometry for a rabbit. Therefore, the required number of 

cells for growing a meniscus of the size and geometry for a human would be much 

greater. A potential solution for this cell source problem would most likely come from 

using differentiated stem cells.

In this study we have successfully grown a range of co-cultures employing both 

ACs and MFCs to self-assemble the meniscus. We have shown that we can tailor the 

final biochemical and biomechanical properties of the construct by changing the initial 

ratio of cells seeded. The use of co-cultures of ACs and MFCs, combined with the novel
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geometry of the non-adhesive mold, is a promising new method for tissue engineering the 

knee meniscus. In the future, a study of the self-assembling method needs to examine 

other variables, such as mechanical stimuli and growth factors to more closely 

approximate native meniscal tissue.
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Fig. 6-1: Schematic diagram of agarose wells.
Outer diameter of constructs formed was 12 mm while inner diameter was 5 mm. The 
wells were formed by pressing a polysulfone plug into molten agarose.
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Fig. 6-2: Gross morphology of constructs at 4 wks.
Scale markings are in millimeters. Constructs are labeled by the percentage of ACs used. 
A) Constructs in wells during culture. The 100AC:0MFC constructs expanded 
throughout the culture period and were the most metabolically active as visualized by 
media color. The 0AC:100MFC constructs contracted tightly against the center pole. B) 
Constructs removed from wells. The 50AC:50MFC group best approximated the original 
shape of the agarose well.
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Fig. 6-3: Wet weights.
The 100AC:0MFC constructs weigh more than 9 times that of the 0AC:100MFC group. 
Samples decreased in weight as percentage of MFCs initially seeded increased. Values 
reported as mean ± standard deviation. Letters indicate statistical difference between 
groups (p<0.05).
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Fig. 6-4: Immunohistochemistry for collagen I and II.
IHC with purple hematoxylin background staining at 200X. A brown stain indicates the 
collagen being stained for. The intensity of collagen I staining increased as the 
percentage of MFCs employed increased (column 1), with no stain present in the 
100AC:0MFC group. Collagen II was present in all samples, with the most intense stain 
in the 100AC:0MFC group.
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Fig. 6-5A: Circumferential collagen fiber orientation.
Circumferential collagen fiber alignment. For the 100 AC:0MFC group, small fibers run 
in both the circumferential and radial direction. Short fibers run both circumferentially 
and radially in the axial slice in the 75AC:25MFC group. In the 50AC:50MFC group, 
large fibers run circumferentially. Large fibers of the 25AC:75MFC group appear to 
have a circumferential directionality with smaller fibers running in the radial direction. 
Fibers of the 0AC:100MFC group appear random in the circumferential direction.
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Fig. 6-5B: Radial collagen fiber orientation.
In the 100AC:0MFC group small fibers run in the radial direction. Short fibers run in the 
radial direction of the 75AC:25MFC group. In the 50AC:50MFC group, small fibers run 
in the circumferential direction. In both the 25AC:75MFC and 0AC:100MFC group, 
large fibers were present running in the radial direction.
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Fig. 6-6: Cells per construct.
Cell numbers remained approximately equal to the original seeding density except for the 
0:100 group, which was greater than twice all other groups. Values reported as mean ± 
standard deviation. Letters indicate statistical difference between groups (p<0.05).
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Fig. 6-7: Total collagen per scaffold.
Only the 75:25 and 0:100 group were significantly different from each other. Values 
reported as mean ± standard deviation. Letters indicate statistical difference between 
groups (p<0.05).
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Fig. 6-8: GAG per construct.
All constructs produced approximately the same total amount of GAG. Values reported 
as mean ± standard deviation. Letters indicate statistical difference between groups 
(p<0.05).

Fig. 6-9: Aggregate modulus.
Both 100:0 and 0:100 groups had a higher modulus (approx. 41 kPa) than any of the co
culture groups. The 75:25, 50:50, and 25:75 groups were all approximately the same 
modulus (approx. 24 kPa). Values reported as mean ± standard deviation. Letters 
indicate statistical difference between groups (p<0.05).
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Fig. 6-10: Tensile modulus.
Tensile modulus of constructs in the circumferential direction pulled at a constant strain 
rate of 0.02 s'1. The modulus significantly increased with increasing percentage MFCs. 
Values reported as mean ± standard deviation. Letters indicate statistical difference 
between groups (p<0.05).
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Fig. 6-11: UTS.
Ultimate tensile strength of construct in the circumferential direction pulled at a constant 
strain rate of 0.02s'1. The UTS significantly increased with increasing percentage of 
MFCs employed. Values reported as mean ± standard deviation. Letters indicate 
statistical difference between groups (p<0.05).
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Fig. 6-12: Construct cut to meniscal shape.
A 50AC:50:MFC construct trimmed to approximate a native meniscal shape. Lower 
construct has edges stained to better visualize cross sectional area.
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Chapter 6 Tables

Table 6-1: jiq collagen per dry wt of tissue.
Values reported as mean ± standard deviation. Letters indicate statistical difference 
between groups (p<0.05).

Group (AC:MFC) pg collagen / mg tissue
100:0 56.4 ± 15.8 a
75:25 75.6 ± 17.7 a b
50:50 71.0 ± 17.1 a b
25:75 98.8 +9.3 b
0:100 54.9 ±30.1 a

Native meniscus tissue 600 -  700 163

Table 6-2: pq GAG per dry wt of tissue.
The 25:72 and 0:100 group had GAG contents similar to native tissue. Values reported 
as mean ± standard deviation. Letters indicate statistical difference between groups 
(p<0.05).

Group (AC:MFC) pg GAG / mg tissue
100:0 11.7 ±2.5 a
75:25 11.7 ± 2.7 a
50:50 14.8 ±4.5 a
25:75 18.9 ±2.8 a b
0:100 25.4 ± 10.8 b

Native meniscus tissue 20-30 69,179

Table 6-3: Compressive viscoelastic properties of constructs.
Values reported as mean ± standard deviation. Letters indicate statistical difference 
between groups (p<0.05).

Group (AC:MFC) Poisson’s ratio (10'2) Permeability (10'15-m4/N-s)
100:0 2.3 ±3.2 a 6.4±2.8 a
75:25 1.1 ±2.1 a 7.1±5.7a
50:50 0.0 ±0.0 a 4.8±0.9 a
25:75 1.0 ±2.0 a 3.8± 1.5 a
0:100 1.3 ± 3.2 a 3.8±2.4 a
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Chapter 7: Comparison of scaffold and scaffoldless methods 
for growing a knee meniscus construct
Abstract

Injury of the knee menisci leads to loss of function and further damage to the 

tissues and the surrounding articular cartilage. The goal of tissue engineering is to 

alleviate these problems by generating a functionally correct construct capable of 

replacing damaged tissue. In this study, self-assembled (SA), tissue engineered 

constructs, were compared to constructs obtained with previously and often used PGA 

scaffolds. Both approaches used a co-culture of articular chondrocytes and meniscal 

fibrochondrocytes. The constructs were cultured for 4 wks in a novel, meniscus-specific, 

ring-shaped agarose mold. At 4 wks, the SA constructs were divided into free swelling 

(FSA) and dynamically stimulated (DSA) groups using a novel direct compression 

device. The PGA constructs were found not to have the necessary mechanical integrity to 

undergo dynamic stimulation. When compared to PGA constructs, the SA groups were 

2-4 times stiffer and stronger in tension but not in compression. Similarly, SA constructs 

had 3 times more GAG and 2 times more collagen than PGA constructs. Furthermore, all 

SA groups exhibited circumferential fiber bundles similar to native tissue. When pulled 

in the circumferential direction, the FSA group had significantly higher tensile modulus 

(226±76 kPa) than when pulled in the radial direction (67±32 kPa). The PGA constructs 

had neither a directional collagen fiber orientation nor differences in mechanical 

properties in the radial or circumferential direction. The wk 8 FSA group produced the 

most collagen and GAG of all groups (2.81±0.18 and 6.81±0.34 mg per construct, 

respectively). The application of dynamic stimulation to SA constructs group did not

* Chapter submitted as “Comparison o f scaffold and scaffoldless methods for growing a knee meniscus 
construct” JORS, 2006
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significantly increase biomechanical properties or ECM content, but merits further study 

examining differing frequencies, durations, and levels of compression.

Introduction

The meniscus of the knee is a semilunar fibrocartilaginous tissue which serves in

C 1 * 7 0  7 7 C

shock absorption, load distribution, and lubrication. ’ ’ The inner one-third of the

meniscus is avascular and, like articular cartilage, exhibits an intrinsic inability to heal 

post injury. This lack of regenerative capability means that meniscal injuries are often 

permanent and lead to further breakdown of the tissue. A widely accepted treatment for 

the problem of meniscal injury has yet to be realized.

By wet weight, normal human meniscal tissue is 70-75% water, 20-25% collagen, 

and 0.6-0.8% glycosaminoglycans (GAGs).99 In addition to large circumferential 

collagen fibers, much of the shock absorbing properties of the meniscus are attributable 

to its high water content and low permeability.72 As a result, when menisci are loaded, 

much of the initial load is borne by hydrostatic pressure within the tissue. The geometry 

of the menisci is crucial to their function in shock absorption, stability, and load transfer 

within the knee.275 When the menisci are loaded in vivo, they are compressed by an axial 

force. However, due to their wedge shaped cross-section, low surface friction, and 

anchorage by anterior and posterior horns, the menisci are pressed out radially as well,

1S 78 74R 77^leading to a circumferential tensile load. ’ ’ ’

Previous meniscal tissue engineering attempts have utilized agarose, PGA, PLLA, 

porous polyurethanes, Teflon and carbon fiber embedded polymers.16,52,110,112,131,167,168 

Non-woven poly-glycolic acid (PGA) mesh is a common biomaterial that has been used
i /r 117 77'J

with some success in previous tissue engineering studies. ’ ’ A solution recently
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proposed to bypass some difficulties that may be inheretid with scaffold-based 

approaches (i.e., toxicity of degradation products, stress shielding, interference with cell- 

to-cell signaling, mechanical wear, stress shielding, etc.) is the self-assembly (SA) 

method. SA has been utilized in construct formation for tissue engineering cartilage and 

fibrocartilage.18’ 100’ 104 For knee meniscal tissue engineering attempts, differing ratios of 

articular chondrocytes (AC) and meniscal fibrochondrocytes (MFC) were seeded into 

agarose molds. It was found that a 50:50 co-culture best self-assembled into the shape of 

its mold.18 Another interesting finding of this study was that collagen fibers in the 

constructs appeared to be organized into the circumferential direction in axial sections of 

the tissue and into smaller radial fibers in radial sections.18 The native meniscus is 

similarly organized with large collagen fibers running circumferentially throughout the 

tissue and small radial fibers termed radial tie fibers.203 This finding warranted further 

exploration into whether these fiber orientations would also translate into differing 

mechanical properties in the radial and circumferential direction of the meniscal 

constructs. This is particularly exciting, as it would show that the constructs are 

reconstituting a mechanical property that is common to native meniscal tissue.209,254

As the meniscus functions in a mechanical role within the body, it has been 

proposed that mechanical stimulation is required to channel construct growth.248 Previous 

tissue engineering attempts have reported a beneficial effect of direct mechanical 

stimulation on cartilage constructs.106,160'162’274 These studies have demonstrated an up- 

regulation of synthesis of matrix and mechanical properties.106,124,160'162 Therefore, it is 

worthwhile to examine if mechanical stimulation demonstrates a similar effect on 

AC:MFC co-cultures seeded in either PGA or allowed to self-assemble. Mechanical

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



165

17 113 259stimulation of meniscal explants has also been performed. ’ ’ Following 4 hrs of

either dynamic stimulation or static compression to explant cut-thickness, it was found 

that aggrecan was significantly down-regulated in statically compressed samples 

compared to free-swelling controls.17 However, the application of a 2% dynamic 

stimulation at 1 Hz returned aggrecan expression to the level of free-swelling controls. 

Neither loading condition appeared to significantly affect collagen II expression. A 

tensile strain study examining varying frequencies demonstrated meniscal 

fibrochondrocytes suppress proinflamatory markers when subjected to dynamic tensile

71forces. Certainly more work is warranted in exploring the role mechanical stimulation 

may have in tissue maintenance and regeneration of the knee meniscus.

The overall objectives of this study are to compare self-assembled constructs to 

constructs grown using PGA scaffolds, as well as to examine the effect of dynamic, direct 

compression, for the purpose of tissue engineering the meniscus. Both SA and PGA 

constructs, are grown for 4 wks in novel ring-shaped, meniscus-specific agarose molds. 

The groups are then cultured for an additional 4 wks in either a free swelling or 

dynamically stimulated culture. The hypothesis of this aim is two-fold: a) SA constructs 

will be superior mechanically, as well as in terms of cell maintenance and matrix 

synthesis, compared to PGA constructs, b) Dynamic stimulation will produce better 

constructs in terms of biomechanical and biochemical properties than those in free 

swelling culture.
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Materials and methods

Chondrocyte and fibrochondrocyte isolation and seeding

Fibrochondrocytes were isolated from the medial and lateral menisci, and

chondrocytes were isolated from the distal femur of 12, one-week-old male calves

(Research 87 Inc., Boston, MA) less than 36 hrs after slaughter. Tissue was sliced and

digested with collagenase type II (Worthington, Lakewood, NJ) in culture medium. The

medium was DMEM with 4.5 g/L-glucose and L-glutamine (Biowhittaker, East

Rutherford, NJ), 10% fetal bovine serum (FBS, Biowhittaker), 1%

Penicillin/Streptomycin (Biowhittaker), 1% fungizone (Biowhittaker), 1% non-essential

amino acids (Life Technologies, Gaithersburg, MD), 0.4 mM proline (ACS chemical,

Point Pleasant, NJ), 10 mM HEPES (Fisher Scientific, Fairlawn, NJ), and 50 pg/ml L-

ascorbic acid (Acros Organics, Geel, Belgium). Cells were frozen in culture medium

supplemented with 10% DMSO and 20% FBS at -80°C for 2 wks to 4 wks prior to

utilization. After thawing, viability remained greater than 90%.

Self-assembly in agarose wells and PGA seeding

In order to produce the meniscus-specific ring-shaped constructs (Fig. 7-1A),

molds were created in the desired form as described previously.100 Briefly, a negative

mold made from polysulfone (McMaster-Carr, Atlanta, GA) was pressed into 500 pL of

molten 2% molecular biology grade agarose in PBS (Sigma, St. Louis, MO) in a 24 well

plate (Fig. 7-IB). The shape of the ring was chosen to approximate the native meniscus

geometry. The medium was changed once during the 48 hr period prior to cell

seeding. PGA scaffolds (Albany International, Albany, NY) were cut from a 2 mm thick

sheet (intrinsic viscosity: 0.8dl/g, porosity: 95%, 45-55% crystalline, degradation time:

approximately 4 wks). These scaffolds were then sterilized with ethylene oxide. PGA
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scaffolds were rewetted with sterile PBS and placed into the wells prior to the addition of 

cells.

Cells were thawed, counted, and mixed to the desired ratio of 50:50 AC:MFC. 

The ratio of medial meniscal fibrochondrocytes to lateral meniscal fibrochondrocytes 

used was 2:1. Twenty-three million cells in 800 pL of culture medium were added to 

each well. The cells formed non-attached constructs at the bottom of each well of the SA 

constructs within 24 hrs. The cells also appeared to integrate throughout the PGA 

scaffolds. These constructs were maintained in culture at 10% CO2 and 37°C for 4 wks 

with a complete medium (900 pL) change every 12 hrs.

At the end of the 4 wk initial culturing period, 6 samples were harvested from 

both the PGA and SA groups for biochemical, biomechanical, and histological analysis. 

The remaining SA constructs were divided into free-swelling and dynamically-stimulated 

groups. When not in the direct compression stimulator, constructs were maintained in a 

50 ml petri dish with an agarose-coated bottom with 30 ml medium. The medium in the 

dish was completely changed every two days.

