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by
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Professor Robert L. Sah, Chair

Cartilage develops specific forms, sizes, and functional properties under the
guidance of naturally present biophysical and biochemical stimuli during in vivo
growth and maturation. Analogously, controlling the physical and biochemical
environment of cartilage during culture may facilitate the in vitro manipulation of
tissue properties. This dissertation explores flexural deformation as a physical
stimulus capable of inducing changes in the free-swelling shape of articular cartilage
explants and specific biochemical agents in modulating the shape plasticity, size, and

maturity of cartilage through altered matrix metabolism and remodeling. The bulk of

xviii



the work described herein was conducted with a model system of immature articular
cartilage explants from bovine calves, with consideration of the potential translation of
the experimental approaches to other native and engineered chondral tissues.

A system for analyzing mechanically-induced reshaping of cartilage was
developed through the creation of a novel bioreactor to apply flexure to cartilage
explants and a means of sensitively quantifying specimen shape. Using these tools,
static flexure was shown to produce significant changes in the free-swelling shape of
cartilage in a duration-dependent manner. The flexural stimulus was characterized
with micromechanical strain analysis techniques, and the observed assymetrical strain
distributions within the tissue were found to be a result of the pronounced tension-
compression nonlinearity of cartilage mechanical properties. Inhibitors of chondrocyte
and cartilage extracellular matrix metabolism were used to probe potential
mechanisms of cartilage reshaping, and findings indicated that the process of
reshaping was largely independent of chondrocyte-mediated matrix synthesis or
remodeling. However, a strong temperature-dependent response suggested a possible
biophysical mechanism of matrix remodeling. Altering matrix metabolism and
remodeling by supplementing cultures with specific biochemical agents or growth
factors resulted in changes in tissue composition with respect to the predominant
collagen and glycosaminoglycan matrix components. These treatments differentially
modulated cartilage volume and functional properties, including shape plasticity and
mechanical properties in compression.

These studies further elucidate the regulation of the shape, size, and maturity
of cartilage by biophysical and biochemical stimuli. The tools and techniques
developed here may be translatable to creating chondral grafts with desired properties

for joint repair or craniofacial reconstruction.
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CHAPTER 1

INTRODUCTION

1.1  Articular Cartilage Composition, Structure, and Function

Articular cartilage is the load bearing connective tissue which covers the bones
in synovial joints and provides a low-friction, wear-resistant surface to facilitate
articulation (Fig. 1.1). The cells which sparsely populate cartilage are termed
chondrocytes, and these are embedded within a highly hydrated extracellular matrix
(ECM). The major components of the cartilage ECM are collagens and large
aggregating proteoglycans. The chondrocytes build and maintain the ECM through

their specialized metabolic activities.
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Figure 1.1: Articular cartilage viewed at biological length scales from organ to
macromolecular levels. Within synovial joints, articular cartilage covers the ends of
bones and provides a low-friction, wear-resistant bearing surface. Articular cartilage
consists of chondrocytes embedded within a hydrated extracellular matrix, primarily
composed of aggregating proteoglycans and a network of collagens. Joint photo
(human) courtesy of Dr. Farshid Guilak. Histological micrograph (caprine, H&E stain)
courtesy of Elaine Chan. Electron micrographs adapted from [13, 41, 44].



1.1.a Cartilage ECM Components

The predominant collagen in adult articular cartilage is the fibril forming
collagen type II, which can account for >90% of all collagen in the tissue [23]. Other
collagens, including types VI, IX, X, and XI, are less abundant in cartilage, but they
may still play important roles in the formation or function of the collagen network
[23]. Collagen type XI appears to form a template for type II fibril polymerization
[10]. Collagen type IX is a fibril-associated collagen with an interrupted triple-helix
(FACIT) which binds to the surface of type II fibrils and potentially forms
interfibrillar crosslinks [22]. The beaded filament-forming collagen type VI is
primarily localized in the chondrocyte pericellular matrix (PCM) and may contribute
to the PCM mechanical properties and consequently the local mechanical environment
perceived by the chondrocytes [2]. Together these collagens form a network of fibrils
which provide stiffness and strength to the tissue in tension and shear [52, 64, 86].

A second major component of the cartilage ECM consists of polyanionic
glycosaminoglycans (GAG) covalently attached to aggrecan core protein. These
proteoglycans (PG) form large aggregates by non-covalent association with
hyaluronan and link protein [34]. The abundant GAG chains impart a highly negative
fixed charge density to the tissue and produce an osmotic swelling pressure through
their electrostatic interactions [61]. The swelling pressure greatly contributes to the
ability of cartilage to resist compression and function as a load-bearing material [62,
64]. A balance arises between the major components of the cartilage ECM as the
swelling pressure of the proteoglycans is restrained by the collagen network [59].

The cartilage ECM contains a number of other minor protein and proteoglycan
constituents, including cartilage oligomeric matrix protein, fibronectin, biglycan,

decorin, fibromodulin, and others [34, 74]. Many of these molecules are postulated to



have roles in the formation or function of the extracellular matrix, including regulating
collagen fibril assembly, mediating interactions between matrix molecules, or

coupling the chondrocytes to the surrounding matrix.

1.1.b Cartilage Architecture

Mature articular cartilage is described as having a zonal structure varying with
depth from the articular surface to the subchondral bone. Zones are typically classified
as superficial (S), nearest to and including the articular surface, middle (M), and deep
(D). The transition from S to D zones, is characterized by cellular changes including a
decrease in density, a shift from flattened to rounded morphology, and an organization
of clusters in the middle zone and columns in the deep zone [42, 46]. Matrix
composition differs slightly between zones, with aggrecan content increasing with
depth [60]. The predominant collagen orientation shifts from tangential to
perpendicular to the articular surface with depth [43], and collagen fibril diameters
also tend to increase. Mature articular cartilage bears the distinguishing feature of a
calcified cartilage interface with the subchondral bone. This feature provides a strong
interdigitated bond between uncalcified cartilage and bone through which joint forces

are transmitted.

1.1.c Cartilage Mechanical Properties

The load-bearing function of articular cartilage is dependent upon the complex
mechanical properties of the tissue which are inhomogeneous, anisotropic, nonlinear,
and asymmetric in tension and compression. Mechanical properties vary with depth
from the articular surface [51, 70], location within the joint [65], and distance from the
chondrocyte [1] and reflect inhomogeneity of matrix composition and structure.

Anisotropic tensile moduli and Poisson’s ratios in compression vary with the



predominant orientation of collagen fibrils [51, 78]. Cartilage load-bearing also
exhibits nonlinear behavior in tension or compression, often appearing as strain-
stiffening [17, 57]. Moreover, cartilage is generally stiffer in tension than
compression, and the nonlinear transition between these regimes creates a

phenomenon referred to as tension-compression nonlinearity [15].

1.2 Articular Cartilage Growth and Maturation

Cartilage growth and maturation occur concurrently during in vivo joint
development, yet these processes might be independently manipulated in vitro. In
common usage, terms referring to developmental process have a variety of meanings,
but more rigorous definitions may be useful for bioengineering analyses. Clarification
is provided through the following definitions. Growth is rather simply defined as the
increase in tissue volume resulting from the accumulation of material similar to the
original [54, 55]. Growth is also considered distinct from swelling, which is a change
in tissue size mediated by a change in the ECM hydration. Remodeling is defined as
the modification of tissue properties via biochemical and biophysical changes in
composition and structure [54, 55]. Often, remodeling accompanies growth in order to
incorporate newly synthesized material into the existing matrix, but remodeling may
also occur independently of changes in cartilage size. Maturation is defined as the
progressive change of tissue composition and structure to achieve the functional

properties of the adult state.

1.2.a Changing Composition, Structure, and Function
The in vivo growth and maturation of cartilage can be characterized

qualitatively and quantitatively by changes in the tissue’s structure, composition, and



functional properties (Table 1.1). The bovine stifle joint serves as the model system
used throughout the experimental portions of this dissertation and provides a well-
studied example of articular cartilage properties at various stages of maturity (third
trimester fetal, 1-3 week postnatal calf, and 1-2 year old young adult). Cellularity
decreases with maturation from fetus to adult by roughly half or more, with a
corresponding increase in the matrix volume fraction [47, 81, 82]. The solid content
increases from ~14% in the fetus to ~16% in the calf and ~17% in the adult [82]. The
increase in solid content is largely attributable to an increase in collagen
concentration, which nearly triples from fetus to adult [81, 82]. The collagen network
is also stabilized through the formation of mature, trifunctional pyridinoline crosslinks
by reaction of reducible difunctional crosslinks [24]. Pyridinoline concentration
increases from the fetal stage by two to four fold in the calf and greater than seven
fold in the adult [81]. Throughout maturation, GAG concentration is relatively
maintained [81, 82], though the size of individual chondroitin sulfate chains and their
abundance relative to keratan sulfate chains typically decrease [76].

Cartilage maturation is also reflected by changes in tissue architecture. Unlike
the well-defined zonal architecture of mature cartilage (§1.1.b), the thicker immature
cartilage contains features of both articular cartilage and epiphyseal growth plate. The
bulk of the immature cartilage possesses a fairly isotropic structure with little
organization of chondrocytes [42, 46]. However, cell density decreases with depth,
particularly near the articular surface [46], while GAG and collagen concentrations
and tensile and compressive moduli may increase [7, 53].

The compositional changes from fetus to adult are associated with marked
alterations of the cartilage mechanical properties. The compressive aggregate modulus

increases by ~180% and the equilibrium tensile modulus increases by ~450% [81, 82].



A large portion of these biochemical and functional changes occurs within the few
short weeks between the late fetal and neonatal calf stages of development. These
findings support the concept that the functional properties of native or engineered
cartilage may be rapidly augmented under specific conditions during brief periods of

in vitro culture or in vivo rehabilitation.



Table 1.1: Summary of the developmental changes in the size, composition, and
mechanical properties of bovine articular cartilage from late fetus (third trimester) to
calf (1-3 weeks) to young adult (1-2 years). Plus signs (+) indicate relative quantities.