Mechanical loading protocol

The direct compression stimulator was designed to interface with our novel

meniscal shaped constructs. This machine has previously been validated as having an 

effect on both articular cartilage and meniscal explants in direct compression.17 The 

mechanical stimulator is designed to fit inside a normal incubator. The compression 

chamber can hold up to 45 samples and allows media to mix amongst the samples. The 

direct compression stimulator is connected to a computer for control. Motion of the 

upper platen is achieved with a linear stepper motor (LA23ECKJ-4, Eastern Air Devices,
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Dover, NH), which is connected to a motion control board (PCI 7344, National 

Instruments, Austin, TX).

All loading experiments were conducted in a tissue culture incubator at 37°C, 

10% CO2 . The loading chamber was sterilized with ethylene oxide prior to the insertion 

of constructs. Construct height was determined by applying a tare load (0.22N, 

determined to exceed the possible buoyant force of the upper platen in media by one 

order of magnitude) to the constructs. From this height, a 10% strain was calculated and 

applied at 1 Hz with a duty cycle of 60 s on, 60 s off for 4 hrs every 3 days. We chose a 

60 s on, 60 s off duty cycle as there is some evidence for an up-regulation of synthesis 

with a resting period following stimulation and that the optimum timeframe for unloading 

between loading periods is less than 100 s.225 Free-swelling controls were placed in the 

same chamber for 4 hrs every 3rd day as well but were not compressed. This loading 

regimen was maintained from wk 4 to wk 8 of the study.

Histology and immunohistochemistry

At 4 and 8 wks, samples were frozen and sectioned at 14 pm. Fiber orientation

was determined using polarized light microscopy on picrosirius red stained sections as

1 ftdescribed previously. Briefly, fiber alignment was viewed in sections taken in the radial 

and axial directions through the constructs to determine radial and circumferential fiber 

alignment. A Biogenex i6000 autostainer (San Ramon, CA) was used for 

immunohistochemistry as described previously.18 The primary antibodies were mouse 

anti-COLl (Accurate Chemicals, Westbury, NY) or mouse anti-COL2 (Chondrex, 

Redmond, WA) antibodies. The slides were then incubated with a secondary antibody 

(mouse IgG, Vectastain ABC kit) for 30 min, followed by the avidin-biotinylated enzyme
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complex (Vector Laboratories, Burlingame, CA) for 30 min and then DAB (Vector 

Laboratories) for 4 min. Slides were counterstained with hematoxylin.

Mechanical testing

The compressive, viscoelastic properties of the samples were determined using

i-i to
creep indentation as has been described previously. ’ During mechanical testing, 

samples were submerged in saline. The specimen was loaded with a tare mass of 0.4 g, 

using a 1.0 mm diameter rigid, flat-ended, porous indenter tip. Samples were allowed to 

reach tare creep equilibrium, which was defined as deformation < 10'6 mm/s or a 

maximum creep time of 20 min. When tare equilibrium was reached, a step load of 0.7 g 

was applied. Displacement of the sample surface was measured until equilibrium was 

reached or a maximum creep time of 2 hrs elapsed. At that time, the step load was 

removed, and the displacement was recorded until equilibrium was again reached. The 

intrinsic mechanical properties of the samples were then determined using the linear 

biphasic theory through iterations in a numerical algorithm.150,176

Tensile tests were performed with an electromechanical materials testing system 

(Instron Model 5565, Canton, Massachusetts, USA) with a 50 N load cell. Samples were 

cut from both the circumferential and radial direction into a dog bone shape with a 2 mm 

long gauge length. Samples were attached to paper tabs for gripping as described
i o t

previously. After a 0.05 N tare load was applied, the tissue was preconditioned to 2% 

strain at a displacement rate of 0.02 mm/s for 10 cycles. The 2 mm long sections were 

pulled at a constant strain rate of 0.01 s'1. Only samples that failed within the gauge 

length were considered. Stress-strain curves were created from the load-displacement
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curve and the cross-sectional area of each sample. Using the stress-strain curves, tensile 

moduli and the ultimate tensile strengths (UTS) were calculated.

Quantitative biochemistry
1 8Samples were digested as described elsewhere. Total DNA content was 

measured by Picogreen® Cell Proliferation Assay Kit (Molecular Probes). Total sulfated 

GAG was measured using the Blyscan glycosaminoglycan assay kit (Biocolor, 

Newtownabbey, Northern Ireland). Samples were assayed for total collagen content by a 

modified chloramine-T hydroxyproline assay.

Statistical analysis

A sample size of n=5 or 6 was used for all creep indentation and biochemical 

quantitative analyses. Sample sizes for tensile testing ranged from n=3 to 6 due to 

breakage of samples outside the gauge length. A single factor ANOVA was used to 

analyze the differences between groups (4 wk PGA and SA, as well as 8 wk PGA, free- 

swelling SA, and dynamically-stimulated SA) and Tukey’s post hoc test was used when 

warranted. Significance was defined as p<0.05.

Results

Gross inspection

Within 48 hrs after seeding, cells migrated through the PGA scaffold and were 

visible on the upper and lower surfaces of the constructs. The SA constructs had 

aggregated and self-assembled at the bottom of the wells and did not contract throughout 

their time in culture (Fig. 7-1C). The medium in the PGA molds was consistently more 

yellow in color than the SA molds, implying higher acidity. At 4 wks the PGA and SA 

constructs were removed from their agarose wells for inspection. Upon gross inspection,
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the PGA constructs were thinner and more transparent than the SA constructs (Fig 7-2A). 

The SA constructs looked smooth and cartilaginous while the PGA scaffolds looked 

dimpled and darker in color. The SA constructs better maintained their shape when held 

with an 18 gauge needle or spatula (Fig. 7-2B). The PGA scaffolds sagged over the 

needle and did not maintain their shape. At 8 wks, the remaining constructs were 

removed from culture. Both the free-swelling PGA and SA constructs had increased in 

thickness. The dynamically-stimulated SA group had an obvious radial tear in all 

constructs (Fig. 7-2A, indicated with arrow).

The wet weights of the samples were analyzed by a one-way ANOVA (Fig. 7-3). 

Each group was significantly different from every other group (pO.OOOl). At 4 wks, 

PGA constructs weighed more than SA constructs (203.4±11.9 and 173.3±11.0 mg per 

construct, respectively). By 8 wks however, both free-swelling SA (361.1±14.7 mg per 

construct) and dynamically-stimulated SA (309.0±12.0 mg per construct) groups weighed 

significantly more than the 8 wk PGA constructs and were significantly different from 

each other.

Histology and immunohistochemistry

The amounts of col I and II were visualized by immunohistochemistry at wks 4

and 8 (Fig. 7-4). Wk 4 PGA stained faintly for col I but did not stain for col II except for 

PGA fibers which appeared dark brown. The SA constructs at wk 4 stained more darkly 

for col I than for col II. At 8 wks, the free-swelling SA constructs stained more intensely 

for col I than either the PGA or the dynamically-stimulated SA constructs. The most 

intense col II stain was also observed in the wk 8 free-swelling SA constructs. By 8 wks 

in culture, the PGA fibers had almost completely disappeared.
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Picrosirius red stained slides visualized with polarized light microscopy 

demonstrated the presence of organized collagen fibers in several samples (Fig. 7-5A and 

B). At wk 4, PGA fiber fragments are visible as bright red rods within the radial and 

axial sections. By wk 8, these large polymer fiber remnants are completely gone and 

only small random collagen fibers are present in the axial slice. PGA did not show 

organized collagen fibers in the radial direction. At wk 4, the SA constructs 

demonstrated large collagen fibers running in the circumferential direction as visualized 

in the axial slice. The radial slice also had some large fibers, but no pattern or 

directionality was apparent. The dynamically-stimulated samples at wk 8 had more 

fibers than at wk 4, but they appeared smaller in diameter. The largest circumferential 

fibers observed were those in the 8 wk free-swelling SA group. Radial fibers were also 

present in the radial section of the 8 wk dynamically-stimulated group, but these were 

less intense than the 4 wk group. The 8 wk free-swelling SA group had the largest 

number and greatest diameter of fibers observed in the radial sections, however no 

definitive pattern or directionality was observed in the radial sections of any group.

Quantitative biochemistry

As shown in Fig. 7-6, at wk 4, PGA and SA constructs had a similar number of

cells per construct to the initial seeding density (20.4±2.8 and 26.9±4.5 million cells per 

construct, respectively). At wk 8, the PGA scaffolds had decreased significantly in 

number to 13.5±2.3 million cells per construct (p<0.05). The 8 wk free-swelling SA 

group (23.3±1.4 million cells per scaffold) was not statistically different from the wk 4 

SA constructs, but the dynamically-stimulated group was significantly lower (20.2±1.6 

million cells per construct; p<0.05) compared to the free-swelling group.
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The amount of GAG in each group was also measured (Fig. 7-7). At 4 wks, the 

amount of GAG per construct was not significantly different between PGA or SA groups 

(0.43±0.08 and 0.52±0.10 mg per construct, respectively; p>0.05). At 8 wks, PGA 

(2.51±0.63) was significantly greater than at wk 4, but less than the free-swelling or 

dynamically-stimulated SA group (6.81±0.34 and 5.10±0.61 mg GAG per construct, 

respectively; p<0.05).

The total amount of collagen per scaffold (Fig. 7-8) did not increase significantly 

for PGA groups between wk 4 and wk 8 (1.09±0.20 and 1.44±0.18 mg collagen per 

scaffold, respectively; p>0.05). The amount of collagen per scaffold was significantly 

higher in free-swelling cultures than in dynamically-stimulated cultures (2.81±0.18 and 

2.35±0.13 mg collagen per construct, respectively) and both were significantly higher 

than the wk 4 SA constructs (1.27±0.29 mg collagen per construct; p<0.05). For 

comparison to other studies, GAG and collagen content were also normalized to dry 

weight (DW, Tables 7-1 and 7-2, respectively).

Mechanical properties

Differences in compressive, viscoelastic properties among the groups are shown

in Table 7-3. The stiffest group in compression was the wk 8 PGA (23.4±6.2 kPa) which 

was significantly stiffer than all SA groups. The SA groups were not significantly 

different from each other or from the 4 wk PGA group in terms of aggregate modulus. 

Poisson’s ratio was effectively zero for all constructs(0.0±0.0). Permeability values were 

not statistically different for any of the groups.

The tensile modulus differences are shown in Fig. 7-9. The group with the 

highest tensile modulus was the wk 8 free-swelling SA constructs in the circumferential
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direction (226±76 kPa), which was significantly different from both the dynamically- 

stimulated circumferential specimens, as well as the wk 8 radial free-swelling groups 

(135±59 kPa and 67±32 kPa, respectively; p<0.05). The wk 8 PGA had a tensile modulus 

of only 16±5 kPa in the circumferential direction. At 4 wks, the ratio of circumferential 

to radial tensile modulus of the PGA and SA constructs was 83 and 95%, respectively. 

The ratio of circumferential to radial tensile modulus in the 8 wk free-swelling SA group 

was 340%. At 8 wks the ratio of circumferential to radial tensile modulus in the 

dynamically-stimulated self-assembled group was 360% while the ratio for PGA was 

210%.

The wk 8 free-swelling SA constructs tested in the circumferential direction had 

the highest UTS (89±22 kPa) but was not significantly different from the circumferential 

wk 8 dynamically-stimulated SA constructs (Fig 7-10; p>0.05). All other construct 

groups and directions had a significantly lower UTS (p<0.05). The ratio of 

circumferential UTS to radial UTS was initially 100% in both the wk 4 PGA and SA 

constructs. By wk 8 the dynamic and free-swelling SA constructs ratio had increased to 

250 and 350%, respectively, while the PGA had increased to 250%.

Discussion

Both the SA method and PGA have previously been used in attempts to tissue 

engineer the knee meniscus, but this is the first time that these are directly compared to 

each other. To our knowledge, this is also the first study to examine the effects of direct 

compression on a meniscus-specific construct designed to mimic the geometry of the 

meniscus under native-like loading conditions. Both PGA and SA constructs were 

cultured for 4 wks in molds designed to channel growth of the newly formed tissue. At 4
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wks, the SA group was divided into a free swelling and dynamically stimulated group. 

At this time it was determined that the PGA scaffolds lacked the mechanical integrity to 

undergo mechanical stimulation and were thus only cultured in a free swelling condition. 

After 4 wks of mechanical stimulation, it was determined that the SA groups were 2 to 4 

times stronger and stiffer than PGA constructs in tension, but not in compression. 

Likewise, FSA constructs had 2 times more collagen and 3 times more GAG than PGA 

constructs at wk 8. Perhaps the most significant finding was that FSA constructs were 

3.4 times stiffer and stronger when pulled in the circumferential direction than when 

pulled in the radial direction, strongly suggesting primarily circumferential collagen fiber 

orientation. Lastly, dynamic stimulation did not significantly up-regulate matrix 

production or mechanical properties.

Non-woven mesh PGA scaffolds have been used previously in attempts to tissue 

engineer the knee meniscus.16,112,197 While acceptable in promoting cellular attachment 

and production of matrix in vitro, PGA has not been found to produce constructs with the 

necessary mechanical integrity for in vivo tissue engineering attempts. Additionally, non

woven mesh PGA, which is normally procured in flat sheets, does not readily lend itself 

to production of the wedge-shaped cross-section necessary for normal function of native 

meniscus. Thus, the SA method, which had shown great efficacy in producing cartilage 

constructs, was adapted to engineer the meniscus.18,100,104 It was found that the properties 

of the tissue produced could be altered by changing the ratio of ACs to MFCs initially 

seeded.18 Specifically, it was found that the UTS, tensile modulus, and intensity of IHC 

staining for col I increased in proportion to the ratio of MFCs used while col II staining 

increased in proportion to the initial ACs used. In this current study, another advantage
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of the SA method over PGA was identified. The pH drop due to breakdown products 

from the scaffolds, as visualized by change in medium color, was only present in the 

PGA constructs.

An interesting phenomenon observed in this study is that while the GAG 

produced at 4 wks by SA constructs (41.0±9.9 pg / mg DW) is comparable to both native 

meniscus (20-30 pg / mg DW)163, 179 and previously produced SA meniscal constructs

(14.8±4.5 pg / mg DW), it is an order of magnitude higher at 8 wks ( 262.6±18.7 pg / mg

18DW) than either native menisci or previously investigated SA constructs. However, this 

is similar to the amount of GAG/DW in native articular cartilage (150-250 pg / mg DW) 

and is probably a result of the ACs producing more GAG than normal MFCs.

The aggregate modulus results are surprising, as the PGA stiffness was not 

expected from gross inspection (Fig. 7-1B). The PGA constructs were extremely delicate 

while handling and tore very easily. It may be that while stiff, the PGA constructs lacked 

compressive strength. Another possibility is that the circumferential and radial fibers 

observed in the SA constructs produce a pre-stressed network that leads to the overall 

robustness observed in Fig. 7-1. It is possible that our testing protocol of taking a 3 mm 

punch of tissue for compressive testing so disrupts this matrix that it no longer functions 

in compression. A future study could examine the effects of testing partial or complete 

SA menisci by creep indentation. Overall, in terms of mechanical properties, the SA 

method produces constructs that are most appropriate for tissue engineering the knee

94ftmeniscus, since the native meniscus is a predominantly tensile tissue.

The scaffold shape was chosen to mimic the structural architecture of the native 

meniscus. As with native menisci, which convert an axial compression through the knee
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into a circumferential hoop stress due to the wedge-shaped cross-section and anterior and 

posterior attachments, the shape of our construct and loading head was chosen to mimic 

these effects. Furthermore, if a meniscal ring can be fabricated, then it may be possible 

to fashion the semi-lunar, wedge shapes of the medial and lateral menisci out of the ring. 

The loading regimen was chosen from what has previously been shown to be beneficial 

to articular cartilage and meniscal constructs or explants.15’ I8, 160, 162, 225 Dynamic 

stimulation at the chosen loading regimen (10% strain, 1 Hz, 60 s on -  60 s off duty 

cycle, for 4 hrs a day, every third day) appeared to down-regulate large collagen fiber 

production and organization, col I and II immunohistochemistry staining, total GAG 

content per construct, total collagen content per construct as well as decreasing the tensile 

modulus of circumferential tensile test samples. Dynamic-stimulation did not appear to 

affect the aggregate modulus, the UTS, the total cell count per construct, or the 

percentage of collagen or GAG per construct when normalized to tissue DW.

The down-regulation of mechanical properties and ECM production may be 

related to the obvious tissue damage of the construct due to the loading regimen utilized 

in this study (Fig. 7-11 A). The damage apparent in the tissue has a radial tear (white 

arrow) as well as a long tear that follows the curvature of the construct like a native 

meniscus longitudinal tear (black arrow). This is further evidence of the similarity to 

native meniscal properties achieved by the SA method of tissue engineering which were 

suggested by polarized light microscopy and differing tensile modulus in the radial and 

circumferential direction. Two classic injuries to the meniscus are the radial tear and the

1 S9vertical longitudinal tear as illustrated in Fig. 7-1 IB. The radial tear (Fig. 7-llB-i) 

transects the large circumferential collagen fibers. This injury leads to loss of function as
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188the circumferential fibers can no longer support a circumferential stress. However, it 

has been shown that, if they heal, longitudinal tears (Fig. 7-1 lB-ii) restore biomechanical 

function to the tissue because the large circumferential fibers of the meniscus remain 

intact. Our tissue has been shown in this study to possess circumferentially oriented 

fibers. Once a tear started in the SA construct, it would most easily propagate around the 

construct in a circumferential direction rather than in a radial direction.

While mechanical stimulation was not successful in this study at up-regulating 

either matrix production or mechanical properties, it cannot be concluded that mechanical 

stimulation is universally detrimental. It may be necessary to increase the mechanical 

properties of the tissue prior to dynamic loading through either longer times in culture 

prior to introducing dynamic stimulation or through the use of growth factors to further 

augment matrix production and organization. To date, numerous dynamic loading 

studies have been performed and, as reviewed,15 the results from these are anything but 

conclusive. Frequency, strain, stimulation duration, and loading duty cycle all have been 

shown to contribute to the effects of dynamic stimulation.32,144,199,223,225,241'243>256 Now 

that a mechanically viable construct has been developed with the self-assembly method, a 

future study must more thoroughly examine the effects of frequency, strain, stimulation 

duration, duty cycle, growth factors, and optimized cell sources with the goal of 

establishing a loading regimen that produces more matrix and greater mechanical 

properties than free swelling controls.
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Wk 4 PGA Wk 4 SA Empty well

Fig. 7-1: Desired shape of meniscal construct.
Details of agarose molds formed in 24-well plates. A) desired shape of meniscal 
constructs. B) Outer diameter of constructs formed was 12 mm while inner diameter was 
5 mm. The molds were formed by pressing a polysulfone plug into molten agarose. The 
gray areas represent agarose while white areas were open to medium and cells. C) 
Immediately prior to harvest, constructs were photographed from the underside of the 24- 
well plate. Both constructs had a medium change 12 hrs previous to being photographed. 
The picture on the far right shows a mold after the removal of a PGA scaffold and the 
addition of fresh medium to better visualize the agarose boundaries. Small amount of 
debris remaining after removal of the scaffold is typical of the PGA group at 4 wks and 
was not present in the SA group.
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A

Fig. 7-2: Gross morphology.
A) Groups at 4 and 8 wks. FSA=Free-swelling SA, DSA=dynamically-stimulated SA. At 
4 wks PGA scaffolds were thinner and more transparent compared to SA constructs. At 8 
wks, both PGA and SA constructs had increased in thickness. Mechanical damage was 
apparent in the wk 8 DSA group. The side of the ring with the tear (black arrow) had 
collapsed. Scale markings are in millimeters. B) Groups suspended from either and 18 
gauge needle or spatula. The 4 wk SA and 8 wk FSA groups maintained their shape 
while suspended by the needle while the PGA groups sagged under their own weight. 
DSA not pictured.
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Wk 4 PGA Wk 4 SA Wk 8 PGA Wk 8 Wk 8
Free swelling Dynamically 

SA stimulated SA

Fig. 7-3: Wet weights of samples.
All groups increased significantly between wk 4 and 8. Values reported as mean ± 
standard deviation. Letters indicate statistical difference between groups (p<0.05).

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



/■■■■■■ l . 
,G?: V '^ v .^ iw ;

■< ^  <;%'•£■*<  ‘  ■ * : « .  ; v  '"X’m i ' :
.« / K , ,  ' / •  . ' ‘ •‘fi* ,’ ' ‘M i u

* . r a . ' ' / . ' i ' t  f  v -  / , - *  «>■. T .  « • ?  ^  ,  - j  V  ■ *•

Pos. Ctrl.

Fig. 7-4: Immunohistochemistry with hematoxylin background staining at 10X.
A brown stain indicates the collagen of interest. At wk 4, col I staining was the most intense 
in the SA samples while staining in the PGA was localized around fiber fragments. Col II 
staining was diffuse throughout the SA samples while only present in fiber fragments in PGA 
constructs. At wk 8, PGA had localized regions of both col I and col II staining, but large 
regions existed where no stain was present. Wk 8 FSA stained brightly for col I and II 
throughout the sample. While not as intense, wk 8 DSA stained for both col I and II 
throughout. FSA=Free-swelling SA, DSA=dynamically-stimulated SA.
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Axial section

Fig. 7-5A: Circumferential collagen fiber alignment visualized by picrosirius red 
stain and polarized light microscopy.
Axial slices to observe circumferential collagen fiber alignment. At wk 4, PGA 
fragments showed up strongly under polarized light microscopy in the circumferential 
direction, but no collagen fibers were observable. Wk 8 FSA had large collagen fibers 
running in the circumferential direction. While not as bright, the same directional 
circumferential fibers were seen in both the wk 4 SA and wk 8 DSA groups. Wk 8 PGA 
samples had small random fibers with no apparent directionality.
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Fig. 7-5B: Radial collagen fiber alignment visualized by picrosirius red stain and 
polarized light microscopy.
Radial sections to observe radial fiber orientation. As with the wk 4 circumferential 
sections, PGA fragments showed up strongly under polarized light microscopy but no 
collagen fibers were observable. Wk 8 FSA had large collagen fibers that were random 
in direction. Radial fibers appeared random in radial sections of all SA constructs while 
no radial fibers were present in the wk 8 PGA. FSA=Free-swelling SA, 
DSA=dynamically-stimulated SA.
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Fig. 7-6: Cells per construct.
The number of cells per construct decreased significantly between wks 4 and 8 for PGA 
scaffolds. For SA, only the dynamically stimulated SA group decreased significantly 
from the wk 4 SA cell numbers. Values reported as mean ± standard deviation. Letters 
indicate statistical difference between groups (p<0.05).
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Wk 4 PGA W k 4 SA Wk 8 PGA Wk 8 Wk 8
Free swelling Dynamically 

SA stim ulated SA

Fig. 7-7: GAG per construct.
The amount of GAG per construct increased significantly for all groups with the 
maximum increase being in the wk 8 FSA group. Values reported as mean ± standard 
deviation. Letters indicate statistical difference between groups (p<0.05). FSA=Free- 
swelling SA, DSA=dynamically-stimulated SA.
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Fig. 7-8: Total collagen per scaffold.
At wk 8, both SA groups had significantly more collagen than the wk 8 PGA group or 
either wk 4 group. Values reported as mean ± standard deviation. Letters indicate 
statistical difference between groups (p<0.05). FSA=Free-swelling SA, 
DSA=dynamically-stimulated SA.
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Fig. 7-9: Tensile modulus.
There was no significant difference between any wk 4 group as a function of scaffold 
choice or direction. At wk 8, the circumferential FSA group was significantly higher 
than the wk 8 radial group as well as the circumferential and radial DSA groups. Values 
reported as mean ± standard deviation. Letters indicate statistical difference between 
groups (p<0.05). FSA=Free-swelling SA, DSA=dynamically-stimulated SA.
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Fig. 7-10: Ultimate tensile strength.
The ultimate tensile strength of both the circumferential direction groups at wk 8 were 
significantly higher than the radial groups. Values reported as mean ± standard 
deviation. Letters indicate statistical difference between groups (p<0.05). FSA=Free- 
swelling SA, DSA=dynamically-stimulated SA.
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Fig. 7-11: Mechanical damage to the SA construct.
A) This example of the wk 8 dynamically stimulated group has both a radial tear (white 
arrow) as well as a vertical longitudinal tear (black arrow). B) Illustration of common 
native meniscus injuries, i) radial tear transecting large circumferential fibers, ii) 
longitudinal tear transaction only radial tie fibers.
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Chapter 7 Tables

Table 7-1: GAG content normalized to dry wt.
The GAG contents of constructs at 4 wks was similar to native tissue. By 8 wks, all 
groups had exceeded native values by an order of magnitude. Values reported as mean ± 
standard deviation. Letters indicate statistical difference between groups (p<0.05).

Group pg GAG / mg DW tissue
Wk 4 PGA 28.8 ± 5.5 a
Wk 4 SA 41.0 ± 9.9 a

Wk 8 PGA 166.2 ± 45.0 b
Wk 8 Free swelling SA 262.6 ± 18.7°

Wk 8 Dynamically stimulated SA 230.0 ±20.8°
Native meniscus tissue 20-30 69,179

Table 7-2: Collagen content normalized to dry wt.
Values reported as mean ± standard deviation. By 8 wks, the collagen content of both SA 
groups were within the same order of magnitude as native tissue. Letters indicate 
statistical difference between groups (p<0.05).

Group pg collagen / mg DW tissue
Wk 4 PGA 73.9 ± 14.3 b
Wk 4 SA 99.2 ± 20.9 a b

Wk 8 PGA 95.4 ± 18.9 a b
Wk 8 Free swelling SA 108.2 ± 8.8 a

Wk 8 Dynamically stimulated SA 104.5 +9.3 a
Native meniscal tissue 600 -  700 163

Table 7-3: Compressive properties.
The aggregate modulus of the SA and PGA groups did not change significantly between 
wks 4 and 8. The modulus of the wk 8 PGA group was significantly higher than the SA 
groups at all times. Permeability did not differ between groups. Values reported as mean 
± standard deviation. Letters indicate statistical difference between groups (p<0.05). 
FSA=Free-swelling SA, DSA=dynamically-stimulated SA.

Group Aggregate modulus (kPa) Permeability (10'15m4/n-s)
Wk 4 PGA 21.0±5.3 a,b 7.72±7.06
Wk4 SA 14.8±1.9b 5.49±8.73

Wk 8 PGA 23.4±6.2 a 8.77±4.78
Wk 8 FSA 15.5±4.3b 5.28+2.02
Wk 8 DSA 13.3±3.4b 6.14+2.66
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Discussion and Conclusions

This thesis yielded 3 major findings. 1) For the culture of meniscal 

fibrochondrocytes, cell-cell contact must be maintained (Chapter 4). 2) By culturing

meniscal fibrochondrocytes in a non-adherent ring-shaped mold, the central post of this 

configuration transformed an inward directed traction force into a circumferential hoop 

stress, resulting in constructs with distinct circumferential versus radial functional 

properties (Chapter 6). 3) Before a loading regimen can be applied to a tissue engineered 

construct, sufficient mechanical integrity must be achieved (Chapter 7). In addition, two 

techniques were developed for the tissue engineering of the knee meniscus. 1) The 

fabrication of a spectrum of fibrocartilage, achieved through the use of varying ratios of 

articular chondrocytes and meniscal fibrochondrocytes (Chapter 6). 2) The use of a 

dynamic direct compression stimulus. This was achieved by designing, building, and 

validating a direct compression stimulator (Chapter 5).

The research presented in this thesis supported the two-phase tissue engineering 

approach employed by the Musculoskeletal Bioengineering Laboratory at Rice 

University. Prior to this current thesis, much of the characterization work necessary to 

describe the structure-function relationships within the meniscus had already been 

performed in our laboratory. This yielded a ‘gold-standard’ for what a guided tissue 

engineering approach should strive for as its target, as well as laid the groundwork for 

characterization studies allowing feedback comparison of tissue engineering attempts to 

native tissue. The second phase consists of a tissue engineering approach which channels 

growth so as to reconstitute the function of the native tissue. This thesis is primarily 

concerned with phase 2. It is well established that the meniscus serves in a highly
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mechanical role within the knee; its functions include lubrication, load carriage, shock 

absorption, and joint stability. A thorough review of the biomechanical structure and 

function was provided in Chapter 1, while Chapter 2 examined the cell types that 

populate the meniscus and their use in tissue engineering.

Toward the goal of eventually utilizing mechanical stimulation techniques, the 

potential use of two common scaffold biomaterials, PGA and agarose, was examined in 

Chapter 4 to determine proper maintenance and culture conditions. A rotating wall 

bioreactor, which had demonstrated a beneficial effect with articular chondrocyte seeded 

PGA, was also examined for its use in tissue engineering the knee meniscus. It was found 

that PGA successfully maintained fibrochondrocyte cell cultures in free-swelling as well 

as rotating wall bioreactor environments. In contrast, agarose scaffolds continued to lose 

cells throughout time in culture, suggestive of cell death or apoptosis. Agarose has 

previously been credited with aiding in redifferentiation of chondrocytes after passaging 

in monolayer by forcing the cells to maintain a rounded morphology. While beneficial to 

chondrocytes, this technique did not seem to aid in the maintenance of fibrochondrocyte 

culture or in collagen and GAG production. The likely explanation for this is that 

fibrochondrocytes require more cell-cell interaction than chondrocytes. Agarose prevents 

this by encapsulating the cell. This is further supported by previous research that has 

shown that fibroblasts cultured in alginate gels demonstrate a marked decrease in 

collagen production. In contrast, PGA supported collagen and GAG production, though 

GAG content of scaffolds peaked at 3 wks and subsequently declined. The highly porous 

PGA likely allowed the fibroblasts their preferred morphology of spreading along fibers, 

but at the same time the high porosity could not retain GAGs produced within the matrix.
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While the aggregate modulus of the agarose was higher than that of the PGA at all times 

measured, it is likely only due to the persistent material properties of agarose, rather than 

matrix functionality, due to the low matrix synthesis within agarose constructs. The 

results of this study suggest that cell-cell adhesions are of high importance to culturing 

meniscal fibrochondrocytes. The rotating wall bioreactor was not found to aid 

significantly in matrix production or cell maintenance by 7 wks and thus was determined 

to be unnecessary for construct maintenance culture in subsequent studies.

A direct compression stimulation device (Chapter 5) was constructed in a manner 

such that it could perform both load-controlled as well as deformation-controlled studies. 

Both control methods had previously been used in mechanical stimulation studies, and 

neither modality has been shown to be definitively better than the other according to 

results in published literature. However, a problem that had been discussed in the 

literature was that of residual strain when using a load-controlled loading protocol. In 

this event, a small strain is retained from one cycle to the next, and the effect is additive 

until a steady state offset strain is achieved. This effect was not observed in deformation- 

controlled studies, as the deformation is held constant. Thus, for the purposes of 

validating this machine, deformation-control was chosen, though the machine had been 

designed to be able to employ both control methods. The direct compression stimulator 

was validated through two means. First, mechanical measurements were taken to ensure 

proper control and displacement of the stimulator. Secondly, a dynamic stimulation 

study was performed on articular cartilage explants, which would be comparable to 

previous work, and on meniscal explants, which, to our knowledge, has never been 

studied under a strain-controlled modality. The potentially beneficial loading regimens

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



1 9 5

used in validation were identified from an examination of previous work on mechanical 

stimulation of articular cartilage explants and constructs. The dynamically stimulated 

groups were compared to static cut thickness controls as well as free swelling controls. 

The results for aggrecan and collagen II expression in cartilage explants after 4 hrs in 

dynamic culture compared well to the previously published research examining 

radiolabeled sulfate and proline uptake during dynamic stimulation of articular cartilage 

explants.223 Interestingly, a static compression to cut thickness decreased col II and 

aggrecan expression, but a 2% dynamic oscillation returned expression to free-swelling 

levels. Cartilage response to stimuli thus also served to validate the direct compression 

machine. Mechanical stimulation did not appear to have any affect on lateral meniscal 

explants. The medial meniscus only exhibited a difference in aggrecan expression at 4 

hrs. Dynamic stimulation had no effect on col II expression in the medial meniscus. 