GAG = glycosaminoglycan, COL = collagen, and PYR = pyridinoline crosslink
concentrations.

Fetal Calf Young Adult
Size + ++ +++
Cellularity +++ ++ +
GAG + + +
CcOL + ++ +++
PYR + ++ +++
Compressive/ r ++(+) et

Tensile Stiffness



1.2.b Mechanisms and Modes of Cartilage Growth

Articular cartilage growth occurs through biological activities of the
indwelling chondrocytes that result in increases in the total cellular or matrix volumes.
Increased total chondrocyte volume is mediated by proliferation or hypertrophy,
whereas increased matrix volume results from the net deposition of accretion of
constituent molecules. In studies of immature rats, rabbits, bovines, and possums, a
highly proliferative layer of cells near the articular surface has been observed [5, 45,
49, 58]. These findings are consistent with the reported existence of a progenitor cell
population at the articular surface [4, 20, 25] and may serve as a means of appositional
growth [33]. Chondrocyte hypertrophy and robust production of matrix likely
contribute to interstitial growth of cartilage. Chondrocyte hypertrophy accounts for
44-59% of the elongation of rat growth plate, while matrix accretion accounts for
another 32-49% [83]. Similar quantification is lacking for epiphyseal cartilage growth
mechanisms, but there is evidence that hypertrophy and matrix accretion occur.
Hypertrophy is indicated by increasing chondrocyte volume with depth from the
articular surface [9]. Chondrocyte density also significantly decreases during
development (§1.2.a), which, in the absence of appreciable cell death, indicates

abundant matrix accretion [47].

1.2.c Regulation of Cartilage Growth, Maturation, and Form

Regulation of chondrocyte cell fates and metabolism by biochemical and
mechanical stimuli guide cartilage growth, remodeling, and maturation (Fig. 1.2).
Transmission of stimuli to the chondrocytes is governed by the physical and chemical

properties of the surrounding matrix. Signals perceived within the chondrocyte
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microenvironment can alter cell fate and matrix metabolism. In turn, these cellular
activities may change the composition, structure, and functional properties of the
tissue in ways that promote expansion and maturation of the tissue during
development. Contributing to the dynamic regulation of cartilage development,
changes in matrix properties may modify the way subsequent stimuli are perceived.

A number of molecular mediators, including growth factors and intracellular
transcriptional regulators, have been implicated in the biochemical regulation of joint
formation and the growth and maturation of articular cartilage. Members of the
insulin-like growth factors (IGF), fibroblast growth factors (FGF), and transforming
growth factors beta (TGF-f) families appear to play important roles in these in vivo
processes as identified through the analysis of genetic mutations leading to abnormal
skeletal development in humans and transgenic mice [72]. The culture of chondrocytes
or cartilage explants in a controlled in vitro environment has yielded additional insight
into the biochemical regulation of cartilage growth and maturation. Culturing bovine
calf cartilage explants with fetal bovine serum (FBS), IGF-1, or BMP-7 results in an
expansive growth phenotype characterized by large increases in size, accumulation of
proteoglycan in excess of collagen, and decreases in tensile integrity [6].
Alternatively, culture with TGF-f1 promotes calf cartilage homeostasis with little
change in size, composition, or tensile properties [6]. These results support the
hypothesis that cartilage expansion can result from a dynamic imbalance of
proteoglycan swelling pressure and collagen network restraint [6, 55].

Physical stimuli also serve important functions in the regulation of articular
cartilage formation and development. Chondrocytes and cartilage are
mechanosensitive, responding to stimuli such as static and dynamic compression,

shear, hydrostatic pressure, and fluid shear through altered metabolic activities. Using
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a reductionist approach of applying controlled loads, deformations, or fluid flows to
cells and explants in vitro, the effects of loading on metabolism have been shown to be
dependent on the magnitude, rate, and frequency of loading. A general paradigm has
emerged from substantial data on aggrecan metabolism, which indicates that static
stresses inhibit cartilage matrix synthesis while moderate dynamic stresses promote
synthesis [29]. During early joint formation, mechanical stimuli are necessary for
proper joint cavitation and morphogenesis. Paralysis of chick embryos can inhibit
joint cavitation or result in fusion of cartilage anlagen already separated [21, 63].
During postnatal development, mechanical stimuli contribute to the functional
adaptation of joints. In immature canines, different regimes of joint loading, via
exercise or limb immobilization, lead to significant differences in articular cartilage
structure  (e.g. thickness and congruity), composition (e.g. proteoglycan
concentration), and functional properties (e.g. indentation stiffness) [36]. Likewise,
exercise can produce cartilage thickening and longer, flatter subchondral surfaces in
the femoral heads of immature mice [67].

Clinicians frequently use mechanical stimuli to alter the form of developing
joints in cases of malformation or deformity. Examples include the use of harnessing
to correct hip dysplasia [26] and manipulation and casting to correct club foot [11].
Analogously, mechanical molding is also used as a treatment to alter the shape of non-
articular cartilaginous structures, as demonstrated by the use of nasoalveolar molding
in the correction of cleft palate [28] and ear splinting for auricular deformities [77].
The mechanisms by which these techniques alter cartilage form are not fully
understood. However, they may depend on some maturation-related property of
cartilage, since anecdotal evidence for all of these techniques suggests that outcomes

are better when performed earlier during postnatal development.
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Figure 1.2: Dynamic processes govern the growth and maturation of articular
cartilage. Regulatory stimuli are transformed according to the physical and chemical
properties of the tissue into signals in the chondrocyte microenvironment to alter
matrix metabolism and cell fates. These cellular processes, in turn, contribute to the
enlargement of the joint and the evolving tissue composition, structure and functional
properties. Some of these changes, particularly the decrease in cell density and
attainment of a mature, stratified architecture, are seen in cartilage digital volumetric
images (adapted from [47]). Joint photos are courtesy of Dr. Amanda K. Williamson.
Adapted from [80].
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1.3  Clinical Significance of Cartilage Grafts

1.3.a Treatment of Articular Lesions

The functions of articular cartilage which facilitate efficient and pain-free
articulation can be compromised by trauma or diseases such as osteoarthritis and
osteochondritis dissecans [19, 37]. With intrinsic regeneration of normal articular
cartilage limited and present medical therapies largely palliative in nature, surgical
intervention is often used to treat pain and dysfunction. At present, the surgical
treatment paradigm for damaged articular surfaces depends on factors such as lesion
size and severity (Fig. 1.3). For small focal cartilage defects (<2 cm’), the
microfracture technique is commonly used to elicit the formation of fibrocartilage
repair tissue by mesenchymal stem cells from subchondral bone [73]. Treatment of
slightly larger 2-3 cm’® defects is often performed by osteochondral autograft
transplantation (i.e. mosaicplasty) or autologous chondrocyte implantation (ACI) [12,
31]. Even larger lesions (~4 cm?) or multiple lesions may be treated by osteochondral
allograft transplantation [14]. Finally, joint resurfacing or replacement is typically
prescribed for severe degeneration (e.g. end-stage osteoarthritis).

As defect size increases, restoration of the natural joint curvatures and
sufficient filling of the defect with mechanically mature tissue become increasingly
important parameters for functional recovery. Congruity and filling are achieved in
mosaicplasty by careful graft harvest and placement and by the use of variable size
grafts [32] and in allograft transplantation by orthotopic matching of the donor tissue
to recipient site [18]. Several studies indicate that malpositioned osteochondral grafts

can produce altered stresses and strains [56, 85], graft micromotion and instability
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[66], and abnormal biological responses including hyperplasia, fibrous growth, and

necrosis [39, 66].
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Current Treatment Paradigm for
Articular Cartilage Lesions

Defect Size and Severity

<2cm? 2-3 cm? ~4 cm? or multiple end-stage
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Figure 1.3: The treatment paradigm for articular cartilage lesions of the human knee
is often dependent upon the size and severity of the lesion(s). Smaller lesions may be
treated by microfracture, osteochondral autografts (mosaicplasty), or (matrix-assisted)
autologous chondrocyte implantation (ACI / M-ACI). Larger lesions may be treated
with osteochondral allograft transplantation. End-stage degeneration is frequently
treated with total joint replacement. Photos are courtesy of Dr. William D. Bugbee.
Adapted from [79].
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1.3.b Craniofacial Applications for Cartilage Grafts

Cartilage grafts are also frequently used in the surgical reconstruction of the
nose, ears, and other craniofacial features following trauma, malformation, tumor
resection, etc. Autologous cartilage grafts are generally considered the gold standard
material for these procedures [75]. Depending on the therapeutic application, grafts of
septal, auricular, and costal cartilage may be sculpted into desired forms using

techniques such as carving, scoring and suturing.

1.4 Emerging Technologies in Cartilage Tissue Engineering

As noted in the previous section, cartilage grafts of specified shape, volume,
and maturity have important applications in the restoration of damaged joints and the
reconstruction of craniofacial structures. However, limitations of current therapies
continue to spur improvements in existing procedures as well as the development of
new therapies. Emerging technologies in cartilage tissue engineering can potentially
provide biologically and mechanically functional tissue for cartilage grafting
applications. With respect to joint repair, tissue engineering solutions are progressing
from transplantation of cells to transplantation of chondral and osteochondral tissues
that have been grown and partially matured in vitro (Fig. 1.4). The progression of
treatments follows a biomimetic strategy of cell proliferation, chondrogenesis, tissue
growth, and maturation and may eventually allow for the creation of constructs to

repair larger and more severe articular cartilage lesions.
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Tissue Engineering Therapies for Articular Cartilage
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Figure 1.4: Progression of biomimetic tissue engineering therapies for articular
cartilage repair. Current therapies of autologous chondrocyte implantation (ACI),
matrix-assisted ACI (M-ACI), and small chondral and osteochondral constructs are
advancing incrementally towards larger, more phenotypically stable and mature
tissues at the time of implantation. Future engineered partial or whole-joint constructs
may require or benefit from further in vitro shaping, growth, and maturation of tissues.
Chondro-Gide®, ChondroCelect®, DeN0v0®ET, and NeoCart® are products of
Geistlich Pharma AG (Wolhusen, Switzerland), TiGenix (Leuven, Belgium), ISTO
Technologies, Inc. (St. Louis, Missouri), and Histogenics Corporation (Waltham,
Massachusetts), respectively. Adapted from [79].
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1.4.b Engineering Shaped Chondral Grafts

Several techniques exist for forming cartilaginous constructs in predetermined
shapes. Many scaffold materials used in tissue engineering can be cast, milled,
printed, or otherwise formed into anatomical shapes, and thereby serve as templates
for cartilage growth [48, 69, 71]. Hydrogel-based constructs can be shaped by
injection molding or in situ polymerization [3, 16, 40]. Seeding primary or alginate-
recovered chondrocytes at high density into molds are scaffold-free approaches to
creating anatomical forms [8, 30]. However, the shape fidelity of a construct formed
by one of these techniques may diminish with subsequent tissue growth or scaffold
degradation.