Thus, it was concluded that cartilage and meniscal explants respond differently to 

dynamic loading. This study also served to successfully validate the direct compression 

machine for future tissue-engineering studies by verifying both mechanical and biological 

response properties (as compared with articular cartilage explants).

One conclusion from Chapter 4 was that the ability to form cell-cell adhesions is 

critical for meniscal fibrochondrocytes. In addition, it was also observed that, while 

fibrochondrocytes did produce more matrix and maintained higher cell numbers on PGA, 

a mechanically functional tissue had not been formed by 7 wks of culture. Thus, other 

avenues of scaffold formation and usage were investigated (Chapter 6). One problem 

with tissue engineering approaches is that the use of a scaffold can potentially create 

problems. PGA, PLLA, Teflon, polyurethanes, and carbon fiber packed polymers have
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been used in attempts to tissue engineer the knee meniscus with varying degrees of 

success, though no viable clinical solution has yet been perfected. Possible complications 

deriving from the scaffold can include, inconsistent rates of degradation, toxicity of 

breakdown products, mechanical wear, and phenotypic alteration of cells (as observed 

with MFCs encapsulated in agarose). In an attempt to circumvent these problems, co

cultures of ACs and MFCs were employed in an attempt to tissue engineer the knee 

meniscus via a self-assembling process, which does not require the use of exogenous 

scaffolds. The first studies of meniscal SA were performed in an agarose-coated well 

that prevented attachments. While this methodology did produce SA constructs, the 

problem of contraction limited potential functional use.

Cells cause contractile forces through the cross-bridging interaction of actin and 

myosin filaments. When such forces are applied to a substrate, they are called traction 

forces and are the cause of wrinkles observed in gel and polymer scaffolds. It is believed 

that this behavior contributes to SA construct contraction. A technique was thus 

developed in Chapter 6 to counteract construct contraction. In an attempt to harness the 

differing properties of AC constructs (constructs expand over time) and MFC constructs 

(constructs contract over time), differing ratios of ACs:MFCs were seeded in a novel 

agarose mold at a seeding density of 23 million cells per mold. Over 4 wks, all cells from 

all five examined ratios (100AC:0MFC, 75AC:25MFC, 50AC:50MFC, 25AC:75MFC, 

and 0AC.100MFC) self-assembled, resulting in a co-culture technique that yields a 

spectrum of fibrocartilages with varying properties. These constructs exhibited a 

continuum of biomechanical and biochemical properties dependent upon the initial 

seeding ratio. For instance, the tensile modulus and UTS were proportional to the ratio of
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MFCs originally seeded. It was found that the 50AC:50MFC seeding ratio produced the 

construct with dimensions most closely resembling the original agarose mold.

In a disc geometry, traction forces may contract the construct toward the center. 

A hypothesis of Chapter 6 was that the placement of a non-adherent post in the center of 

an agarose mold, thus forming a ring shaped mold, may translate this contraction into a 

resultant hoop stress causing circumferential fiber alignment as seen in the native 

meniscus. Indeed, it was found that the ring-shaped mold produced meniscal constructs 

that formed large circumferential fibers characteristic of the native meniscus. This 

method of tissue formation is more advantageous for producing a meniscus than other 

potential tissue engineering methods in which the “correct” gross morphology could be 

carved from a disc or block of tissue as other methods would lack the correct 

circumferential fibers that give the meniscus its mechanical properties.

Having thus developed and validated a direct compression stimulator (Chapter 5) 

and identified a suitable construct choice (50AC:50MFC) and construct assembly method 

(Chapter 6), dynamic direct compression stimulation could be employed (Chapter 7). 

The upper loading platen of the dynamic stimulator was designed to interface with the 

novel meniscus shaped constructs so as to mimic in vivo loading conditions. In addition, 

the SA constructs were directly compared to constructs produced with a PGA scaffold. 

The finding in Chapter 6 that constructs appeared to form collagen fibers with a primarily 

circumferential directionality was tested for by radial and circumferential tensile 

mechanical testing. After 4 wks, samples were divided into dynamically stimulated or 

free swelling cultures for a further 4 wks of culture. After 4 wks of culture in the 

meniscus-specific mold, it was determined that PGA constructs lacked the mechanical
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integrity to undergo mechanical stimulation and were cultured only in free-swelling 

conditions. After 8 wks of culture, it was found that SA groups were 2 to 4 times stiffer 

and stronger than PGA constructs in tension. Likewise, free swelling constructs had 2 

times more collagen and 3 times more GAG than PGA constructs. Perhaps the most 

significant finding was that free swelling SA constructs were 3.4 times stiffer and 

stronger when pulled in the circumferential direction than when pulled in the radial 

direction, which strongly supported the finding that collagen fibers are primarily located 

in a circumferential direction. Mechanical stimulation was not found to have a positive 

effect on mechanical properties or matrix synthesis, likely due to tissue damage caused 

by overloading. It was concluded that before a loading regimen can be applied to tissue 

engineered constructs, sufficient mechanical integrity must be achieved. The loading 

regimen for this study was chosen from previous studies on articular cartilage constructs, 

which had demonstrated beneficial effects. The evidence of construct damage and lack 

of up-regulation of matrix or mechanical properties were further evidence that meniscal 

fibrochondrocytes respond to mechanical loading, but not necessarily in the same way as 

articular chondrocytes.

This research has laid the foundation for a tissue engineering approach to 

reconstitute the knee meniscus by developing a SA construct that exceeds the current 

gold standard, PGA-based constructs, for producing a meniscus specific construct. In 

addition to forming a gross morphology that mimics the native meniscus, it appears that 

the characteristic circumferential fibers are also reproduced. However, while this is an 

extremely promising finding, the mechanical properties of these constructs at 4 and 8 wks 

would not yet ensure success in an in vivo animal study. While mechanical stimulation
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was not successful in this study at up-regulating matrix production or mechanical 

properties, this finding does not automatically preclude future studies employing 

mechanical stimuli. It may be necessary to increase the mechanical properties of the 

tissue engineered construct prior to dynamic stimulation through either longer times in 

culture prior to loading or through growth factor application (as reviewed in Chapter 3) to 

further augment matrix production and organization. To date, numerous dynamic loading 

studies have been performed, and, as discussed in Chapter 1, the results are anything but 

conclusive. Now that a mechanically viable construct has been developed with the self- 

assembly method, a future study must more thoroughly examine the effects of frequency, 

strain, stimulation duration, duty cycle, growth factors and optimized cell sources with 

the goal of establishing a loading regimen that produces more matrix and greater 

mechanical properties than free swelling controls.

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



200

References
1. Abrahamsson, S.O., Similar effects o f recombinant human insulin-like growth 

factor-I and Hon cellular activities in flexor tendons o f young rabbits: 
experimental studies in vitro. J Orthop Res, 1997. 15(2): p. 256-62.

2. Abrahamsson, S.O. and S. Lohmander, Differential effects o f insulin-like 
growth factor-1 on matrix and DNA synthesis in various regions and types o f  
rabbit tendons. J Orthop Res, 1996. 14(3): p. 370-6.

3. Adams, M.E., and Huckins, D.W.L., The extracellular matrix o f  the meniscus., 
in Knee Mensicus: Basic and Clinical Foundations., V.C. Mow, Amoczky, 
S.P., and Jackson, D. W., Editor. 1992, Raven Press: New York. p. 15.

4. Adams, M.E. and H. Muir, The glycosaminoglycans o f canine menisci. 
Biochem J, 1981. 197(2): p. 385-9.

5. Ahmed, A.M., The Load-Bearing Role o f the Knee Meniscus, in Knee 
meniscus: basic and clinical foundations, V.C. Mow, S.P. Amoczky, and D.W. 
Jackson, Editors. 1992, Raven Press: New York. p. 59-73.

6. Alberts, B., Molecular biology o f the cell. 4th ed. 2002, New York: Garland 
Science, cm.

7. Alberts, B., Essential cell biology. 2nd ed. 2004, New York, NY: Garland 
Science Pub. xxi, 740, [102].

8. Almarza, A.J. and K.A. Athanasiou, Design characteristics for the tissue 
engineering o f  cartilaginous tissues. Ann Biomed Eng, 2004. 32(1): p. 2-17.

9. Anderson, D.R., S.L. Woo, M.K. Kwan, and D.H. Gershuni, Viscoelastic shear 
properties o f the equine medial meniscus. J Orthop Res, 1991. 9(4): p. 550-8.

10. Anderson, M.W., MR imaging o f  the meniscus. Radiol Clin North Am, 2002. 
40(5): p. 1081-94.

11. Angele, P., J.U. Yoo, C. Smith, J. Mansour, K.J. Jepsen, M. Nerlich, and B. 
Johnstone, Cyclic hydrostatic pressure enhances the chondrogenic phenotype 
o f human mesenchymal progenitor cells differentiated in vitro. J Orthop Res, 
2003. 21(3): p. 451-7.

12. Antoniades, H.N. and C.D. Scher, Radioimmunoassay o f a human serum 
growth factor for Balb/c-3T3 cells: derivation from platelets. Proc Natl Acad 
Sci U S A ,  1977. 74(5): p. 1973-7.

13. Athanasiou, K.A., A. Agarwal, and F.J. Dzida, Comparative study o f the 
intrinsic mechanical properties o f the human acetabular and femoral head 
cartilage. J Orthop Res, 1994. 12(3): p. 340-9.

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



201

14. Athanasiou, K.A., A.R. Shah, R.J. Hernandez, and R.G. LeBaron, Basic 
science o f articular cartilage repair. Clin Sports Med, 2001. 20(2): p. 223-47.

15. Aufderheide, A.C. and K.A. Athanasiou, Mechanical stimulation toward tissue 
engineering o f the knee meniscus. Ann Biomed Eng, 2004. 32(8): p. 1161-74.

16. Aufderheide, A.C. and K.A. Athanasiou, Comparison o f scaffolds and culture
conditions for tissue engineering o f the knee meniscus. Tissue Eng, 2005. 11(7- 
8): p. 1095-104.

17. Aufderheide, A.C. and K.A. Athanasiou, A direct compression stimulator for
articular cartilage and meniscal explants. Ann Biomed Eng, Accepted 2006.

18. Aufderheide, A.C. and K.A. Athanasiou, A co-culture self-assembly method for
growing knee meniscus constructs. Tissue Eng, Submitted 2006.

19. Awad, H.A., D.L. Butler, M.T. Harris, R.E. Ibrahim, Y. Wu, R.G. Young, S.
Kadiyala, and G.P. Boivin, In vitro characterization o f mesenchymal stem cell- 
seeded collagen scaffolds for tendon repair: effects o f initial seeding density on 
contraction kinetics. J Biomed Mater Res, 2000. 51(2): p. 233-40.

20. Bachrach, N.M., V.C. Mow, and F. Guilak, Incompressibility o f the solid 
matrix o f articular cartilage under high hydrostatic pressures. J Biomech,
1998. 31(5): p. 445-51.

21. Banes, A.J., M. Tsuzaki, P. Hu, B. Brigman, T. Brown, L. Almekinders, W.T. 
Lawrence, and T. Fischer, PDGF-BB, IGF-I and mechanical load stimulate 
DNA synthesis in avian tendon fibroblasts in vitro. J Biomech, 1995. 28(12): p. 
1505-13.

22. Basilico, C. and D. Moscatelli, The FGFfamily o f growth factors and 
oncogenes. Adv Cancer Res, 1992. 59: p. 115-65.

23. Benjamin, M. and J.R. Ralphs, Fibrocartilage in tendons and ligaments—an 
adaptation to compressive load. J Anat, 1998. 193 ( Pt 4): p. 481-94.

24. Benjamin, M. and J.R. Ralphs, The cell and developmental biology o f tendons 
and ligaments. Int Rev Cytol, 2000. 196: p. 85-130.

25. Benya, P.D. and J.D. Shaffer, Dedifferentiated chondrocytes reexpress the 
differentiated collagen phenotype when cultured in agarose gels. Cell, 1982. 
30(1): p. 215-24.

26. Berry, C.C., C. Cacou, D.A. Lee, D.L. Bader, and J.C. Shelton, Dermal 
fibroblasts respond to mechanical conditioning in a strain profile dependent 
manner. Biorheology, 2003. 40(1-3): p. 337-45.

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



202

27. Bhargava, M.M., E.T. Attia, G.A. Murrell, M.M. Dolan, R.F. Warren, and J.A. 
Hannafin, The effect o f cytokines on the proliferation and migration o f bovine 
meniscal cells. Am J Sports Med, 1999. 27(5): p. 636-43.

28. Bonassar, L.J., A.J. Grodzinsky, E.H. Frank, S.G. Davila, N.R. Bhaktav, and 
S.B. Trippel, The effect o f  dynamic compression on the response o f articular 
cartilage to insulin-like growth factor-I. J Orthop Res, 2001. 19(1): p. 11-7.

29. Bonin, P.D. and J.P. Singh, Modulation o f interleukin-1 receptor expression 
and interleukin-1 response in fibroblasts by platelet-derived growth factor. J 
Biol Chem, 1988. 263(23): p. 11052-5.

30. Boyd, K.T. and P.T. Myers, Meniscus preservation; rationale, repair 
techniques and results. Knee, 2003. 10(1): p. 1-11.

31. Burgess, W.H. and T. Maciag, The heparin-binding (fibroblast) growth factor 
family o f proteins. Annu Rev Biochem, 1989. 58: p. 575-606.

32. Burton-Wurster, N., M. Vemier-Singer, T. Farquhar, and G. Lust, Effect o f  
compressive loading and unloading on the synthesis o f  total protein, 
proteoglycan, andfibronectin by canine cartilage explants. J Orthop Res,
1993. 11(5): p. 717-29.

33. Buschmann, M.D., Y.A. Gluzband, A.J. Grodzinsky, and E.B. Hunziker, 
Mechanical compression modulates matrix biosynthesis in 
chondrocyte/agarose culture. J Cell Sci, 1995. 108 ( Pt 4): p. 1497-508.

34. Buschmann, M.D., Y.A. Gluzband, A.J. Grodzinsky, J.H. Kimura, and E.B. 
Hunziker, Chondrocytes in agarose culture synthesize a mechanically 
functional extracellular matrix. J Orthop Res, 1992. 10(6): p. 745-58.

35. Buschmann, M.D., E.B. Hunziker, Y.J. Kim, A.J. Grodzinsky, and U.o.B.S. M 
E Mueller Institute for Biomechanics, Altered aggrecan synthesis correlates 
with cell and nucleus structure in statically compressed cartilage. Journal of 
cell science., 1996. 109(Pt 2): p. 499-508.

36. Bussolari, S.R., C.F. Dewey, Jr., and M.A. Gimbrone, Jr., Apparatus for 
subjecting living cells to fluid shear stress. Rev Sci Instrum, 1982. 53(12): p. 
1851-4.

37. Butler, D.L., E.S. Grood, F.R. Noyes, and R.F. Zemicke, Biomechanics o f  
ligaments and tendons. Exerc Sport Sci Rev, 1978. 6: p. 125-81.

38. Bylski-Austrow, D.I., M.J. Ciarelli, D.C. Kayner, L.S. Matthews, and S.A. 
Goldstein, Displacements o f the menisci under joint load: an in vitro study in 
human knees. J Biomech, 1994. 27(4): p. 421-31.

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



2 0 3

39. Carver, S.E. and C.A. Heath, Increasing extracellular matrix production in 
regenerating cartilage with intermittent physiological pressure. Biotechnol 
Bioeng, 1999. 62(2): p. 166-74.

40. Carver, S.E. and C.A. Heath, Semi-continuous perfusion system for delivering 
intermittent physiological pressure to regenerating cartilage. Tissue Eng,
1999. 5(1): p. 1-11.

41. Chaipinyo, K., B.W. Oakes, and M.P. van Damme, Effects o f growth factors 
on cell proliferation and matrix synthesis o f low-density, primary bovine 
chondrocytes cultured in collagen I  gels. J Orthop Res, 2002. 20(5): p. 1070-8.

42. Chen, A.C., V.W. Wong, and R.L. Sah. Maturation dependent biomechanical 
properties o f bovine meniscus, in 48th Annual meeting o f the Orthopaedic 
Research Society. 2002. Dallas, TX.

43. Cheung, H.S., Distribution o f type I, II, III and V in the pepsin solubilized 
collagens in bovine menisci. Connect Tissue Res, 1987. 16(4): p. 343-56.

44. Collier, S. and P. Ghosh, Effects o f transforming growth factor beta on 
proteoglycan synthesis by cell and explant cultures derivedfrom the knee joint 
meniscus. Osteoarthritis Cartilage, 1995. 3(2): p. 127-38.

45. Conover, C.A., Regulation and physiological role o f insulin-like growth factor 
binding proteins. Endocr J, 1996. 43 Suppl: p. S43-8.

46. Copray, J.C., H.W. Jansen, and H.S. Duterloo, Effects o f compressive forces on 
proliferation and matrix synthesis in mandibular condylar cartilage o f the rat 
in vitro. Arch Oral Biol, 1985. 30(4): p. 299-304.

47. Cox, J.S., C.E. Nye, W.W. Schaefer, and I.J. Woodstein, The degenerative 
effects ofpartial and total resection o f the medial meniscus in dogs' knees. Clin 
Orthop, 1975. 109: p. 178-83.

48. Crabb, I.D., R.J. O'Keefe, J.E. Puzas, and R.N. Rosier, Synergistic effect o f  
transforming growth factor beta and fibroblast growth factor on DNA 
synthesis in chick growth plate chondrocytes. J Bone Miner Res, 1990. 5(11): 
p. 1105-12.

49. Dahlgren, L.A., H.O. Mohammed, and A.J. Nixon, Temporal expression o f  
growth factors and matrix molecules in healing tendon lesions. J Orthop Res, 
2005. 23(1): p. 84-92.

50. Darling, E.M. and K.A. Athanasiou, Articular cartilage bioreactors and 
bioprocesses. Tissue Eng, 2003. 9(1): p. 9-26.

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



2 0 4

51. Davisson, T., R.L. Sah, and A. Ratcliffe, Perfusion increases cell content and 
matrix synthesis in chondrocyte three-dimensional cultures. Tissue Eng, 2002. 
8(5): p. 807-16.

52. de Groot, J.H., R. de Vrijer, A.J. Pennings, J. Klompmaker, R.P. Veth, and
H.W. Jansen, Use ofporous polyurethanes for meniscal reconstruction and 
meniscalprostheses. Biomaterials, 1996. 17(2): p. 163-73.

53. de Groot, J.H., F.M. Zijlstra, H.W. Kuipers, A.J. Pennings, J. Klompmaker, 
R.P. Veth, and H.W. Jansen, Meniscal tissue regeneration in porous 50/50 
copoly(L-lactide/epsilon-caprolactonej implants. Biomaterials, 1997. 18(8): p. 
613-22.

54. Demarquay, D., M.F. Dumontier, L. Tsagris, J. Bourguignon, V. Nataf, and
M.T. Corvol, In vitro insulin-like growth factor I  interaction with cartilage 
cells derived from postnatal animals. Horm Res, 1990. 33(2-4): p. 111-4; 
discussion 115.

55. DesRosiers, E.A., L. Yahia, and C.H. Rivard, Proliferative and matrix 
synthesis response o f  canine anterior cruciate ligament fibroblasts submitted 
to combined growth factors. J Orthop Res, 1996. 14(2): p. 200-8.

56. Detamore, M.S. and K.A. Athanasiou, Structure andfunction o f the
temporomandibular joint disc: implications for tissue engineering. J Oral 
Maxillofac Surg, 2003. 61(4): p. 494-506.

57. DiBattista, J.A., S. Dore, N. Morin, and T. Abribat, Prostaglandin E2 up-
regulates insulin-like growth factor binding protein-3 expression and synthesis 
in human articular chondrocytes by a c-AMP-independent pathway: role o f  
calcium and protein kinase A and C. J Cell Biochem, 1996. 63(3): p. 320-33.

58. Discher, D.E., P. Janmey, and Y.L. Wang, Tissue cells feel and respond to the 
stiffness o f their substrate. Science, 2005. 310(5751): p. 1139-43.

59. Djurasovic, M., J.W. Aldridge, R. Grumbles, M.P. Rosenwasser, D. Howell, 
and A. Ratcliffe, Knee joint immobilization decreases aggrecan gene 
expression in the meniscus. Am J Sports Med, 1998. 26(3): p. 460-6.

60. Dore, S., J.P. Pelletier, J.A. DiBattista, G. Tardif, P. Brazeau, and J. Martel- 
Pelletier, Human osteoarthritic chondrocytes possess an increased number o f  
insulin-like growth factor 1 binding sites but are unresponsive to its 
stimulation. Possible role o f IGF-1 -bindingproteins. Arthritis Rheum, 1994. 
37(2): p. 253-63.

61. Dowdy, P.A., A. Miniaci, S.P. Amoczky, P.J. Fowler, and D.R. Boughner, The 
effect o f cast immobilization on meniscal healing. An experimental study in the 
dog. Am J Sports Med, 1995. 23(6): p. 721-8.

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



2 0 5

62. Elder, S.H., J.H. Kimura, L.J. Soslowsky, M. Lavagnino, and S.A. Goldstein, 
Effect o f compressive loading on chondrocyte differentiation in agarose 
cultures o f chick limb-bud cells. J Orthop Res, 2000. 18(1): p. 78-86.

63. Elford, P.R. and S.W. Lamberts, Contrasting modulation by transforming 
growth factor-beta-1 o f insulin-like growth factor-I production in osteoblasts 
and chondrocytes. Endocrinology, 1990. 127(4): p. 1635-9.

64. Elliott, D.M., P.S. Robinson, J.A. Gimbel, J.J. Sarver, J.A. Abboud, R.V.
Iozzo, and L.J. Soslowsky, Effect o f altered matrix proteins on quasilinear 
viscoelastic properties in transgenic mouse tail tendons. Ann Biomed Eng, 
2003.31(5): p. 599-605.

65. Ertl, W., C. Paulino, R. Manji, and D. Grande. Successful meniscal repair 
utilizing meniscal tissue engineered constructs: one year results, in Trans 
Orop Res Soc. 1996.

66. Evanko, S.P. and K.G. Vogel, Ultrastructure and proteoglycan composition in 
the developing fibrocartilaginous region o f  bovine tendon. Matrix, 1990. 10(6): 
p. 420-36.

67. Evanko, S.P. and K.G. Vogel, Proteoglycan synthesis in fetal tendon is 
differentially regulated by cyclic compression in vitro. Arch Biochem Biophys, 
1993. 307(1): p. 153-64.

68. Eyre, D.R. and H. Muir, The distribution o f different molecular species o f  
collagen in fibrous, elastic and hyaline cartilages o f the pig. Biochem J, 1975. 
151(3): p. 595-602.

69. Eyre, D.R. and J.J. Wu, Collagen o f fibrocartilage: a distinctive molecular 
phenotype in bovine meniscus. FEBS Lett, 1983. 158(2): p. 265-70.

70. Falsafi, S. and R.J. Koch, Growth o f  tissue-engineered human nasoseptal 
cartilage in simulated microgravity. Arch Otolaryngol Head Neck Surg, 2000. 
126(6): p. 759-65.

71. Ferretti, M., S. Madhavan, J. Deschner, B. Rath-Deschner, E. Wypasek, and S.
Agarwal, Dynamic Biophysical Strain Modulates Proinflammatory Gene 
Induction In Meniscal Fibrochondrocytes. Am J Physiol Cell Physiol, 2006.

72. Fithian, D.C., M.A. Kelly, and V.C. Mow, Material properties and structure- 
function relationships in the menisci. Clin Orthop, 1990(252): p. 19-31.

73. Fithian, D.C., M.B. Schmidt, A. Ratcliffe, and V.C. Mow, Human meniscus 
tensile properties: regional variation and biochemical correlation.
Transactions of the Orthopaedic Research Society, 1989. 14: p. 205.

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



2 0 6

74. Foley, T.P., Jr., S.P. Nissley, R.L. Stevens, G.L. King, V.C. Hascall, R.E. 
Humbel, P. A. Short, and M.M. Rechler, Demonstration o f  receptors for insulin 
and insulin-like growth factors on Swarm rat chondrosarcoma chondrocytes. 
Evidence that insulin stimulates proteoglycan synthesis through the insulin 
receptor. J Biol Chem, 1982. 257(2): p. 663-9.

75. Frank, E.H., M. Jin, A.M. Loening, M.E. Levenston, and A.J. Grodzinsky, A 
versatile shear and compression apparatus for mechanical stimulation o f  
tissue culture explants. J Biomech, 2000. 33(11): p. 1523-7.

76. Freed, L.E., A.P. Hollander, I. Martin, J.R. Barry, R. Langer, and G. Vunjak- 
Novakovic, Chondrogenesis in a cell-polymer-bioreactor system. Experimental 
Cell Research, 1998. 240(1): p. 58-65.

77. Freed, L.E., G. Vunjak-Novakovic, and R. Langer, Cultivation o f cell-polymer 
cartilage implants in bioreactors. J Cell Biochem, 1993. 51(3): p. 257-64.

78. Fu, F.H. and W.O. Thompson, Chapter 9: biomechanics and kinematics o f  
meniscus, in Biology and Biomechanics o f the Trumatized Synovial Joint: The 
Knee as a Model, G.A.M. Finerman and F.R. Noyes, Editors. 1992, American 
Academy of Orthopaedic Surgeons: Rosemont. p. 153-183.

79. Galzie, Z., A.R. Kinsella, and J.A. Smith, Fibroblast growth factors and their 
receptors. Biochem Cell Biol, 1997. 75(6): p. 669-85.

80. Gao, J., Immunolocalization o f  types I, II, and X  collagen in the tibial insertion 
sites o f the medial meniscus. Knee Surg Sports Traumatol Arthrosc, 2000. 8(1): 
p. 61-5.

81. Ghadially, F.N., J.M. Lalonde, and J.H. Wedge, Ultrastructure o f normal and 
torn menisci o f the human knee joint. J Anat, 1983. 136(Pt 4): p. 773-91.

82. Ghadially, F.N., I. Thomas, N. Yong, and J.M. Lalonde, Ultrastructure o f  
rabbit semilunar cartilages. J Anat, 1978. 125(3): p. 499-517.

83. Gooch, K.J., T. Blunk, D.L. Courter, A.L. Sieminski, P.M. Bursae, G. Vunjak- 
Novakovic, and L.E. Freed, IGF-I and mechanical environment interact to 
modulate engineered cartilage development. Biochem Biophys Res Commun, 
2001.286(5): p. 909-15.

84. Goodman, S.A., S.A. May, D. Heinegard, and R.K. Smith, Tenocyte response 
to cyclical strain and transforming growth factor beta is dependent upon age 
and site o f origin. Biorheology, 2004. 41(5): p. 613-28.

85. Goodwin, T.J., T.L. Prewett, D.A. Wolf, and G.F. Spaulding, Reduced shear 
stress: a major component in the ability o f mammalian tissues to form three- 
dimensional assemblies in simulated microgravity. J Cell Biochem, 1993. 
51(3): p. 301-11.

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



2 0 7

86. Gray, M.L., A.M. Pizzanelli, R.C. Lee, A.J. Grodzinsky, and D.A. Swann, 
Kinetics o f  the chondrocyte biosynthetic response to compressive load and 
release. Biochim Biophys Acta, 1989. 991(3): p. 415-25.

87. Green, W.T., Jr., Behavior o f articular chondrocytes in cell culture. Clin 
Orthop, 1971. 75: p. 248-60.

88. Griffin, L.Y., J. Agel, M.J. Albohm, E.A. Arendt, R.W. Dick, W.E. Garrett, 
J.G. Garrick, T.E. Hewett, L. Huston, M.L. Ireland, R.J. Johnson, W.B. Kibler,
S. Lephart, J.L. Lewis, T.N. Lindenfeld, B.R. Mandelbaum, P. Marchak, C.C. 
Teitz, and E.M. Wojtys, Noncontact anterior cruciate ligament injuries: risk 
factors and prevention strategies. J Am Acad Orthop Surg, 2000. 8(3): p. 141-
50.

89. Grodzinsky, A.J., M.E. Levenston, M. Jin, and E.H. Frank, Cartilage tissue 
remodeling in response to mechanical forces. Annu Rev Biomed Eng, 2000. 2: 
p. 691-713.

90. Gronblad, M., O. Korkala, P. Liesi, and E. Karaharju, Innervation o f synovial 
membrane and meniscus. Acta Orthop Scand, 1985. 56(6): p. 484-6.

91. Guenther, H.L., H.E. Guenther, E.R. Froesch, and H. Fleisch, Effect o f insulin
like growth factor on collagen and glycosaminoglycan synthesis by rabbit 
articular chondrocytes in culture. Experientia, 1982. 38(8): p. 979-81.

92. Gueme, P. A., A. Sublet, and M. Lotz, Growth factor responsiveness o f human 
articular chondrocytes: distinct profiles in primary chondrocytes, subcultured 
chondrocytes, and fibroblasts. J Cell Physiol, 1994. 158(3): p. 476-84.

93. Hall, A.C., J.P. Urban, and K.A. Gehl, The effects o f hydrostatic pressure on 
matrix synthesis in articular cartilage. J Orthop Res, 1991. 9(1): p. 1-10.

94. Hansen, U., M. Schunke, C. Domm, N. Ioannidis, J. Hassenpflug, T. Gehrke, 
and B. Kurz, Combination o f reduced oxygen tension and intermittent 
hydrostatic pressure: a useful tool in articular cartilage tissue engineering. J 
Biomech, 2001. 34(7): p. 941-9.

95. Haraldsson, B.T., P. Aagaard, M. Krogsgaard, T. Alkjaer, M. Kjaer, and S.P. 
Magnusson, Region-specific mechanical properties o f the human patella 
tendon. J Appl Physiol, 2005. 98(3): p. 1006-12.

96. Hashimoto, J., M. Kurosaka, S. Yoshiya, and K. Hirohata, Meniscal repair 
using fibrin sealant and endothelial cell growth factor. An experimental study 
in dogs. Am J Sports Med, 1992. 20(5): p. 537-41.

97. Heinemeier, K., H. Langberg, J.L. Olesen, and M. Kjaer, Role ofTGF-betal in 
relation to exercise-induced type I  collagen synthesis in human tendinous 
tissue. J Appl Physiol, 2003. 95(6): p. 2390-7.

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



2 0 8

98. Hellio Le Graverand, M.P., Y. Ou, T. Schield-Yee, L. Barclay, D. Hart, T. 
Natsume, and J.B. Rattner, The cells o f the rabbit meniscus: their arrangement, 
interrelationship, morphological variations and cytoarchitecture. J Anat, 2001. 
198(Pt 5): p. 525-35.

99. Herwig, J., E. Egner, and E. Buddecke, Chemical changes o f human knee joint 
menisci in various stages o f degeneration. Ann Rheum Dis, 1984. 43(4): p. 
635-40.

100. Hoben, G.M., J.C. Hu, R.A. James, and K.A. Athanasiou, Self assembly o f 
fibrochondrocytes and chondrocytes for tissue engineering o f  the knee 
meniscus. Tissue Eng, Submitted 2006.

101. Hodge, W.A., R.S. Fijan, K.L. Carlson, R.G. Burgess, W.H. Harris, and R.W. 
Mann, Contact pressures in the human hip joint measured in vivo. Proc Natl 
Acad Sci U S A ,  1986. 83(9): p. 2879-83.

102. Hoshino, A. and W.A. Wallace, Impact-absorbing properties o f the human 
knee. J Bone Joint Surg Br, 1987. 69(5): p. 807-11.

103. Hsieh, A.H., R.L. Sah, K.L. Paul Sung, and U.o.C.S.D.L.J.U.S.A. Department 
of Bioengineering, Biomechanical regulation o f type I  collagen gene 
expression in ACLs in organ culture. Journal of orthopaedic research : official 
publication of the Orthopaedic Research Society., 2002. 20(2): p. 325-31.

104. Hu, J.C. and K.A. Athanasiou, A self-assembling process in articular cartilage 
tissue engineering. Tissue Eng, 2006. 12(4): p. 969-79.