Thermoforming and electroforming are techniques for permanently altering the
shape of cartilage that have been developed for craniofacial applications. Cartilage is
mechanically deformed and either heated by laser energy [27, 35] or radiofrequency
energy [50] or else subjected to electrical current [38]. Samples retain a large amount
of the imposed deformation, but the techniques have certain drawbacks at present.
Thermoforming has been shown to reduce chondrocyte viability [50, 68] and may
denature collagen in the ECM [84]; whereas electroforming produces tissue
discoloration and gas formation that are evidence of electrochemical reactions within

the tissue.[38].

1.5 Dissertation Objectives and Overview

The overall motivation of this dissertation was to contribute to understanding
how the shape, size, and maturity of cartilage can be prescribed through the in vitro

application of selected biophysical and biochemical stimuli. Experiments were
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conducted primarily using a model system of immature bovine articular cartilage.
Advantages of this system include consisting of phenotypically stable chondrocytes
within a native matrix, having well characterized composition, structure, and
mechanical properties, and being translatable to various tissue engineering and
cartilage grafting strategies. The objectives of the dissertation were 1) to establish
whether flexural deformations can aid in the contouring of cartilage by inducing
changes in tissue shape through matrix remodeling, 2) to characterize more thoroughly
the biomechanical behavior of cartilage in flexure, and 3) to determine how
biochemical regulation of matrix metabolism and remodeling modulates cartilage
shape plasticity, volume, and maturity.

Chapter 2, which was published in Tissue Engineering, describes the
development of a bioreactor capable of applying flexural deformations to cartilage
explants during culture and of a means of quantifying changes in explant shape.
Changes in the free-swelling shape of calf cartilage explants were measured at discrete
times within the first week of culture and compared across time points and to non-
loaded control explant cultures. Potential mechanisms by which flexure results in
cartilage matrix remodeling and shape alteration were also investigated through the
use of inhibitors of chondrocyte and cartilage matrix metabolism.

Chapter 3, which was published in Journal of Biomechanics, provides a
detailed look at flexural strains in calf cartilage explants using a novel
micromechanical test. The testing configuration mimicked and helped characterize the
flexural stimulus used previously in Chapter 2 and subsequently in Chapter 4 for
inducing cartilage shape changes. This study examined the role of nonlinear tension-
compression behavior of cartilage in producing asymmetrical strain distributions

within the tissue. Findings were supported through empirical comparison to alginate
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and through theoretical modeling of bimodular materials in pure bending, where
material properties served as input parameters.

Chapter 4, which has been submitted to Matrix Biology for publication, further
explores the shape plasticity of articular cartilage using an assessment built upon the
techniques of cartilage reshaping developed in Chapter 2. The shape plasticity of calf
and adult bovine cartilage was characterized and found to be consistent with the
clinical wisdom of diminishing plasticity with maturation. Moreover, biochemical
agents, B-D-xyloside and B-aminopropionitrile, were supplemented to cartilage explant
cultures to test whether perturbing proteoglycan and collagen remodeling can
modulate the shape plasticity of articular cartilage through changes in matrix
composition.

Chapter 5, which has been submitted to Osteoarthritis and Cartilage for
publication, examines the biochemical regulation of in vitro growth and maturation of
calf articular cartilage by exogenous IGF-1 and TGF-B1. These two growth factors
were examined for their ability to differentially regulate the volumetric growth, matrix
composition, and biomechanical properties in compression of cartilage. Regression
analysis was also used to further explore composition-function relationships.

Chapter 6 summarizes the major findings of these studies and discusses
potential directions for future studies.

Appendix A, which was published in Acta Biomaterialia, investigates factors
which contribute to the formation of a cohesive extracellular matrix in engineered
cartilaginous tissues. Rather than using a model system of explants of immature
bovine articular cartilage as in the previous chapters, this study examined isolated
chondrocytes from this tissue embedded in alginate hydrogel. The effects of initial cell

density on the de novo synthesis and distribution of proteoglycan and collagen and on
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the construct equilibrium tensile modulus were examined. In addition, regression
analysis was used to evaluate composition-structure-function relationships with a
particular focus on how distribution of matrix within the construct affects the strength
of these relationships.

Appendix B supplements the findings of Chapter 2 by extending the study of
potential mechanisms of cartilage reshaping. An inhibitor of matrix metalloproteinases
and a more broadly acting protease inhibitor cocktail are used to investigate the

potential role of matrix catabolism during mechanically-induced cartilage reshaping.
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CHAPTER 2

CARTILAGE RESHAPING

VIA IN VITRO MECHANICAL LOADING

2.1 Abstract

Shaped cartilage grafts can be used in the restoration of injured joints and
reconstruction of deformities of the head and neck. This study describes a novel
method for altering cartilage shape, based on the hypothesis that mechanical loading
coupled with in vitro tissue growth and remodeling facilitates tissue reshaping. Static
bending deformations were imposed on strips of immature articular cartilage, and
retention of the imposed shape and structural and biochemical measures of growth
were assessed following 2, 4, and 6 days of incubation. The results show that
mechanical reshaping of tissue is feasible, as shape retention was greater than 86%
after 6 days of culture. The imposed mechanical deformations had little effect on
measures of tissue viability or growth within the 6 day culture period. The addition of
cycloheximide to the culture media only slightly reduced the ability to reshape these
tissues, but cycloheximide plus a lower culture temperature of 4°C markedly inhibited
the reshaping response. These results suggest a limited role for chondrocyte

biosynthesis but a potentially important role for metabolic reactions in the cartilage
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matrix in the reshaping process. The ability to modulate cartilage shape in vitro may

prove useful for tissue engineering of shaped cartilage grafts.
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2.2 Introduction

Cartilage grafts of pre-determined shapes and sizes have important therapeutic
applications in the restoration of damaged joints and the reconstruction of head and
neck deformities. Focal defects in articular cartilage are common injuries of the knee
which can cause pain and disability [9, 20]. Because these injuries have a minimal
capacity to heal, surgical interventions such as microfracturing, autologous
chondrocyte implantation (ACI), and osteochondral auto- and allografting are often
required [7]. As defect size increases, restoration of the natural joint curvatures may
become an increasingly important parameter for functional recovery. Careful
orthotopic matching of osteochondral allograft tissue currently meets this requirement
[8], but clinical reports of successful reattachments of loose chondral fragments [24,
32] provide evidence that anatomically-shaped chondral grafts may be a feasible
therapeutic alternative.

Shaped cartilage grafts are also frequently used in reconstructive procedures of
the nose, ears, and other features of the head and neck. Autologous septal, auricular,
and costal cartilage grafts are often sculpted into desired forms using techniques such
as carving, scoring and suturing [42]. Because these methods can adversely affect the
viability of the graft tissue and generate excessive tissue waste, there has been interest
in developing an effective means to reshape natural or engineered cartilage into useful
forms for grafting.

Methods of cartilage reshaping currently in development include
thermoforming and electroforming. These techniques consist of mechanically
deforming cartilage, and subsequently applying either laser [14, 18] or radiofrequency
heating [25] (in thermoforming) or electrical current [21] (in electroforming). After

these treatments, cartilage samples retain a large amount of the imposed deformation
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[14, 21, 25]. The heat generated within the tissue during thermoforming has been
shown to reduce chondrocyte viability [25, 36] and may also denature matrix proteins
such as collagen [45]. In electroforming experiments, observations of tissue
discoloration and gas formation provide evidence for electrochemical reactions within
the tissue [21]. It is largely unknown how alterations in cartilage graft viability and
structure resulting from these reshaping methods would affect their therapeutic
success.

Tissue engineering approaches for creating shaped chondral tissues have also
been explored, and encouraging results have been achieved. In general, these studies
usually follow one of two strategies: 1) seeding cells with a scaffold, typically a
polymerizable hydrogel, into a negative mold [1, 6, 22], or 2) seeding cells into a
shaped scaffold created by milling, casting, solid freeform fabrication or other
techniques [23, 38, 39]. One challenge to such approaches is that the initial,
engineered shape of a construct may change during in vitro culture because of tissue
growth or scaffold degradation. Consequently, there may be a need for reshaping
methods to alter the final shape of these engineered tissues. Techniques that provide
an initial form and alter the final contours may serve a complementary approach to
engineering shaped chondral tissues.

Cartilage is a mechanosensitive tissue, and its responses to physical forces
have been studied in vivo and in vitro. Mechanical stimuli play an important role in
the development and growth of cartilage in vivo, from early joint cavitation and
morphogenesis [10], to the functional adaptation of the tissue nearing maturation [28,
35]. The metabolic responses of chondrocytes and cartilage explants to controlled
mechanical stimuli in vitro have also been extensively studied and reviewed [15, 17].

A better understanding of these metabolic responses has encouraged the use of
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mechanical loading in what have been termed functional tissue engineering studies to
enhance the biochemical and mechanical properties of engineered cartilage [16].
However, the effects of mechanical loading on the in vitro growth and remodeling of
cartilage as they relate to tissue shape have not been thoroughly explored.