105. Hu, J.C.Y. and K. Athanasiou, Chapter 4: Structure and Function o f Articular 
Cartilage, in Handbook o f  histology methods for bone and cartilage, Y.H. An 
and K.L. Martin, Editors. 2003, Humana Press: Totowa, NJ. p. xviii, 587.

106. Hung, C.T., R.L. Mauck, C.C. Wang, E.G. Lima, and G.A. Ateshian, A 
paradigm for functional tissue engineering o f articular cartilage via applied 
physiologic deformational loading. Ann Biomed Eng, 2004. 32(1): p. 35-49.

107. Hunter, C.J., S.M. Imler, P. Malaviya, R.M. Nerem, and M.E. Levenston, 
Mechanical compression alters gene expression and extracellular matrix 
synthesis by chondrocytes cultured in collagen I  gels. Biomaterials, 2002. 
23(4): p. 1249-59.

108. Hunter, C.J., J.K. Mouw, and M.E. Levenston, Dynamic compression o f  
chondrocyte-seeded fibrin gels: effects on matrix accumulation and 
mechanical stiffness. Osteoarthritis Cartilage, 2004. 12(2): p. 117-30.

109. Ibarra, C., Y. Cao, C.A. Vacanti, J. Willoughby, R. Rivas, N. Isogai, A. 
Rodriguez, T. Hoseinzadeh, T.H. Kim, C. Soo Hoo, F. Shapiro, R.F. Warren,

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



2 0 9

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

and J.P. Vacanti, Transplantation o f tissue engineered meniscus in sheep. 
Transactions of the Orthopaedic Research Society, 1998. 23: p. 293.

Ibarra, C., J. Ellisseff, J.P. Vacanti, Y. Cao, T.H. Kim, J. Upton, R. Langer, 
and C.A. Vacanti, Meniscal tissue engineered by subcutaneous implantation o f  
fibrochondrocytes on polymer develops biomechanical compressive properties 
similar to normal meniscus. Transactions of the Orthopaedic Research Society, 
1997. 22: p. 549.

Ibarra, C., C. Hidaka, J.A. Hannafin, T. P.A., and R.F. Warren, Tissue 
engineered repair o f canine meniscus explants in vitro and in a nude mice 
model. Transactions of the Orthopaedic Research Society, 1998. 23: p. 148.

Ibarra, C., J.A. Koski, and R.F. Warren, Tissue engineering meniscus: cells 
and matrix. Orthop Clin North Am, 2000. 31(3): p. 411-8.

Imler, S.M., A.N. Doshi, and M.E. Levenston, Combined effects o f  growth 
factors and static mechanical compression on meniscus explant biosynthesis. 
Osteoarthritis Cartilage, 2004. 12(9): p. 736-44.

Imler, S.M., E.J. Vanderploeg, C.J. Hunter, and M.E. Levenston. IGF-I 
stimulation o f meniscal biosynthesis, in 48th Annual Meeting o f the 
Orthopaedic Research Society. 2002. Dallas, TX.

Iozzo, R.V., Matrix proteoglycans: from molecular design to cellular function. 
Annu Rev Biochem, 1998. 67: p. 609-52.

Ishikawa, O., E.C. LeRoy, and M. Trojanowska, Mitogenic effect o f  
transforming growth factor beta 1 on human fibroblasts involves the induction 
o f platelet-derived growth factor alpha receptors. J Cell Physiol, 1990. 145(1):
p. 181-6.

Jin, G., R.L. Sah, Y.S. Li, M. Lotz, J.Y. Shyy, and S. Chien, Biomechanical 
regulation o f matrix metalloproteinase-9 in cultured chondrocytes. J Orthop 
Res, 2000. 18(6): p. 899-908.

Jin, M., G.R. Emkey, P. Siparsky, S.B. Trippel, and A.J. Grodzinsky, 
Combined effects o f dynamic tissue shear deformation and insulin-like growth 
factor I  on chondrocyte biosynthesis in cartilage explants. Arch Biochem 
Biophys, 2003. 414(2): p. 223-31.

Jin, M., E.H. Frank, T.M. Quinn, E.B. Hunziker, and A.J. Grodzinsky, Tissue 
shear deformation stimulates proteoglycan and protein biosynthesis in bovine 
cartilage explants. Arch Biochem Biophys, 2001. 395(1): p. 41-8.

Joshi, M.D., J.K. Suh, T. Marui, and S.L. Woo, Interspecies variation o f  
compressive biomechanical properties o f the meniscus. J Biomed Mater Res,
1995. 29(7): p. 823-8.

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



210

121. Jozsa, L.G. and P. Kannus, Human tendons : anatomy, physiology, and 
pathology. 1997, Champaign, IL: Human Kinetics, ix, 574.

122. Kanematsu, A., A. Marui, S. Yamamoto, M. Ozeki, Y. Hirano, M. Yamamoto,
O. Ogawa, M. Komeda, and Y. Tabata, Type I  collagen can function as a 
reservoir o f basic fibroblast growth factor. J Control Release, 2004. 99(2): p. 
281-92.

123. Kavanagh, E., D.E. Ashhurst, and S.G.s.H.M.S.T.L.U.K. Department of 
Anatomy, Distribution o f biglycan and decorin in collateral and cruciate 
ligaments and menisci o f the rabbit knee joint. The journal of histochemistry 
and cytochemistry : official journal of the Histochemistry Society., 2001. 
49(7): p. 877-85.

124. Kelly, T.A., C.C. Wang, R.L. Mauck, G.A. Ateshian, and C.T. Hung, Role o f  
cell-associated matrix in the development o f  free-swelling and dynamically 
loaded chondrocyte-seeded agarose gels. Biorheology, 2004. 41(3-4): p. 223-
37.

125. Kessler, D., S. Dethlefsen, I. Haase, M. Plomann, F. Hirche, T. Krieg, and B. 
Eckes, Fibroblasts in mechanically stressed collagen lattices assume a 
"synthetic"phenotype. J Biol Chem, 2001. 276(39): p. 36575-85.

126. Kim, S.G., T. Akaike, T. Sasagaw, Y. Atomi, and H. Kurosawa, Gene 
expression o f type la n d  type III collagen by mechanical stretch in anterior 
cruciate ligament cells. Cell Struct Funct, 2002. 27(3): p. 139-44.

127. Kim, Y.J., R.L. Sah, A.J. Grodzinsky, A.H. Plaas, and J.D. Sandy, Mechanical 
regulation o f  cartilage biosynthetic behavior: physical stimuli. Arch Biochem 
Biophys, 1994. 311(1): p. 1-12.

128. King, D., The function o f semilunar cartilages. Journal of Bone and Joint 
Surgery, 1936. 18(4): p. 1069-1076.

129. Kiviranta, I., J. Jurvelin, M. Tammi, A.M. Saamanen, and H.J. Helminen, 
Weight bearing controls glycosaminoglycan concentration and articular 
cartilage thickness in the knee joints o f young beagle dogs. Arthritis Rheum,
1987. 30(7): p. 801-9.

130. Kiviranta, I., M. Tammi, J. Jurvelin, A.M. Saamanen, and H.J. Helminen, 
Moderate running exercise augments glycosaminoglycans and thickness o f  
articular cartilage in the knee joint o f young beagle dogs. J Orthop Res, 1988. 
6(2): p. 188-95.

131. Klompmaker, J., H.W. Jansen, R.P. Veth, H.K. Nielsen, J.H. de Groot, and 
A.J. Pennings, Porous implants for knee joint meniscus reconstruction: a 
preliminary study on the role o f pore sizes in ingrowth and differentiation o f  
fibrocartilage. Clin Mater, 1993. 14(1): p. 1-11.

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



211

132. Knight, M.M., D.A. Lee, and D.L. Bader, The influence o f  elaborated 
pericellular matrix on the deformation o f isolated articular chondrocytes 
cultured in agarose. Biochim Biophys Acta, 1998. 1405(1-3): p. 67-77.

133. Koob, T.J., P.E. Clark, D.J. Hernandez, F.A. Thurmond, and K.G. Vogel, 
Compression loading in vitro regulates proteoglycan synthesis by tendon 
fibrocartilage. Arch Biochem Biophys, 1992. 298(1): p. 303-12.

134. Koski, J.A., C. Ibarra, S. A. Rodeo, and R.F. Warren, Meniscal injury and 
repair: clinical status. Orthop Clin North Am, 2000. 31(3): p. 419-36.

135. Krause, W.R., M.H. Pope, R.J. Johnson, and D.G. Wilder, Mechanical changes 
in the knee after meniscectomy. J Bone Joint Surg Am, 1976. 58(5): p. 599- 
604.

136. Kusayama, T., C.D. Hamer, G.J. Carlin, J.W. Xerogeanes, and B.A. Smith, 
Anatomical and biomechanical characteristics o f human meniscofemoral 
ligaments. Knee Surg Sports Traumatol Arthrosc, 1994. 2(4): p. 234-7.

137. Larsson, T., R.M. Aspden, and D. Heinegard, Effects o f mechanical load on 
cartilage matrix biosynthesis in vitro. Matrix, 1991. 11(6): p. 388-94.

138. Lee, C.R., A.J. Grodzinsky, and M. Spector, Biosynthetic response o f  passaged 
chondrocytes in a type II collagen scaffold to mechanical compression. J 
Biomed Mater Res, 2003. 64A(3): p. 560-9.

139. Lee, D.A. and D.L. Bader, Compressive strains at physiological frequencies 
influence the metabolism o f chondrocytes seeded in agarose. J Orthop Res,
1997. 15(2): p. 181-8.

140. Lee, D.A., T. Noguchi, S.P. Frean, P. Lees, and D.L. Bader, The influence o f  
mechanical loading on isolated chondrocytes seeded in agarose constructs. 
Biorheology, 2000. 37(1-2): p. 149-61.

141. Leipzig, N.D. and K.A. Athanasiou, Cartilage Regeneration, in Encyclopedia 
o f Biomaterials and Biomedical Engineering. 2004, Marcel Dekker, Inc.: New 
York. p. 283-291.

142. Levin, A.S., C.T. Chen, and P.A. Torzilli, Effect o f tissue maturity on cell 
viability in load-injured articular cartilage explants. Osteoarthritis Cartilage, 
2005. 13(6): p. 488-96.

143. Li, K.W., A.S. Wang, and R.L. Sah, Microenvironment regulation o f  
extracellular signal-regulated kinase activity in chondrocytes: effects o f  
culture configuration, interleukin-1, and compressive stress. Arthritis Rheum, 
2003. 48(3): p. 689-99.

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



212

144. Li, K.W., A.K. Williamson, A.S. Wang, and R.L. Sah, Growth responses o f  
cartilage to static and dynamic compression. Clin Orthop, 2001(391 Suppl): p. 
S34-48.

145. Lietman, S.A., W. Hobbs, N. Inoue, and A.H. Reddi, Effects o f  selected growth 
factors on porcine meniscus in chemically defined medium. Orthopedics, 2003. 
26(8): p. 799-803.

146. Lo, M.Y. and H.T. Kim, Chondrocyte apoptosis induced by collagen 
degradation: inhibition by caspase inhibitors and IGF-1. J Orthop Res, 2004. 
22(1): p. 140-4.

147. Lucchinetti, E., C.S. Adams, W.E. Horton, Jr., and P.A. Torzilli, Cartilage 
viability after repetitive loading: a preliminary report. Osteoarthritis Cartilage,
2002. 10(1): p. 71-81.

148. Lyons, R.M., J. Keski-Oja, and H.L. Moses, Proteolytic activation o f  latent 
transforming growth factor-beta from fibroblast-conditioned medium. J Cell 
Biol, 1988. 106(5): p. 1659-65.

149. Majima, T., L.L. Marchuk, P. Sciore, N.G. Shrive, C.B. Frank, and D.A. Hart, 
Compressive compared with tensile loading o f medial collateral ligament scar 
in vitro uniquely influences mRNA levels for aggrecan, collagen type II, and 
collagenase. J Orthop Res, 2000. 18(4): p. 524-31.

150. Mak, A.F., W.M. Lai, and V.C. Mow, Biphasic indentation o f articular 
cartilage—I. Theoretical analysis. J Biomech, 1987. 20(7): p. 703-14.

151. Malaviya, P., D.L. Butler, G.P. Boivin, F.N. Smith, F.P. Barry, J.M. Murphy, 
and K.G. Vogel, An in vivo model for load-modulated remodeling in the rabbit 
flexor tendon. J Orthop Res, 2000. 18(1): p. 116-25.

152. Manco, L.G., J.H. Kavanaugh, J.J. Fay, and B.S. Bilfield, Meniscus tears o f the 
knee: prospective evaluation with CT. Radiology, 1986. 159(1): p. 147-51.

153. Maroudas, A., D. Rigler, and R. Schneiderman. Young and aged cartilage 
differ in their response to dynamic compression as far as the rate o f 
glycosaminoglycan synthesis is concerned, in Trans. Orthop. Res. Soc. 1999.

154. Martin, J.A. and J.A. Buckwalter, Effects o f fibronectin on articular cartilage 
chondrocyte proteoglycan synthesis and response to insulin-like growth factor -
I. J Orthop Res, 1998. 16(6): p. 752-7.

155. Martin, J.A., D. Mehr, P.D. Pardubsky, and J.A. Buckwalter, The role o f  
tenascin-C in adaptation o f tendons to compressive loading. Biorheology,
2003. 40(1-3): p. 321-9.

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



2 1 3

156. Martin, J.A., M.B. Scherb, L.A. Lembke, and J.A. Buckwalter, Damage 
control mechanisms in articular cartilage: the role o f the insulin-like growth 
factor I  axis. Iowa Orthop J, 2000. 20: p. 1-10.

157. Marui, T., C. Niyibizi, H.I. Georgescu, M. Cao, K.W. Kavalkovich, R.E. 
Levine, and S.L. Woo, Effect o f growth factors on matrix synthesis by ligament 
fibroblasts. J Orthop Res, 1997. 15(1): p. 18-23.

158. Masuda, K., T.R. Oegema, Jr., and H.S. An, Growth factors and treatment o f  
intervertebral disc degeneration. Spine, 2004. 29(23): p. 2757-69.

159. Matsumoto, T., T. Tsukazaki, H. Enomoto, K. Iwasaki, and S. Yamashita, 
Effects o f interleukin-1 beta on insulin-like growth factor-I autocrine/paracrine 
axis in cultured rat articular chondrocytes. Ann Rheum Dis, 1994. 53(2): p. 
128-33.

160. Mauck, R.L., S.B. Nicoll, S.L. Seyhan, G.A. Ateshian, and C.T. Hung, 
Synergistic action o f growth factors and dynamic loading for articular 
cartilage tissue engineering. Tissue Eng, 2003. 9(4): p. 597-611.

161. Mauck, R.L., S.L. Seyhan, G.A. Ateshian, and C.T. Hung, Influence o f seeding 
density and dynamic deformational loading on the developing 
structure/function relationships o f  chondrocyte-seeded agarose hydrogels. 
Annals of Biomedical Engineering., 2002. 30(8): p. 1046-56.

162. Mauck, R.L., M.A. Soltz, C.C. Wang, D.D. Wong, P.H. Chao, W.B. Valhmu, 
C.T. Hung, and G.A. Ateshian, Functional tissue engineering o f articular 
cartilage through dynamic loading o f chondrocyte-seeded agarose gels. J 
Biomech Eng, 2000. 122(3): p. 252-60.

163. McDevitt, C.A. and R.J. Webber, The ultrastructure and biochemistry o f  
meniscal cartilage. Clin Orthop, 1990(252): p. 8-18.

164. McNeilly, C.M., A.J. Banes, M. Benjamin, and J.R. Ralphs, Tendon cells in 
vivo form a three dimensional network o f  cell processes linked by gap 
junctions. J Anat, 1996. 189 ( Pt 3): p. 593-600.

165. McNicol, D. and P.J. Roughley, Extraction and characterization o f  
proteoglycan from human meniscus. Biochem J, 1980. 185(3): p. 705-13.

166. Messai, H., Y. Duchossoy, A.M. Khatib, A. Panasyuk, and D.R. Mitrovic, 
Articular chondrocytes from aging rats respond poorly to insulin-like growth 
factor-1: an altered signaling pathway. Mech Ageing Dev, 2000. 115(1-2): p. 
21-37.

167. Messner, K., Meniscal substitution with a Teflon-periosteal composite graft: a 
rabbit experiment. Biomaterials, 1994. 15(3): p. 223-30.

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



2 1 4

168. Messner, K. and J. Gillquist, Prosthetic replacement o f the rabbit medial 
meniscus. J Biomed Mater Res, 1993. 27(9): p. 1165-73.

169. Milz, S., C. McNeilly, R. Putz, J.R. Ralphs, and M. Benjamin, Fibrocartilages 
in the extensor tendons o f the interphalangeal joints o f human toes. Anat Rec,
1998. 252(2): p. 264-70.

170. Mine, T., M. Kimura, A. Sakka, and S. Kawai, Innervation o f  nociceptors in 
the menisci o f the knee joint: an immunohistochemical study. Arch Orthop 
Trauma Surg, 2000. 120(3-4): p. 201-4.

171. Miyazono, K., U. Heilman, C. Wemstedt, and C.H. Heldin, Latent high 
molecular weight complex o f transforming growth factor beta I. Purification 
from human platelets and structural characterization. J Biol Chem, 1988. 
263(13): p. 6407-15.

172. Molloy, T., Y. Wang, and G. Murrell, The roles o f growth factors in tendon 
and ligament healing. Sports Med, 2003. 33(5): p. 381-94.

173. Moon, M.S., J.M. Kim, and I.Y. Ok, The normal and regenerated meniscus in
rabbits. Morphologic and histologic studies. Clin Orthop, 1984(182): p. 264-9.

174. Morales, T.I., The role o f signaling factors in articular cartilage and 
homeostasis and osteoarthritis., in Osteoarthritic Disorders, K.E. Kuettner and 
V.M. Goldberg, Editors. 1995, The Academy: Rosemeont, IL. p. 261-269.

175. Moran, J.M., D. Pazzano, and L.J. Bonassar, Characterization o f polylactic 
acid-polyglycolic acid composites for cartilage tissue engineering. Tissue Eng, 
2003. 9(1): p. 63-70.

176. Mow, V.C., M.C. Gibbs, W.M. Lai, W.B. Zhu, and K.A. Athanasiou, Biphasic 
indentation o f  articular cartilage—II. A numerical algorithm and an 
experimental study. J Biomech, 1989. 22(8-9): p. 853-61.

177. Mow, V.C. and W.C. Hayes, Basic orthopaedic biomechanics. 1991, New
York: Raven Press, x, 453.

178. Mow, V.C., S.C. Kuei, W.M. Lai, and C.G. Armstrong, Biphasic creep and
stress relaxation o f  articular cartilage in compression? Theory and 
experiments. J Biomech Eng, 1980. 102(1): p. 73-84.

179. Mow, V.C., A. Ratcliffe, K.Y. Chem, and M.A. Kelly, Structure andfunction
relationships o f the menisci o f the knee, in Knee Meniscus: Basic and Clinical 
Foundations, V.C. Mow, S.P. Amoczky, and D.W. Jackson, Editors. 1992, 
Raven Press: New York. p. 37-57.

180. Mueller, S.M., T.O. Schneider, S. Shortkroff, H.A. Breinan, and M. Spector, 
Alpha-smooth muscle actin and contractile behavior o f bovine meniscus cells

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



2 1 5

seeded in type I  and type II collagen-GAG matrices. J Biomed Mater Res,
1999. 45(3): p. 157-66.

181. Mueller, S.M., S. Shortkroff, T.O. Schneider, H.A. Breinan, I.V. Yannas, and 
M. Spector, Meniscus cells seeded in type I  and type II collagen-GAG matrices 
in vitro. Biomaterials, 1999. 20(8): p. 701-9.

182. Murray, R.C., C.F. Zhu, A.E. Goodship, K.H. Lakhani, C.M. Agrawal, and 
K. A. Athanasiou, Exercise affects the mechanical properties and histological 
appearance o f equine articular cartilage. J Orthop Res, 1999. 17(5): p. 725-31.

183. Nabeshima, Y., E.S. Grood, A. Sakurai, and J.H. Herman, Uniaxial tension 
inhibits tendon collagen degradation by collagenase in vitro. J Orthop Res,
1996. 14(1): p. 123-30.

184. Nabeshima, Y., M. Kurosaka, S. Yoshiya, and K. Mizuno, Effect o f fibrin glue 
and endothelial cell growth factor on the early healing response o f the 
transplanted allogenic meniscus: a pilot study. Knee Surg Sports Traumatol 
Arthrosc, 1995. 3(1): p. 34-8.

185. Nakamura, N., D.A. Hart, R.S. Boorman, Y. Kaneda, N.G. Shrive, L.L. 
Marchuk, K. Shino, T. Ochi, and C.B. Frank, Decorin antisense gene therapy 
improves functional healing o f early rabbit ligament scar with enhanced 
collagen fibrillogenesis in vivo. J Orthop Res, 2000. 18(4): p. 517-23.

186. Nakano, T., C.M. Dodd, and P.G. Scott, Glycosaminoglycans and 
proteoglycans from different zones o f the porcine knee meniscus. J Orthop Res,
1997. 15(2): p. 213-20.

187. Nakata, K., K. Shino, M. Hamada, T. Mae, T. Miyama, H. Shinjo, S. Horibe,
K. Tada, T. Ochi, and H. Yoshikawa, Human meniscus cell: characterization 
o f the primary culture and use for tissue engineering. Clin Orthop, 2001(391 
Suppl): p. S208-18.

188. Newman, A.P., D.R. Anderson, A.U. Daniels, and M.C. Dales, Mechanics o f  
the healed meniscus in a canine model. Am J Sports Med, 1989. 17(2): p. 164-
75.

189. Nishiyama, T., N. Tominaga, K. Nakajima, and T. Hayashi, Quantitative 
evaluation o f the factors affecting the process offibroblast-mediated collagen 
gel contraction by separating the process into three phases. Coll Relat Res,
1988. 8(3): p. 259-73.

190. Oh, C.D. and J.S. Chun, Signaling mechanisms leading to the regulation o f  
differentiation and apoptosis o f articular chondrocytes by insulin-like growth 
factor-1. J Biol Chem, 2003. 278(38): p. 36563-71.

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



2 1 6

191. Olashaw, N.E., W. Kusmik, T.O. Daniel, and W.J. Pledger, Biochemical and 
functional discrimination o f  platelet-derived growth factor alpha and beta 
receptors in BALB/c-3T3 cells. J Biol Chem, 1991. 266(16): p. 10234-40.

192. Olney, R.C., R.L. Smith, Y. Kee, and D.M. Wilson, Production and hormonal 
regulation o f insulin-like growth factor binding proteins in bovine 
chondrocytes. Endocrinology, 1993. 133(2): p. 563-70.

193. Olney, R.C., D.M. Wilson, M. Mohtai, P.J. Fielder, and R.L. Smith, 
Interleukin-1 and tumor necrosis factor-alpha increase insulin-like growth 
factor-binding protein-3 (IGFBP-3) production and IGFBP-3 protease activity 
in human articular chondrocytes. J Endocrinol, 1995. 146(2): p. 279-86.

194. Osborn, K.D., S.B. Trippel, and H.J. Mankin, Growth factor stimulation o f  
adult articular cartilage. J Orthop Res, 1989. 7(1): p. 35-42.

195. Panasyuk, A., A.M. Khatib, G. Colantuoni, M. Quintero, A. Lomri, and D.R. 
Mitrovic, Method for selecting populations o f rat articular chondrocytes that 
exhibit distinct growth and metabolic characteristics, and their responses to 
growth factors, PMA and vitamin D3. Cells Tissues Organs, 2004. 177(4): p. 
201 - 11 .

196. Pangbom, C.A. and K.A. Athanasiou, Effects o f growth factors on meniscal 
fibrochondrocytes in monolayer cultures. Tissue Eng, 2005. 11(7-8): p. 1141- 
8 .

197. Pangbom, C.A. and K.A. Athanasiou, Growth factors andfibrochondrocytes in
scaffolds. J Orthop Res, 2005. 23(5): p. 1184-90.

198. Parkkinen, J.J., J. Ikonen, M.J. Lammi, J. Laakkonen, M. Tammi, and H.J. 
Helminen, Effects o f  cyclic hydrostatic pressure on proteoglycan synthesis in 
cultured chondrocytes and articular cartilage explants. Arch Biochem 
Biophys, 1993. 300(1): p. 458-65.

199. Parkkinen, J.J., M.J. Lammi, H.J. Helminen, and M. Tammi, Local stimulation 
o f proteoglycan synthesis in articular cartilage explants by dynamic 
compression in vitro. J Orthop Res, 1992. 10(5): p. 610-20.

200. Pazzano, D., K.A. Mercier, J.M. Moran, S.S. Fong, D.D. DiBiasio, J.X. Rulfs, 
S.S. Kohles, and L.J. Bonassar, Comparison o f chondrogensis in static and 
perfused bioreactor culture. Biotechnol Prog, 2000. 16(5): p. 893-6.

201. Peretti, G.M., E.M. Caruso, M.A. Randolph, and D.J. Zaleske, Meniscal repair 
using engineered tissue. J Orthop Res, 2001. 19(2): p. 278-85.

202. Peretti, G.M., T.J. Gill, J.W. Xu, M.A. Randolph, K.R. Morse, and D.J. 
Zaleske, Cell-based therapy for meniscal repair: a large animal study. Am J 
Sports Med, 2004. 32(1): p. 146-58.

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



2 1 7

203.

204.

205.

206.

207.

208.

209.

210 .

211 .

212 .

213.

214.

Petersen, W. and B. Tillmann, Collagenous fibril texture o f the human knee 
joint menisci. AnatEmbryol (Berl), 1998. 197(4): p. 317-24.

Pledger, W.J., C.D. Stiles, H.N. Antoniades, and C.D. Scher, Induction o f DNA 
synthesis in BALB/c 3T3 cells by serum components: reevaluation o f  the 
commitment process. Proc Natl Acad Sci U S A ,  1977. 74(10): p. 4481-5.

Pledger, W.J., C.D. Stiles, H.N. Antoniades, and C.D. Scher, An ordered 
sequence o f events is required before BALB/c-3T3 cells become committed to 
DNA synthesis. Proc Natl Acad Sci U S A ,  1978. 75(6): p. 2839-43.

Plumb, M.S. and R.M. Aspden, The response o f elderly human articular 
cartilage to mechanical stimuli in vitro. Osteoarthritis Cartilage, 2005. 13(12): 
p. 1084-91.

Prins, A.P., J.M. Lipman, C.A. McDevitt, and L. Sokoloff, Effect o f  purified 
growth factors on rabbit articular chondrocytes in monolayer culture. II. 
Sulfatedproteoglycan synthesis. Arthritis Rheum, 1982. 25(10): p. 1228-38.

Prins, A.P., J.M. Lipman, and L. Sokoloff, Effect o f  purified growth factors on 
rabbit articular chondrocytes in monolayer culture. I. Dna synthesis. Arthritis 
Rheum, 1982. 25(10): p. 1217-27.

Proctor, C.S., M.B. Schmidt, R.R. Whipple, M.A. Kelly, and V.C. Mow, 
Material properties o f the normal medial bovine meniscus. J Orthop Res, 1989. 
7(6): p. 771-82.

Puelacher, W.C., J. Wisser, C.A. Vacanti, N.F. Ferraro, D. Jaramillo, and J.P. 
Vacanti, Temporomandibular joint disc replacement made by tissue- 
engineered growth o f  cartilage. J Oral Maxillofac Surg, 1994. 52(11): p. 1172- 
7; discussion 1177-8.

Quinn, T.M., A.J. Grodzinsky, M.D. Buschmann, Y.J. Kim, and E.B.
Hunziker, Mechanical compression alters proteoglycan deposition and matrix 
deformation around individual cells in cartilage explants. J Cell Sci, 1998. I l l  
( Pt 5): p. 573-83.

Radin, E.L., F. de Lamotte, and P. Maquet, Role o f  the menisci in the 
distribution o f stress in the knee. Clin Orthop, 1984(185): p. 290-4.

Ragan, P.M., A.M. Badger, M. Cook, V.I. Chin, M. Gowen, A.J. Grodzinsky, 
and M.W. Lark, Down-regulation o f chondrocyte aggrecan and type-II 
collagen gene expression correlates with increases in static compression 
magnitude and duration. J Orthop Res, 1999. 17(6): p. 836-42.

Ragan, P.M., V.I. Chin, H.H. Hung, K. Masuda, E.J. Thonar, E.C. Amer, A.J. 
Grodzinsky, and J.D. Sandy, Chondrocyte extracellular matrix synthesis and

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



2 1 8

turnover are influenced by static compression in a new alginate disk culture 
system. Arch Biochem Biophys, 2000. 383(2): p. 256-64.

215. Raines, E.W., S.K. Dower, and R. Ross, Interleukin-1 mitogenic activity for  
fibroblasts and smooth muscle cells is due to PDGF-AA. Science, 1989. 
243(4889): p. 393-6.

216. Rechler, M.M., Insulin-like growth factor binding proteins. Vitam Horm, 1993. 
47: p. 1-114.

217. Rechler, M.M. and A.L. Brown, Insulin-like growth factor binding proteins: 
gene structure and expression. Growth Regul, 1992. 2(2): p. 55-68.

218. Renstrom, P. and R.J. Johnson, Overuse injuries in sports. A review. Sports 
Med, 1985. 2(5): p. 316-33.

219. Robbins, J.R., S.P. Evanko, and K.G. Vogel, Mechanical loading and TGF- 
beta regulate proteoglycan synthesis in tendon. Arch Biochem Biophys, 1997. 
342(2): p. 203-11.

220. Rodkey, W.G., K.R. Stone, and J.R. Steadman, Chapter 12: prosthetic 
meniscal replacement, in Biology and Biomechanics o f the Trumatized 
Synovial Joint: The Knee as a Model, G.A.M. Finerman and F.R. Noyes, 
Editors. 1992, American Academy of Orthopaedic Surgeons: Rosemont. p. 
221-231.

221. Roughley, P.J. and E.R. Lee, Cartilage proteoglycans: structure and potential 
functions. Microsc Res Tech, 1994. 28(5): p. 385-97.

222. Sah, R.L., Effects o f  static and dynamic compression on matrix metabolism in 
cartilage explants, in Articular cartilage and osteoarthritis, K.E. Kuettner, 
Editor. 1992, Raven Press: New York. p. 373-92.

223. Sah, R.L., Y.J. Kim, J.Y. Doong, A.J. Grodzinsky, A.H. Plaas, and J.D. Sandy, 
Biosynthetic response o f  cartilage explants to dynamic compression. J Orthop 
Res, 1989. 7(5): p. 619-36.

224. Salmon, W.D., Jr. and W.H. Daughaday, A hormonally controlled serum factor 
which stimulates sulfate incorporation by cartilage in vitro. J Lab Clin Med, 
1957. 49(6): p. 825-36.

225. Sauerland, K., R.X. Raiss, and J. Steinmeyer, Proteoglycan metabolism and 
viability o f  articular cartilage explants as modulated by the frequency o f  
intermittent loading. Osteoarthritis Cartilage, 2003. 11(5): p. 343-50.

226. Scherping, S.C., Jr., C.C. Schmidt, H.I. Georgescu, C.K. Kwoh, C.H. Evans, 
and S.L. Woo, Effect o f growth factors on the proliferation o f ligament

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



2 1 9

fibroblasts from skeletally mature rabbits. Connect Tissue Res, 1997. 36(1): p. 
1 - 8 .

227. Schmidt, C.C., H.I. Georgescu, C.K. Kwoh, G.L. Blomstrom, C.P. Engle, L.A. 
Larkin, C.H. Evans, and S.L. Woo, Effect o f  growth factors on the 
proliferation o f  fibroblasts from the medial collateral and anterior cruciate 
ligaments. J Orthop Res, 1995. 13(2): p. 184-90.