To address the need for shaped cartilage grafts, a technique which reshapes
natural or engineered cartilage while preserving tissue integrity and viability may be
useful. This study investigated the hypothesis that the application of mechanical loads
to immature cartilage in vitro will facilitate tissue reshaping through the metabolic
processes of the chondrocytes and cartilage matrix. Specifically, cartilage explants
were subjected to bending deformations, and changes in sample shape were quantified

after in vitro growth and remodeling of the tissue (Fig. 2.1, A).
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Figure 2.1: (A) Hypothesized method and experimental configuration for reshaping
immature cartilage via the application of mechanical loads to direct tissue growth and
remodeling. (B) Illustration of the opening angles used in this study as quantitative
measures of specimen shape.



36

2.3 Materials and Methods

Cartilage Explant Preparation and Incubation

Articular cartilage blocks were harvested from the patellofemoral grooves of
1-3 week old bovine calves (5 animals) and kept hydrated throughout preparation with
cold (~4°C) phosphate-buffered saline (PBS). The superficial ~0.5 mm of tissue was
removed with a vibrating microtome (Vibratome, St. Louis, MO) and discarded. The
underlying ~1 mm of middle zone cartilage was obtained and trimmed into strips
measuring 1x2x10 mm’ (HxWxL), with the length parallel to the patellofemoral
groove. Samples were incubated overnight free-swelling in medium consisting of
Dulbecco’s Modified Eagle’s Medium (DMEM) with 20% fetal bovine serum (FBS),
ascorbic acid (100 pg/ml), antimicrobials (100 U/ml penicillin, 100 pg/ml
streptomycin, 0.25 pg/ml Fungizone), amino acids (0.1 mM MEM non-essential
amino acids, 0.4 mM L-proline, 2 mM L-glutamine), and HEPES (10 mM) at 37°C.
On the day after harvest, samples were weighed wet and their thickness was measured
using a non-contact laser measuring sensor (Acuity AR200, Schmitt Industries,
Portland, OR), a process validated by using calibration objects of known thickness.

In the initial experiment, the effects of load and incubation time on shape
change and shape retention were examined. Cartilage strips in the loaded group were
placed over spans of ~7 mm in length in custom-built loading devices. A controlled,
static bending deformation was applied to the cartilage strips using spring-loaded,
cylindrical stainless steel posts (4.75 mm dia.) as illustrated (Fig. 2.1, A). Each
loading device was enclosed in a sterile 50 ml centrifuge tube with medium and placed
in an incubator. Other samples were cultured free-swelling as a control. Loaded and

free-swelling samples were incubated in 3.5 ml of medium for an additional 2, 4, or 6



37

days and the medium was changed every other day. At the end of these incubation

periods, samples were subjected to the following analyses.

Shape Analysis

Specimen shape was quantified as an “opening angle” (y) [29] defined here as
the angle with a vertex at the midpoint of a specimen and endpoints at the two internal
corners (Fig. 2.1, B). Digital images of specimens and subsequent analysis with
Imagel software (NIH, Bethesda, MD) were used to calculate opening angles. The
initial, straight sample shape (yinit) was found to deviate less than 1° from 180° in each
specimen of a control group (n=8) and thus was assumed to be 180° for all samples.
For loaded samples, the opening angle was determined from images taken while the
sample was still loaded (imposed shape, yimp) and following 2 hours of free-swelling
relaxation in PBS at 4°C (relaxed shape, yrelax). Pilot studies showed that ~2 days was
sufficient for shape recovery to reach equilibrium, defined as yelax changing less than
0.1°hr, and ~50% of the response occurred during the initial 2 hours of relaxation.
Because it was necessary to perform additional biochemical and viability tests on
these tissues, the 2 hour relaxation period was chosen to obtain a measure of the total
response. The percentage of the imposed change in shape which was retained
following this relaxation period was calculated as

shape retention (%) = Yinie ~ Vrelax 41 (1)

init Y imp

Biochemical Analyses and Viability
After the shape analysis, post-culture sample wet weights and thicknesses were

determined, and the changes in these structural properties as a percent of the pre-
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culture values were calculated. A central segment of the sample, ~2 mm in length, was
then cut with a scalpel from each sample, weighed wet, and digested with proteinase K
(Roche Diagnostics, Indianapolis, IN) for biochemical analyses. Tissue digests were
assessed for DNA with PicoGreen® (Invitrogen) [31], glycosaminoglycans with
dimethylmethylene blue [12], and hydroxyproline with dimethylaminobenzaldehyde
[44]. Subsequently, cell and collagen contents were determined using ratios of 7.7 pg
DNA/cell [26] and 7.25 g COL/g hydroxyproline [19, 34].

To ascertain whether chondrocyte viability was maintained during sample
preparation and culture, pieces of tissue adjacent to the removed biochemical portions
and samples on the day of harvest were assessed using the the Live/Dead®
Viability/Cytotoxicity Kit (Invitrogen, Carlsbad, CA) [43]. These samples were placed
in 200 pl PBS containing 40 uM calcein AM and 20 uM ethidium homodimer-1 for 20
minutes at room temperature. Samples were then washed twice in PBS for 10 minutes
each and imaged in cross-section using fluorescent microscopy. Quantitative viability
analyses were performed using Matlab (Mathworks, Natick, MA) image processing
tools as described previously [3]. No fewer than 93% of chondrocytes in the examined
tissues were viable, and no differences were apparent between bent and free-swelling
samples or between freshly prepared and cultured samples. The limited amount of cell
death was mostly localized within ~100 pm of sample edges, where the cartilage had

been cut.

Inhibition of Chondrocyte and Cartilage Matrix Metabolism
In a subsequent experiment, several treatments were used to inhibit
chondrocyte and cartilage matrix metabolism and examined for their effects on

cartilage reshaping. Samples were prepared as before from 6 additional animals and
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divided into four experimental groups. Samples in the first group were pre-treated for
1 hour and cultured at 37°C in medium with 100 pg/ml cycloheximide (CHX) [27,
37], an inhibitor of protein synthesis. Samples in the second group were also treated
with CHX, but were maintained at 4°C to reduce the rate of biochemical reactions
within the tissue. Since the reduction of temperature slows both cell biosynthesis and
overall metabolic activity, CHX was included in these cultures to ensure thorough and
specific inhibition of cell biosynthesis. Cellular activities were inhibited in a third
group of samples by rendering the tissue non-viable (NV) by freezing at -70°C
followed by thawing and incubation at 37°C. The lack of viable cells was confirmed
using the Live/Dead® Kit. Still other samples were left untreated and incubated as
before to serve as a control. All samples were placed in loading devices, deformed,
and cultured for an additional 6 days. Samples kept at 4°C were sealed in sterile tubes
to maintain pH and placed in a refrigerator. Medium was changed every other day
with fresh media pre-equilibrated at either 37°C or 4°C. At the termination of culture,
shape analysis was performed as previously described.

A control study was also performed to confirm the inhibitory effects of these
treatments on radiolabeled proline incorporation, a marker of protein synthesis.
Cartilage samples were prepared as before, but trimmed into shorter 1x2x3 mm’
explants. CHX-treated, NV, and control samples were incubated free-swelling for
three days in media supplemented with 20 pCi/ml [3H]proline and 100 pg/ml CHX
where appropriate. To remove unincorporated isotope, samples were thoroughly
washed with 0.4 ml of medium 6 times over 2 hours, moved to a new culture plate,
and incubated for an additional 24 hours in medium without radiolabel. At the

termination of culture, tissue was weighed wet and digested with proteinase K. The
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tissue digests and chase medium were analyzed for incorporated radioactivity, which

is reported as the sum of the two.

Statistics

Data are presented as means + standard errors of the mean, unless otherwise
noted. In the first experiment, ANOVA (a = 0.05) was used to determine the effects of
loading (+/-) and culture time (2, 4, 6 days) on sample shape retention, structural
changes, and biochemical composition. In the second experiment, ANOVA was used
to determine the effect of treatment (CHX 37°C, CHX 4°C, NV 37°C) on sample
shape retention and radiolabeled proline incorporation. For each analysis, the source
animal was also treated as a random factor, and appropriate post hoc comparisons
were made using a Tukey test. In addition, the percentage shape retention data was
arcsine transformed before analysis [41]. Statistical analyses were performed using

Systat 10.2.05 (Systat Software, Richmond, CA).

2.4 Results

Effects of Bending and Culture Time on Tissue Properties

To ensure similar mechanics in specimens undergoing mechanical loading,
samples were prepared uniformly with an average pre-culture thickness of 1.07 + 0.11
mm (mean £ SD). The loading devices could impose a consistent bending deformation
to the samples throughout culture, and this was measured as an 89 + 4° (mean + SD)
imposed change in the opening angle (yini-Yimp)- In a separate experiment, the peak
force required to produce these bending deformations was found to be 0.66 + 0.11 N,

and the force relaxed to 17% and 15% of this peak 2 and 4 hours, respectively, after
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the application of load. Following unloading and 2 hours of stress relaxation, the
samples cultured under load were markedly different in shape compared to the free-
swelling controls (Fig. 2.2, A-F). The free-swelling controls showed little change in
shape relative to the initial, straight configuration, and their average change in opening
angle for all culture times was only 2 + 1°. The loaded samples exhibited smooth two-
dimensional curvatures which reflected varying degrees of shape retention after the
different culture periods. The calculated shape retention for the loaded samples was
high at all culture times but increased with time (Fig. 2.3). Shape retention was 65 +
3% after only 2 days of culture, but this was significantly less than the 81 + 3%

(p<0.05) and 86 + 3% (p<0.01) retention after 4 and 6 days, respectively.
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Loaded FSW

Day 2 Day 4 Day 6

Figure 2.2: (A-C) Free-swelling (FSW) and (D-F) loaded specimens cultured for
(A,D) 2, (B,E) 4, and (C,F) 6 days, shown after 2 hours of free-swelling stress
relaxation in phosphate buffered saline.
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Figure 2.3: The percentage of the imposed shape retained for loaded specimens
cultured for 2, 4, and 6 days, quantified following a 2 hour stress relaxation. % p<0.05
compared to other culture times. Data are means + SEM and n = 7-9.
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The application of bending loads had no significant effects on the change in
sample thickness or wet weight through six days of culture (Fig. 2.4). However, these
structural properties increased with time in culture (p<0.05). Glycosaminoglycan,
collagen, and cell contents of the explants were also measured and normalized to the
final tissue wet weight (Fig. 2.5, A-C) and, to facilitate comparisons, the initial wet
weight (Fig. 2.5, D-F), using the ratio of pre- and post-culture sample weights. Again,
no significant differences were detected between the loaded and free-swelling samples
for any of these measures. Culture time was a significant factor for collagen and cell
contents normalized to the final wet weight (p<0.05; Fig. 2.5, B,C), presumably

reflecting the significant effect of time on increasing wet weight.