228. Schreiber, A.B., J. Kenney, J. Kowalski, K.A. Thomas, G. Gimenez-Gallego, 
M. Rios-Candelore, J. Di Salvo, D. Barritault, J. Courty, Y. Courtois, and et 
al., A unique family o f  endothelial cell polypeptide mitogens: the antigenic and 
receptor cross-reactivity o f  bovine endothelial cell growth factor, brain- 
derived acidic fibroblast growth factor, and eye-derived growth fixctor-II. J 
Cell Biol, 1985. 101(4): p. 1623-6.

229. Scott, C.C. and K.A. Athanasiou, Shear and Chondrocytes, in Biomedical 
Technology & Devices Handbook, J.M.a.G. Zouridakis, Editor. 2003, CRC 
Press: Boca Raton.

230. Scott, P.G., T. Nakano, and C.M. Dodd, Isolation and characterization o f  
small proteoglycans from different zones o f the porcine knee meniscus.
Biochim Biophys Acta, 1997. 1336(2): p. 254-62.

231. Shieh, A.C. and K.A. Athanasiou, Biomechanics o f single chondrocytes and 
osteoarthritis. Crit Rev Biomed Eng, 2002. 30(4-6): p. 307-43.

232. Shieh, A.C. and K.A. Athanasiou, Principles o f  cell mechanics for cartilage 
tissue engineering. Ann Biomed Eng, 2003. 31(1): p. 1-11.

233. Skutek, M., M. van Griensven, J. Zeichen, N. Brauer, and U. Bosch, Cyclic 
mechanical stretching modulates secretion pattern o f growth factors in human 
tendon fibroblasts. Eur J Appl Physiol, 2001. 86(1): p. 48-52.

234. Smith, R.L., B.S. Donlon, M.K. Gupta, M. Mohtai, P. Das, D.R. Carter, J.
Cooke, G. Gibbons, N. Hutchinson, and D.J. Schurman, Effects o f fluid- 
induced shear on articular chondrocyte morphology and metabolism in vitro. J 
Orthop Res, 1995. 13(6): p. 824-31.

235. Smith, R.L., J. Lin, M.C. Trindade, J. Shida, G. Kajiyama, T. Vu, A.R.
Hoffman, M.C. van der Meulen, S.B. Goodman, D.J. Schurman, and D.R. 
Carter, Time-dependent effects o f intermittent hydrostatic pressure on articular 
chondrocyte type II collagen and aggrecan mRNA expression. J Rehabil Res 
Dev, 2000. 37(2): p. 153-61.

236. Smith, R.L., S.F. Rusk, B.E. Ellison, P. Wessells, K. Tsuchiya, D.R. Carter,
W.E. Caler, L.J. Sandell, and D.J. Schurman, In vitro stimulation o f  articular 
chondrocyte mRNA and extracellular matrix synthesis by hydrostatic pressure. 
J Orthop Res, 1996. 14(1): p. 53-60.

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



220

2 3 7 .

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

Sonoda, M., F.L. Harwood, M.E. Amiel, H. Moriya, M. Temple, D.G. Chang, 
L.M. Lottman, R.L. Sah, and D. Amiel, The effects ofhyaluronan on tissue 
healing after meniscus injury and repair in a rabbit model. Am J Sports Med,
2000. 28(1): p. 90-7.

Spindler, K.P., C.E. Mayes, R.R. Miller, A.K. Imro, and J.M. Davidson, 
Regional mitogenic response o f the meniscus to platelet-derived growth factor 
(PDGF-AB). J Orthop Res, 1995. 13(2): p. 201-7.

Staubli, H.U., L. Schatzmann, P. Brunner, L. Rincon, and L.P. Nolte, 
Mechanical tensile properties o f  the quadriceps tendon and patellar ligament 
in young adults. Am J Sports Med, 1999. 27(1): p. 27-34.

Steinmeyer, J., A computer-controlled mechanical culture system for  
biological testing o f articular cartilage explants. J Biomech, 1997. 30(8): p. 
841-5.

Steinmeyer, J. and B. Ackermann, The effect o f  continuously applied cyclic 
mechanical loading on the fibronectin metabolism o f  articular cartilage 
explants. Res Exp Med (Berl), 1999. 198(5): p. 247-60.

Steinmeyer, J. and S. Knue, The proteoglycan metabolism o f mature bovine 
articular cartilage explants superimposed to continuously applied cyclic 
mechanical loading. Biochem Biophys Res Commun, 1997. 240(1): p. 216-21.

Steinmeyer, J., S. Knue, R.X. Raiss, and I. Pelzer, Effects o f  intermittently 
applied cyclic loading on proteoglycan metabolism and swelling behaviour o f  
articular cartilage explants. Osteoarthritis Cartilage, 1999. 7(2): p. 155-64.

Steinmeyer, J., P.A. Torzilli, N. Burton-Wurster, and G. Lust, A new pressure 
chamber to study the biosynthetic response o f articular cartilage to mechanical 
loading. Res Exp Med (Berl), 1993. 193(3): p. 137-42.

Stiles, C.D., G.T. Capone, C.D. Scher, H.N. Antoniades, J.J. Van Wyk, and 
W.J. Pledger, Dual control o f cell growth by somatomedins and platelet- 
derived growth factor. Proc Natl Acad Sci U S A ,  1979. 76(3): p. 1279-83.

Studer, R.K., K. Decker, S. Melhem, and H. Georgescu, Nitric oxide inhibition 
o f IGF-1 stimulated proteoglycan synthesis: role o f cGMP. J Orthop Res,
2003. 21(5): p. 914-21.

Suzuki, Y., N. Takeuchi, Y. Sagehashi, T. Yamaguchi, H. Itoh, and H. Iwata, 
Effects o f hyaluronic acid on meniscal injury in rabbits. Arch Orthop Trauma 
Surg, 1998. 117(6-7): p. 303-6.

Sweigart, M.A. and K.A. Athanasiou, Toward tissue engineering o f the knee 
meniscus. Tissue Eng, 2001. 7(2): p. 111-29.

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



221

249. Sweigart, M.A., A.C. AufderHeide, and K.A. Athanasiou, Fibrochondrocytes 
and their Use in Tissue Engineering o f the Meniscus, in Topics in Tissue 
Engineering 2003, N. Ahammakhi and P. Ferretti, Editors. 2003.

250. Tanaka, H., P.R. Manske, D.L. Pruitt, and B.J. Larson, Effect o f cyclic tension 
on laceratedflexor tendons in vitro. J Hand Surg [Am], 1995. 20(3): p. 467-73.

251. Tanaka, T., K. Fujii, and Y. Kumagae, Comparison o f biochemical 
characteristics o f  cultured fibrochondrocytes isolatedfrom the inner and outer 
regions o f  human meniscus. Knee Surg Sports Traumatol Arthrosc, 1999. 7(2): 
p. 75-80.

252. Thie, M., W. Schlumberger, J. Rauterberg, and H. Robenek, Mechanical 
confinement inhibits collagen synthesis in gel-culturedfibroblasts. Eur J Cell 
Biol, 1989. 48(2): p. 294-302.

253. Thompson, W.O., F.L. Thaete, F.H. Fu, and S.F. Dye, Tibial meniscal 
dynamics using three-dimensional reconstruction o f  magnetic resonance 
images. Am J Sports Med, 1991. 19(3): p. 210-5; discussion 215-6.

254. Tissakht, M. and A.M. Ahmed, Tensile stress-strain characteristics o f the 
human meniscal material. J Biomech, 1995. 28(4): p. 411-22.

255. Todd Allen, R., C.M. Robertson, F.L. Harwood, T. Sasho, S.K. Williams, A.C. 
Pomerleau, and D. Amiel, Characterization o f  mature vs aged rabbit articular 
cartilage: analysis o f  cell density, apoptosis-related gene expression and 
mechanisms controlling chondrocyte apoptosis. Osteoarthritis Cartilage, 2004. 
12(11): p. 917-23.

256. Torzilli, P.A., R. Grigiene, C. Huang, S.M. Friedman, S.B. Doty, A.L. Boskey, 
and G. Lust, Characterization o f cartilage metabolic response to static and 
dynamic stress using a mechanical explant test system. J Biomech, 1997.
30(1): p. 1-9.

257. Tumia, N.S. and A.J. Johnstone, Promoting the proliferative and synthetic 
activity o f knee meniscal fibrochondrocytes using basic fibroblast growth 
factor in vitro. Am J Sports Med, 2004. 32(4): p. 915-20.

258. Tumia, N.S. and A.J. Johnstone, Regional regenerative potential o f meniscal 
cartilage exposed to recombinant insulin-like growth factor-I in vitro. J Bone 
Joint Surg Br, 2004. 86(7): p. 1077-81.

259. Upton, M.L., J. Chen, F. Guilak, and L.A. Setton, Differential effects o f  static 
and dynamic compression on meniscal cell gene expression. J Orthop Res,
2003. 21(6): p. 963-9.

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



222

2 6 0 .

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

van de Lest, C.H., B.M. van den Hoogen, and P.R. van Weeren, Loading- 
induced changes in synovial fluid affect cartilage metabolism. Biorheology,
2000. 37(1-2): p. 45-55.

van der Meulen, M.C. and R. Huiskes, Why mechanobiology? A survey article.
J Biomech, 2002. 35(4): p. 401-14.

van Susante, J.L., P. Buma, H.M. van Beuningen, W.B. van den Berg, and R.P. 
Veth, Responsiveness o f bovine chondrocytes to growth factors in medium with 
different serum concentrations. J Orthop Res, 2000. 18(1): p. 68-77.

Vander Schilden, J.L., J.L. York, and R.J. Webber, Works in progress #7. Age- 
dependent fibrin clot invasion by human meniscal fibrochondrocytes. A 
preliminary report. Orthop Rev, 1991. 20(12): p. 1089-94, 1096-7.

Verschure, P.J., C.J. Van Noorden, J. Van Marie, and W.B. Van den Berg, 
Articular cartilage destruction in experimental inflammatory arthritis: insulin
like growth factor-1 regulation o f proteoglycan metabolism in chondrocytes. 
Histochem J, 1996. 28(12): p. 835-57.

Villiger, P.M. and M. Lotz, Differential expression ofTGFbeta isoforms by 
human articular chondrocytes in response to growth factors. J Cell Physiol, 
1992. 151(2): p. 318-25.

Vincent, T., M. Hermansson, M. Bolton, R. Wait, and J. Saklatvala, Basic FGF 
mediates an immediate response o f  articular cartilage to mechanical injury. 
Proc Natl Acad Sci U S A ,  2002. 99(12): p. 8259-64.

Vincent, T.L., M.A. Hermansson, U.N. Hansen, A.A. Amis, and J. Saklatvala, 
Basic fibroblast growth factor mediates transduction o f mechanical signals 
when articular cartilage is loaded. Arthritis Rheum, 2004. 50(2): p. 526-33.

Vogel, K.G. and D. Heinegard, Characterization ofproteoglycans from adult 
bovine tendon. J Biol Chem, 1985. 260(16): p. 9298-306.

Vogel, K.G. and D.J. Hernandez, The effects o f transforming growth factor- 
beta and serum on proteoglycan synthesis by tendon fibrocartilage. Eur J Cell 
Biol, 1992. 59(2): p. 304-13.

Vogel, K.G. and T.J. Koob, Structural specialization in tendons under 
compression. Int Rev Cytol, 1989. 115: p. 267-93.

Vogel, K.G., A. Ordog, G. Pogany, and J. Olah, Proteoglycans in the 
compressed region o f  human tibialis posterior tendon and in ligaments. J 
Orthop Res, 1993. 11(1): p. 68-77.

Vunjak-Novakovic, G., I. Martin, B. Obradovic, S. Treppo, A.J. Grodzinsky,
R. Langer, and L.E. Freed, Bioreactor cultivation conditions modulate the

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



2 2 3

273.

274.

275.

276.

277.

278.

279.

280. 

281.

282.

283.

284.

composition and mechanical properties o f  tissue-engineered cartilage. J 
Orthop Res, 1999. 17(1): p. 130-8.

Vunjak-Novakovic, G., B. Obradovic, I. Martin, P.M. Bursae, R. Langer, and 
L.E. Freed, Dynamic cell seeding ofpolymer scaffolds for cartilage tissue 
engineering. Biotechnol Prog, 1998. 14(2): p. 193-202.

Waldman, S.D., C.G. Spiteri, M.D. Grynpas, R.M. Pilliar, and R.A. Kandel, 
Long-term intermittent shear deformation improves the quality o f  cartilaginous 
tissue formed in vitro. J Orthop Res, 2003. 21(4): p. 590-596.

Walker, P.S. and M.J. Erkman, The role o f the menisci in force transmission 
across the knee. Clin Orthop, 1975(109): p. 184-92.

Webber, R.J., In vitro culture o f meniscal tissue. Clin Orthop, 1990(252): p. 
114-20.

Webber, R.J., M.G. Harris, and A.J. Hough, Jr., Cell culture o f rabbit meniscal 
fibrochondrocytes: proliferative and synthetic response to growth factors and 
ascorbate. J Orthop Res, 1985. 3(1): p. 36-42.

Webber, R.J. and A.J. Hough, Jr., Cell culture o f rabbit meniscal 
fibrochondrocytes II. Sulfatedproteoglycan synthesis. Biochimie, 1988. 70(2): 
p . 193-204.

Webber, R.J., T. Zitaglio, and A.J. Hough, Jr., In vitro cell proliferation and 
proteoglycan synthesis o f  rabbit meniscal fibrochondrocytes as a function o f  
age and sex. Arthritis Rheum, 1986. 29(8): p. 1010-6.

Webber, R.J., T. Zitaglio, and A.J. Hough, Jr., Serum-free culture o f rabbit 
meniscal fibrochondrocytes: proliferative response. J Orthop Res, 1988. 6(1): 
p. 13-23.

Weinand, C., G.M. Peretti, S.B. Adams, Jr., M.A. Randolph, E. Sawidis, and 
T.J. Gill, Healing potential o f transplanted allogeneic chondrocytes o f  three 
different sources in lesions o f  the avascular zone o f the meniscus: a pilot study. 
Arch Orthop Trauma Surg, 2006: p. 1-7.

Wight, M., TGF-betal in bovine serum. Art to science, 2001. 19(3): p. 1-3.

Wilson, A.S., P.G. Legg, and J.C. McNeur, Studies on the innervation o f the 
medial meniscus in the human knee joint. Anat Rec, 1969. 165(4): p. 485-91.

Woessner, J.F., The determination o f hydroxyproline in tissue and protein 
samples containing small proportions o f this imino acid. Arch Biochem 
Biophys, 1961. 93: p. 440-447.

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



2 2 4

285. Wolff, J., The law o f bone remodelling. 1892, Berlin ; New York: Springer- 
Verlag. xii, 126.

286. Wolff, J., The law o f bone remodelling. 1986, Berlin ; New York: Springer- 
Verlag. xii, 126.

287. Wong, M., P. Wuethrich, M.D. Buschmann, P. Eggli, and E. Hunziker, 
Chondrocyte biosynthesis correlates with local tissue strain in statically 
compressed adult articular cartilage. J Orthop Res, 1997. 15(2): p. 189-96.

288. Woo, S.L.-Y. and E. Young, P, Tendons and ligaments, in Basic orthopaedic 
biomechanics, V. Mow and W.C. Hayes, Editors. 1991, Raven Press: New 
York. p. x, 453.

289. Wyland, D.J., F. Guilak, D.M. Elliott, L.A. Setton, and T.P. Vail, 
Chondropathy after meniscal tear or partial meniscectomy in a canine model. J 
Orthop Res, 2002. 20(5): p. 996-1002.

290. Zapf, J., B. Morell, H. Walter, Z. Laron, and E.R. Froesch, Serum levels o f  
insulin-like growth factor (IGF) and its carrier protein in various metabolic 
disorders. Acta Endocrinol (Copenh), 1980. 95(4): p. 505-17.

291. Zeichen, J., M. van Griensven, and U. Bosch, The proliferative response o f  
isolated human tendon fibroblasts to cyclic biaxial mechanical strain. Am J 
Sports Med, 2000. 28(6): p. 888-92.

292. Zhu, W., K.Y. Chem, and V.C. Mow, Anisotropic viscoelastic shear properties 
o f bovine meniscus. Clin Orthop, 1994(306): p. 34-45.

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