45

S
o

§ A time p<0.05
£ -
o= 20
c T
P = K
(&) _r_- 7 g
0 LL [
@ 40 time p<0.05
0 B
=
(S)
E _
c S 20
()
o)
c
g !"L.
o 0
2 4 6

Days in Culture

Figure 2.4: Changes in specimen (A) wet weights (WW) and (B) thicknesses for free-
swelling (FSW, gray bars) and loaded (black bars) conditions following various times
in culture. Data are means + SEM and n = 7-9.
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Figure 2.5: (A,D) Glycosaminoglycan (GAG), (B,E) collagen (COL), and (C,D) cell
content of free-swelling (FSW, gray bars) and loaded (black bars) specimens
following various times in culture. Data are normalized to the (A-C) final wet weights
(WWjy) and the (D-F) initial wet weights (WW;) of the specimens. Data are means +
SEM and n = 7-9.
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Effects of Chondrocyte and Cartilage Matrix Metabolism Inhibition on
Reshaping

In the second experiment, treatments including culturing samples in the
presence of cycloheximide (CHX 37°C) and rendering samples non-viable prior to
culture (NV 37°C) were used to inhibit chondrocyte metabolism. Another treatment
consisting of culturing samples with CHX at a reduced temperature (CHX 4°C) was
used to inhibit both chondrocyte and cartilage matrix metabolism. The efficacy of
these various treatments with regards to their ability to inhibit chondrocyte
biosynthesis was tested in a control study in which radiolabeled proline incorporation
into cartilage explants was used as a measure of chondrocyte protein synthesis. The
results of this control study confirmed that the treatments resulted in significantly less
[*H] proline incorporation than in untreated controls (p<0.001; Fig. 2.6, A). The two
treatments with CHX (CHX 37°C and CHX 4°C) each resulted in approximately 92%
lower incorporation, and the non-viable samples resulted in approximately 98% lower
incorporation than in controls.

These treatments imposed varying degrees of inhibition on the process of
cartilage reshaping (Fig. 2.6, B) in a manner not entirely consistent with their
reduction of biosynthesis. After unloading and relaxation at the termination of the 6-
day culture, samples which had been incubated in medium containing CHX at 37°C
(CHX 37°C) showed only slightly less shape retention than untreated controls (78 +
3% vs. 90 + 1%; p<0.05). However, samples cultured in the same medium at 4°C
(CHX 4°C) had dramatically less ability to retain the imposed shape (22 + 2%,
p<0.001). Samples that had been rendered non-viable before incubation (NV 37°C)

had a level of shape retention (52 + 6%) between that of the other treatments.
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Figure 2.6: (A) Metabolic inhibition treatments (cycloheximide [CHX], non-viable
[NV], 4°C) result in significantly less radiolabeled proline incorporation in free-
swelling explants compared to control. (B) Treatments have varied effects on the
shape retention of samples loaded for 6 days. % p<0.001 compared to control. ¢
p<0.05 compared to all groups. Data are means + SEM, and n = (A) 7-8 and (B) 9-11.
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2.5 Discussion

In this study, a technique was successfully developed to reshape immature
cartilage through the application of bending mechanical loads during in vitro culture.
With this technique, a large percentage of the shape imposed during culture was
retained by the specimens after unloading and relaxation (Fig. 2.2 & 2.3), although it
remains to be shown how additional culture without a mechanical stimulus would
further affect specimen shape. Moreover, several treatments were used to inhibit
chondrocyte and cartilage matrix metabolism, and these provided insight into the
potential mechanisms of the demonstrated reshaping process.

The efficacy of this method of reshaping compares favorably with other
techniques described previously. In this study, incubation under load for 6 days
resulted in specimens retaining 86-90% of the imposed shape after a 2 hour relaxation
(Fig. 2.3 & 2.6, B). Similarly, shape retentions have been reported in the ranges of 58-
75% using laser-mediated reshaping [14] and 80-90% using electroforming [21].
However, conclusions drawn from these comparisons should be tempered in
consideration of differences in the tissue sources, the sample geometries, and the
methods used to quantify specimen shape.

Although the thermoforming techniques offer a nearly instantaneous method
for cartilage reshaping, tissue viability has been reduced by as much as 80-85%
immediately following laser or RF heating, with further loss of viability during
subsequent culture [25, 36]. Since chondrocyte viability may be an important
parameter for success in various cartilage graft therapies, the molding technique
developed here was designed to maintain viability. Preservation of chondrocyte
viability was achievable (>93%) in cartilage subjected to the bending deformations

used in this study.
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The effects of the applied bending deformations on the growth and remodeling
of the tissue were also of interest, because these might serve as possible mechanisms
of reshaping. Physical forces are potent regulators of cartilage metabolism, and studies
investigating the mechanobiology of cartilage explants in vitro have typically used
static or dynamic applications of mechanical compression or shear, osmotic loading,
or hydrostatic pressure [15, 17]. For comparison, the deformations of the cartilage
samples in this study can be best understood in terms of static beam bending analysis
from engineering mechanics. A beam or strip of tissue at equilibrium under a bending
deformation would be expected to have a neutral axis along its length with gradients
of tensile and compressive strains extending in opposite directions [33, 46], but the
nonlinear behavior of cartilage in the tension-compression transition complicates a
more thorough analysis of this loading configuration [5].

In this study, structural properties and biochemical composition (Fig. 2.4 &
2.5) served as bulk measures of tissue growth and remodeling. In general, changes
with time in the structural and biochemical properties of free-swelling explants
followed previously reported trends [2], but there was no significant effect of loading
on any of these metrics. However, the potential effects of loading on chondrocyte
biosynthetic rates may not have appeared in bulk measures of matrix content during
such short culture durations. The use of radiolabeled precursors [4, 30, 37] might
provide further insight into the effects of bending on chondrocyte metabolism in
different regions of the tissue. In terms of metabolism of matrix components, moderate
dynamic loading is generally more anabolic than static loading [15, 17]. Although
static bending was effective for tissue reshaping in this study, dynamic applications of
bending may also prove efficient at reshaping while concurrently promoting in vitro

growth.
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In the second experiment, treatments which inhibited chondrocyte and
cartilage matrix metabolism were used to further elucidate the possible mechanisms of
the reshaping process (Fig. 2.6). The finding that CHX, an inhibitor of protein
synthesis [27], slightly reduced shape retention suggests only a minor role for
chondrocyte protein biosynthesis in the reshaping process, although cells may alter
their matrix environment through other means. Samples which were rendered non-
viable prior to incubation at 37°C showed even less shape retention, but the freezing
of these samples may have had effects on the tissue not specific to reducing
biosynthesis. The samples cultured in medium with CHX and maintained at 4°C had
markedly poorer shape retention than all other groups. Because temperature reduction
slows biochemical reaction rates in the whole tissue, this result potentially identifies
an important role of metabolic reactions in the cartilage extracellular matrix. These
processes could be catabolic, such as enzymatic cleavage of matrix (e.g. by matrix
metalloproteinases) which relieves residual stresses [13], or anabolic, such as the
formation of stabilizing cross-links within the collagen network [11]. Lastly,
mechanical phenomena that result in the disruption or rearrangement of matrix
components are another possible mechanism of cartilage reshaping, that could
conceivably be temperature dependent. Further experiments are needed to elaborate on
the possible roles of specific mechanisms, but these studies may provide a basis for
novel enhancements or manipulations of cartilage reshaping.

The explants used in this study consisted of middle zone articular cartilage
taken from immature animals. Middle zone tissue was chosen because it facilitated
consistent sample preparation and minimized depth-dependent swelling and growth
behaviors. Eliminating the subtle anatomical curvatures at the articular surface

allowed easier and more consistent preparation of flat cartilage strips. This method of
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preparation decreased the variability in both the initial shape (yinit) and the pre-culture
thickness, ensuring more uniform mechanical loading of the specimens. In addition,
removing the superficial-most tissue was expected to decrease any gradients in
swelling and growth behaviors, which could potentially cause shape changes even in
the free-swelling controls. Depth-varying matrix content and architecture in mature
articular cartilage provide the basis for non-uniform swelling behaviors which can
result in curling of cartilage when released from the subchondral bone [40].
Additionally, immature cartilage explants from superficial and middle zones have
exhibited different volumetric growth rates in vitro [2]. The free-swelling samples of
middle zone cartilage in this study developed minimal changes in shape and thus
served as a sufficient control for those samples being reshaped through mechanical
loading. In consideration of possible therapeutic applications, it could be
advantageous for shaped chondral grafts to include the superficial zone for its
mechanical and tribological functions, and these grafts might be required to have
concave or convex geometries. Since articular cartilage has a tendency to curl around
its superficial surface, it might be expected that a convex geometry would be more
difficult to attain. Future studies of mechanical reshaping will need to consider the
effects of retaining the superficial zone and the orientation of the tissue with regard to
the final geometry.

This study provided “proof of concept” for using mechanical loading during in
vitro culture to modulate the shape of cartilaginous tissues. Although tissue reshaping
was shown in a simplified two-dimensional bending configuration, expanding this
technique to more-complex three-dimensional geometries could enhance its potential
for clinical utility. Successful creation of these more-complex geometries will likely

require detailed analyses of the desired shapes and careful selection of the initial tissue
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with regard to size and structure. Because shaped cartilage grafts have applications in
the reconstruction of damaged joints and deformities of the head and neck, it would be
of interest to investigate the efficacy of mechanical reshaping on articular and non-
articular cartilages. This method may also have potential for shaping engineered
cartilaginous tissues and could supplement the in vitro growth and maturation of these
tissues. Additional studies will be needed to examine the ability to form more-
complex geometries and to reshape cartilaginous tissues from various sources using

the mechanical molding technique.
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CHAPTER 3

ASYMMETRICAL STRAIN DISTRIBUTIONS
AND NEUTRAL AXIS LOCATION

OF CARTILAGE IN FLEXURE

3.1 Abstract

Flexural deformation has been used for the biomechanical characterization of
native and engineered cartilage and as a mechanical stimulus to induce alteration of
cartilage shape during in vitro culture. Flexure is also a physiologically relevant mode
of deformation for various cartilaginous structures such as the ears and nose, but a
kinematic description of cartilage in flexure is lacking even for simple deformations.
The hypothesis of this study was that tension-compression (T-C) nonlinearity of
cartilage will result in asymmetrical strain distributions during bending, while a
material with similar behavior in tension and compression, such as alginate, will have
a more symmetrical distribution of strains. Strips of calf articular cartilage and
alginate were tested under uniform circular bending, and strains were determined by a
micromechanical analysis of images acquired by epifluorescence microscopy. This
experimental analysis was interpreted in the context of a model of small-deflection,
pure bending of thin, homogeneous beams of a bimodular elastic material. The results

supported the hypothesis and showed that marked asymmetry existed in cartilage
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flexural strains where the location of the neutral axis was significantly different than
the midline and closer to the tensile surface. In contrast, alginate samples had a
centrally located neutral axis. These experimental results were supported by the model
indicating that the bimodular simplification of cartilage properties is a useful first
approximation of T-C nonlinearity in these tests. The neutral axis location in cartilage
samples was not influenced by testing orientation (towards or away from the
superficial-most tissue) or magnitude of flexure. These findings characterize the
kinematics of cartilage at equilibrium during simple bending and indicate that T-C
nonlinearity is an important determinant of the flexural strain distributions in the

tested tissue.
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3.2 Introduction

Mechanical loading of cartilage explants can regulate chondrocyte metabolism
and direct growth and remodeling [15]. Specific mechanical stimuli may be used to
manipulate cartilage properties including matrix composition, mechanical properties,
and shape. For instance, bending of immature articular cartilage during in vitro culture
can induce marked changes in tissue shape [31]. Identification of the
mechanobiological processes underlying these shape changes may be facilitated by a
biomechanical characterization of cartilage subjected to such flexure. This technique
of shaping cartilaginous tissues may have applications towards creating grafts of
specific shapes for joint repair or -craniofacial reconstruction and towards
understanding the effects of physical forces on the developing morphologies of
cartilage structures.

Flexure is a physiologically relevant mode of deformation for many types of
cartilage including those located within the nose, ears, and ribs. To better understand
the biomechanical functions of these tissues, tests such as three-point or curved-beam
bending have been used to characterize nasal septal, auricular, costal, and tracheal
cartilages, with moduli reported in the range of 4-9 MPa [11, 14, 21, 24]. These
properties may also serve as useful benchmarks for assessing engineered cartilage
being developed for therapeutic purposes [11, 24]. While bending may produce
tensile, compressive, and shear deformations, previous studies of cartilage flexural
properties have not experimentally quantified strain distributions within the tissue
during bending.

The complex mechanical properties of cartilage increase the difficulty of
predicting deformation behavior when the tissue is subjected to bending. In particular,

articular cartilage has a well-characterized, nonlinear, equilibrium stress-strain
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response that is stiffer in tension [1, 32] than in compression [23, 33]. The transition
between these two regimes occurs smoothly, and this behavior of cartilage has been
termed as tension-compression (T-C) nonlinearity [6, 20, 26]. Additional reports of
nonlinear behavior include slight softening with increasing compressive strain (15-
30%) in immature bovine cartilage and stiffening with increasing tensile strain (2-
10%) in more mature bovine cartilage [8, 12]. These properties may result in stress
and strain distributions within cartilage during flexure that significantly deviate from
those predicted by fundamental, linearly elastic beam theory. An experimental
approach for measuring intra-cartilage strains may provide insight into the
biomechanics of cartilage in flexure.

Methods for measuring intra-cartilage strains have combined microscopy with
point-tracking of fluorescently labeled chondrocyte nuclei [25] or digital image
correlation [29]. These techniques have been useful for determining spatially varying
strain distributions arising from depth-dependent inhomogeneity of material properties
in articular cartilage under compression [25, 29]. Complex strain patterns within
cartilage near an indentation probe or an articular defect have been assessed through
similar methods [4, 13]. The application of these techniques to cartilage in flexure
could produce a detailed depiction of the intra-tissue mechanical environment in this
deformation state.

The hypothesis of this study was that T-C nonlinearity, such as that attributed
to cartilage, will result in asymmetrical strain distributions during bending, while a
material with similar behavior in tension and compression, such as alginate, will have
reduced asymmetry. In addition, effects of potential cartilage inhomogeneity and
magnitude of flexure were examined by varying the tissue orientation and bending

radius of curvature.
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3.3 Materials and Methods

Cartilage Sample Preparation

Cartilage blocks were harvested from the patellofemoral grooves of 1-3 week-
old bovines obtained fresh from an abattoir. Slices of middle zone cartilage (~0.5-1.5
mm from the articular surface) were obtained using a vibrating microtome
(Vibratome, St. Louis, MO) and were cut into strips measuring ~1x2x10 mm’
(HxWXL). As a critical dimension in determining flexural strains, the thickness was
measured at three locations along the span of each cartilage sample and averaged.
Each sample was found to be uniformly thick (+0.02 mm), and the average thickness
of all samples was 1.00+0.04 mm (mean + SD). Cartilage strips were stored for up to
48 hours in Dulbecco’s Modified Eagle’s Medium at 4°C. Prior to mechanical testing,
cartilage was immersed for 20 min in 1 ml of phosphate buffered saline (PBS)
containing 20 pg/ml propidium iodide to stain chondrocyte nuclei and then washed
twice for 10 min each in PBS.

The effect of cartilage orientation relative to the direction of bending (towards
or away from the superficial-most side) was assessed in four pairs of adjacent cartilage
strips (n=8) from two animals. Upon finding no significant effect of orientation as
indicated in the results, these data were pooled with those from an additional animal
(n=12 strips total). The effect of the bending radius of curvature was investigated

using cartilage strips (n=7) from two animals.
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Alginate Sample Preparation

For comparative analysis, alginate was primarily chosen for having similar
tensile and compressive moduli, homogeneity at a microscale, and the ability to
include fluorescent fiducial markers. A 2% solution of alginate (Keltone LVCR,
Kelco, Chicago, IL) was prepared in 0.9% saline and passed through a 0.22 um
polyethersulfone filter (Millipore, Billerica, MA). Fluorescent microspheres (Bangs
Laboratories, Fishers, IN) with 7.32 pm mean diameter were suspended in the solution
at 4x10° beads/ml. Alginate was gelled into slabs using a custom mold that allowed
Ca™ diffusion, as described previously [30], and cut into strips (~1x2x10 mm’,
HxWxL) for flexure or disks (@ 5 by 1 mm H) for unconfined compression. Each
alginate strip was uniformly thick (£0.04 mm), and the average of all strips was
1.05+0.09 mm (mean + SD). Alginate samples were equilibrated in Dulbecco’s PBS
(D-PBS) containing calcium and magnesium (Invitrogen, Carlsbad, CA) for at least 24

hours prior to mechanical testing to stabilize the mechanical properties of the

polymerized hydrogel [22].

Mechanical Test in Flexure

In the first set of experiments, bending deformations were applied to cartilage
and alginate strips in a configuration consistent with that used previously for the in
vitro reshaping of cartilage [31]. A custom, microscope-mounted testing device
consisted of a chamber containing a cylindrical, self-aligning loading post and a
sample support, which were displaced relative to one another by a hand-controlled
micrometer. Displacement rates were similar among tests (~0.25 mm/s) but not
explicitly controlled, since only equilibrium states were being studied. Specimens

were supported over a 7 mm span and bent flush around the loading post (@ 4.75 mm)



64

to achieve a uniform circular deformation (Fig. 3.1, A). The chamber allowed
visualization by epifluorescence microscopy of the sample surface in the plane of
bending relative to the x and z axes (length and depth; also anterior-posterior and
superficial-deep in cartilage samples). Digital images were acquired in the unloaded
reference state and the equilibrium deformed state following stress relaxation (1 hr for
alginate; 2 hrs for cartilage; based on pilot studies) (Fig. 3.1, B). Throughout the test,
cartilage and alginate samples were immersed in PBS and D-PBS, respectively, at
room temperature (22-24°C).

In the second set of experiments, cartilage strips were bent around a series of
loading posts of decreasing diameter, @ 15.53 mm (large), 7.92 mm (medium), and
4.75 mm (small). Following each stress relaxation and imaging step, samples were
briefly unloaded to switch loading posts and then deformed around the next smaller

post.

Micromechanical Strain Analysis

Strain analysis was performed with a custom-written Matlab algorithm (The
Mathworks, Natick, MA) using a combination of discrete point-tracking and digital
image correlation as described in detail elsewhere [13]. Briefly, a region of interest
(ROI) was manually chosen in the center of each sample, spanning the full thickness
and ~0.67 mm in length (Fig. 3.1, B). Fluorescent nuclei and beads were localized,
and a subset of these, spaced at ~46 um, was tracked between the reference and
deformed states by maximizing the normalized cross-correlation. A uniform square
mesh of points, also with 46 um spacing in the reference state, was selected in the ROI
starting one unit mesh length from the concave surface (z=0). Spacing parameters

were chosen to provide sufficient resolution of data points within the ROI and to help
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maximize correlation. The location of each mesh point in the deformed state was
determined by a local affine mapping of tracked nuclei or beads within 93 pm.
Displacements of mesh points were used to calculate displacement gradients and
Lagrangian strains. For each test, strain profiles (Exx, E, and Ey;) through the
thickness of the sample were determined at an x-coordinate where X|Ey,| was a

minimum.
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A

loading post

specimen
support

B

unloaded deformed

Figure 3.1: (A) Illustration of the mechanical testing setup for applying bending
deformations of uniform curvature and (B) experimental images of cartilage in
unloaded and deformed configurations. Central region of interest (ROI) is indicated by
white dashed boxes.
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Model of Pure Beam Bending of a Bimodular Material

According to Euler-Bernoulli beam theory, small-deflection, pure bending (i.e.
uniform bending moment) of a thin, homogeneous beam results in a uniform circular
deformation, a uniaxial state of stress in the longitudinal direction (x-axis), and a
linear profile of longitudinal normal strain (Ex) from compression to tension [5]. The
flexure test used here imposed a uniform circular deformation on samples to
approximate pure beam bending. A simple analytical model of pure bending was
employed to illustrate the consequences of material T-C nonlinearity on the neutral
axis location (depth where Ey,=0) and to predict the location based on published or
measured values of cartilage and alginate mechanical properties.

As an approximation, constitutive relationships of cartilage and alginate were
simplified to those of bimodular elastic materials, possessing a different modulus in
tension (+), E, than that in compression (-), E.. The neutral axis location in an Euler-
Bernoulli beam composed of a bimodular material subjected to pure bending has been

previously derived as

JE. +4E

where dnga 1s the distance from the concave surface to the neutral axis and d is the

(1)

dNA =

beam thickness [17]. For cartilage samples, E; and E. are equilibrium tensile and
unconfined compressive moduli reported for bovine calf tissue with similar age, depth,
and orientation as used here [3, 12]. Likewise, E; for 2% alginate of a similar
preparation was obtained from the literature [30], while E. was measured by
equilibrium unconfined compression testing for lack of a suitable reference. The

values for these parameters are shown in Table 3.1.
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Data Analysis and Statistics

The effect of cartilage orientation on Eyc was determined using repeated
measures ANOVA with orientation as a between-subjects factor and depth as a
within-subjects factor. Planned comparisons were made at each depth between
orientations using paired t-tests. The neutral axis, defined as the z-coordinate where
E«=0, was determined by linear regression of E4 on z for each sample. The neutral
axis location was compared to the sample midline (half the thickness) by paired t-
tests. Linear regressions of E,, on z in the tensile and compressive regions were
performed for cartilage. Assuming uniaxial stress, apparent Poisson’s ratios in tension
(vixz) and compression (vy,) were calculated as the negative ratio of the slope of E,,
(dE,,/dz) to the slope of Eyx (dExx/dz) and compared by paired t-tests. Dilatation was
calculated as (1+Ex)(1+Ey,)(1+E,,), where E,, was estimated as stated in the results.

Effects of loading post-size on neutral axis location and dE./dz were
determined using repeated measures ANOVA with post-size as a within-subjects
factor and post-hoc comparisons with Bonferroni correction. The slope, dEx./dz, was
also linearly regressed on the inverse of the bending radius of curvature, and the slope
of this regression was compared to the predicted value of 1 by t-test, with adjustment
of the standard error for repeated measures [9].

Results are presented as means = SEM, unless noted otherwise. Coefficients of
determination () are reported for regressions. For all comparisons, a significance

level, a, of 0.05 was used.
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3.4 Results

Flexural Strains in Cartilage Versus Alginate

The first set of tests exposed similarities and differences in the flexural
mechanics of cartilage and alginate. Representative strain maps (Exx, E,;, Ex;) within
the ROI and superimposed on the reference image reveal general patterns for cartilage
and alginate samples (Fig. 3.2). For both specimen types, the longitudinal normal
strain, Eyx, demonstrated a gradient from compression on the concave side to tension
on the convex side. An opposing gradient was produced in the transverse normal
strain, E,,, exhibiting a Poisson’s effect. Shear strains, Ey,, were small throughout, as
expected for materials in pure bending, and were generally less than the error

(approximately +1%) of this experimental technique [13].
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Cartilage Alginate

~

>

Figure 3.2: Lagrangian strain maps within the ROI of representative cartilage and
alginate specimens bent around the small diameter loading post. Maps are
superimposed on the reference images.
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Quantification and comparison of strain patterns were achieved by analyzing
profiles through the thickness (along the z-axis). Bending of cartilage towards or away
from the superficial-most tissue was not found to be a statistically significant factor in
determining the profile of E, (p=0.25). Planned comparisons further revealed that at
all depths there was no significant difference between the two orientations.
Consequently, data were pooled along with those from an additional animal. Together,
the averaged cartilage strain profiles reveal a marked asymmetry of strains during
flexure (Fig. 3.3, A). Ey, varied nearly linearly with z (1*>0.97) from approximately -
20% to 7%. The neutral axis location was determined to be 0.75 = 0.02 mm from the
concave surface, which was significantly different than the midline (0.50 + 0.01 mm,
p<0.001). In contrast, alginate specimens demonstrated a highly symmetrical strain
state during flexure (Fig. 3.3, B). Exx was also highly linear (r*>0.97), but varied from
approximately -15% on the concave side to 14% on the convex side. The alginate
neutral axis was located at 0.53+0.02 mm and was not different than the midline (0.52
+ 0.02 mm, p=0.48).

Further analysis of cartilage revealed strong linearity of E,, both on the tensile
and compressive sides of the tissue (1*=0.91 + 0.03 and r’=0.95 + 0.01, respectively).
The apparent Poisson’s ratio in tension was greater than that in compression
(vix=0.78 £ 0.11 vs. v4,~0.32 £ 0.03, p<0.01). Estimating dilatation in the bent
cartilage samples was accomplished by inferring the behavior in the y-direction. The
normal strain, E,, was calculated from E,, by assuming v.,,=0.14 as previously
published [12] and vixy = vix, = 0.78, as measured in this study. Dilatation varied
through the thickness with values approaching zero near the neutral axis and negative

throughout the remaining tissue (Fig. 3.4). The volume loss increased with distance
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from the neutral axis to reach a maximum of -12% at the concave (compressive)

surface and -4% at the convex (tensile) surface.
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Figure 3.3: Strain profiles through the thickness of (A) cartilage and (B) alginate
specimens from the concave surface (z=0) to the convex surface (z=1). Location of the
neutral axes, where Ey=0, and sample midlines are indicated by dotted and dashed
lines, respectively. Mean + SEM; n=12 for cartilage and n=9 for alginate.



Dilatation
-15% -10% -5% 0
0 Y . .
X
0.25 1 0 o
—_ N
e O N
é 0.50 - TS
N
0.75 A ‘I‘
1.00 i

74

Figure 3.4: Estimated dilatation profile through the thickness of cartilage samples.
Assumptions included vy = 0.14 [12], and vixy = vix, = 0.78, as measured in this

study. Mean + SEM; n=12.
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Effects of Magnitude of Bending on Cartilage Flexural Strains

A relationship between the magnitude of bending and the cartilage flexural
strains was determined by varying the size of the loading post. Decreasing the loading
post-size induced greater strains in the cartilage and increased the slope of the
longitudinal strain profile (dEx/dz) with each being greater than the previous
(p<0.001) (Fig. 3.5). However, the neutral axis location was not significantly affected,
being 0.75 £ 0.01, 0.77 £ 0.01, and 0.77 + 0.01 mm with the large, medium and small
posts, respectively. The strain distributions induced by the small loading post were
consistent with those found in the previous set of tests, even though these cartilage
samples were preconditioned by two cycles of increasing flexural deformation.

The slope, dEx/dz, and the radius of curvature were further examined by linear
regression (r’=0.88, Fig. 3.6). Here, the bending radius of curvature was defined as the
radius of the loading post plus the distance to the neutral axis, and then plotted as the
inverse. The slope of this regression (0.93 + 0.04) was not significantly different than
unity, the value predicted by Euler-Bernoulli beam theory for materials in pure

bending [5].
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Figure 3.5: Effect of loading post size (and consequently radius of curvature) on
longitudinal strain profiles (Exx) of cartilage specimens. Mean = SEM; n=7.
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Bimodular Model Predictions

Mean values of E; and E. for calf articular cartilage and alginate (Table 3.1)
were substituted into Equation (1) to predict the neutral axis location in samples with
the same average thicknesses as those used in the experiment. The bimodular model
predicted that the cartilage neutral axis would be 0.71 mm from the concave surface
(Table 3.1). On the other hand, the alginate neutral axis was predicted to be more

centrally located at 0.61 mm.
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Table 3.1: Predicted neutral axis locations for cartilage and alginate modeled as
bimodular elastic materials in pure bending versus the experimentally measured
locations. Mechanical property input parameters (equilibrium tensile moduli, E,, and
unconfined compression moduli, E)) were measured or obtained from [3, 12, 30].
Mean + SEM.

Tensile Compressive Modeled Measured
Material Modulus, E, Modulus, E. Neutral Axis Neutral Axis
cartilage 3.0+1.0 MPa 0.5+0.2 MPa 0.71 mm 0.75 £ 0.02 mm

alginate 4.1 £0.4 kPa 1.9+£0.1 kPa 0.61 mm 0.53 £ 0.02 mm
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3.5 Discussion

The results of the micromechanical strain analysis support the hypothesis that
tension-compression nonlinearity plays an important role in determining the flexural
biomechanics of cartilage. The observed asymmetry in the longitudinal normal strain,
E«, with the neutral axis being closer to the tensile surface, is consistent with the
known material properties of cartilage (i.e. stiffer in tension than compression) and the
necessary force balance within each sample. In contrast to the strain asymmetry of
cartilage, alginate, a hydrogel with similar tensile and compressive moduli, exhibited a
nearly symmetrical strain state.

Further support for the effects of T-C nonlinearity was provided by modeling
cartilage and alginate as bimodular elastic materials in pure bending. The use of a
model of pure beam bending was justified by several features consistent with the
experimental flexure test, including uniform circular deformation, linear longitudinal
strains, minimal shear strains, and a relationship between the bending radius of
curvature and the slope of the longitudinal strain profile equal to ~1. The neutral axis
locations predicted by the model were similar to those measured experimentally,
suggesting that the bimodular simplification of T-C nonlinearity is a useful first
approximation for the materials in these tests.

Articular cartilage exhibits depth-dependent inhomogeneity of tensile and
compressive properties which could influence flexural mechanics depending on the
sample preparation and orientation of bending [18, 25]. In this study, the superficial
tissue including the articular surface (~0.5 mm) was removed from the cartilage to aid
in preparation of uniformly flat strips and also to avoid a region where highly varying
properties exist [2, 19]. Significant effects of inhomogeneity on flexural strains were

excluded by testing paired samples in opposing orientations. However, the potential
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effects of inhomogeneity on bending mechanics may be an important consideration for
other sources or preparations of cartilaginous tissues.

Testing cartilage in flexure enables simultaneous observation of mechanical
behavior over a wide range of tensile and compressive strains. Quantification of the
apparent Poisson’s ratio, vy,, of cartilage in both compression and tension was possible
in a single test. The measured value of v, (0.32 £ 0.03) is similar to values (0.22-0.25
+ 0.05) previously obtained from unconfined compression of calf cartilage in the
anterior-posterior and medial-lateral directions [12, 28]. Likewise, the measured vy,
(0.78 +£ 0.11) is also consistent with published values of Poisson’s ratios in tension
(~0.5-2) for bovine and human articular cartilage [7, 8, 10, 34]. Calculation of these
Poisson’s ratios assumes uniaxial loading in the ROI without significant contact
pressure from the loading post, which would otherwise act to decrease E,,, near the
concave surface, and correspondingly decrease v,. Since neither a shallowing of the
profile of E,, near the concave surface nor a comparably low v, was observed, the
assumption of negligible contact pressure appears justified.

The range of tensile and compressive strains imposed on the samples can also
be controlled during bending by varying the size of the loading post. Thus, modulating
the post-size could provide information about nonlinear stress-strain behavior, with a
shift in the neutral axis location indicating a relative change in the compressive and
tensile moduli over the difference in the ranges of strain. There were no significant
differences between the cartilage neutral axis locations using the three loading post-
sizes to support previous reports of compressive stress-softening. The bending
experiments may not have been sufficiently sensitive to detect subtle shifts of the
neutral axis produced by such phenomenon, which may be small in magnitude [12] or

limited to a narrow range of compressive strains (~0-5%) [6]. However, additional
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flexure tests, particularly if done with multiple deformation states and in other planes
(e.g. x-y, y-z), may have further utility in validating constitutive models of nonlinear
and anisotropic cartilage behavior.

The techniques developed in this study may have applications in research
involving other types of cartilage and soft tissues. For instance, quantification of the
failure strain in flexure of engineered cartilage may be a useful functional measure for
therapies targeting ear and nose reconstruction where bending is expected. Previous
investigation of flexural failure in engineered auricular cartilage has been limited to
marking lines on the tissue surface and qualitatively observing displacements [16]. By
tracking ink microdots sprayed on the surface of arterial segments, a process similar to
that presented here albeit at a coarser resolution, flexural strains have been measured
to determine the mechanical properties of arterial wall layers [35]. Flexural strains
have also been examined in comparisons of native and bioprosthetic aortic valve
leaflets by analysis of banding patterns produced by polarized light microscopy [27].
Previous validation of the strain analysis algorithm used in the current study found
maximum errors of ~1% strain for large deformations [13], making it an attractive
technique for these types of applications.

The results of this study help elucidate the equilibrium distribution of strain
within cartilage during simple flexure. Since the deformation applied during these
tests mimicked that used previously for inducing alterations in cartilage explant shape,
the findings are directly relevant to understanding the reshaping process [31].
Specifically, these results identify regions of tissue predominantly loaded in tension or
compression and non-uniform volumetric changes which may differentially mediate
cartilage shape change during in vitro culture. The characterization of the

biomechanical state of these explants may facilitate further examination of the
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mechanisms of cartilage reshaping as this technology is developed for bioengineering

shaped chondral tissues.
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CHAPTER 4

IN VITRO MODULATION OF CARTILAGE SHAPE

PLASTICITY BY BIOCHEMICAL REGULATION

OF MATRIX REMODELING

4.1 Abstract

With consideration of the need for cartilage grafts in orthopedic and
craniofacial surgery, explants of immature cartilage have recently been molded in
vitro and in vivo to achieve desired shapes. Nonsurgical correction of cartilage
deformities and malformations often use mechanical stimuli to alter the shapes of
cartilaginous structures and further demonstrate the malleability of cartilage. Largely
through anecdotal evidence, the plasticity of cartilage shape is believed to diminish
with maturation, coincident with changing matrix composition. The objectives of this
study were to characterize the shape plasticity of articular cartilage from immature and
mature bovines and test whether shape plasticity can be modulated by altering
proteoglycan (PG) and collagen (COL) remodeling in vitro. Cartilage explants were
cultured in the presence of either B-D-xyloside to suppress glycosaminoglycan (GAG)
accumulation or B-aminopropionitrile (BAPN) to inhibit lysyl oxidase-mediated
collagen crosslinking and then assessed for altered size, matrix composition, and

shape plasticity. The results indicate that culture with B-D-xyloside and BAPN
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differentially regulate cartilage growth, composition, and shape plasticity. There was
an inverse association between shape plasticity and the amount of COL relative to
GAG in the cartilage matrix. The findings provide quantitative measures of articular
cartilage shape plasticity at immature and mature stages of development and are
consistent with the concept of diminishing shape plasticity with maturation. The
ability to modulate cartilage size, composition and shape plasticity by varying in vitro
biochemical conditions may be a useful tool in the development of shaped cartilage

grafts for orthopedic and craniofacial therapies.
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4.2 Introduction

In the fields of orthopaedic and craniofacial surgery, cartilage grafts of desired
shapes and sizes are therapeutically useful for replacing or augmenting tissues
compromised by injury, disease, or malformation. Focal articular cartilage lesions may
be treated by autologous or allogeneic osteochondral grafts with careful attention to
matching the normal joint contours and to filling the defect [7, 13]. Likewise for
surgical reconstruction of the ear or nose, grafts of costal, auricular, or septal cartilage
are routinely shaped through skillful carving, suturing, and scoring [25]. Emerging
technologies in cartilage tissue engineering may address some of biomedical need for
cartilage grafts, but tools and techniques are required to ensure that cartilage
constructs can be created with desired shapes [28]. Recently, it was proposed that
cartilage grafts could be contoured using mechanical stimuli in vitro, and static
flexural deformation was shown to induce change in the shape of immature articular
cartilage explants during short (<1 week) cultures [30]. Extending this concept to an in
vivo application, a resorbable template was used to guide the reshaping of autologous
costal cartilage grafts following subcutaneous implantation in rabbits [19]. These
studies demonstrate the plasticity of cartilage shape, defined as the ability to change
free-swelling conformation through mechanically guided remodeling.

The application of mechanical stimuli to alter the forms of developing
cartilaginous structures is a technique which as has long been used by some clinicians
to nonsurgically correct malformations and deformities. Examples include the
treatment of hip dysplasia through external harnessing [11], of club foot by
manipulation and casting [6], of cleft palate by nasoalveolar molding [12], and of ear
deformity by splinting [27]. Among these procedures, a commonly practiced

philosophy is that outcomes are better when the corrections are attempted early during
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neonatal life. However, the mechanisms by which these procedures produce
corrections in cartilage shape and their dependence on maturation remain somewhat
speculative. In a study of club foot correction, changes in the shape of cartilage
anlagen were observed immediately following manipulation and were maintained
upon cast removal a week later leading the authors to hypothesize that cartilage matrix
collagens (COL) and proteoglycans (PG) remodel to accommodate these structural
changes [6]. Similarly, the high shape plasticity of auricular and nasal cartilage in
early neonates has been hypothesized to result from an estrogen-induced abundance of
hyaluronic acid and PG in the tissues, which facilitate remodeling during mechanical
correction [12, 16, 27].

During in vivo growth and maturation, changes occur in the predominant
components of articular cartilage including an increase in COL concentration and a
maintenance or slight decrease in PG concentration [31, 32]. In turn, this change in
matrix composition alters functional properties as indicated by increasing compressive
and tensile stiffness with maturation [31, 32]. In vitro growth studies of immature
articular cartilage have also shown that regulation of cartilage matrix metabolism and
remodeling can modulate matrix composition and functional properties. The results of
such studies suggest that a balance of PG and COL remodeling is a key determinant of
in vitro volumetric growth, cartilage composition, and tensile integrity [3, 4].
However, it is undetermined how cartilage shape plasticity may be affected by similar
in vitro modulation of matrix composition.

Specific biochemical agents can be used in cartilage explant culture to
selectively alter PG and COL remodeling. B-D-xyloside acts as an exogenous substrate
for the initiation of free chondroitin sulfate synthesis, the major glycosaminoglycan

(GAG) of cartilage aggregating PG [17]. When added to cultures of chondrogenic
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cells, B-D-xyloside competes with PG core protein for chondroitin sulfate synthesis
[22]. Consequently, the newly synthesized PG incorporated into the matrix is
significantly depleted of GAG, while soluble GAG chains synthesized on [-D-
xyloside readily diffuse from the tissue [15]. In addition, COL remodeling can be
perturbed using B-aminopropionitrile (BAPN), an inhibitor of lysyl oxidase-mediated
COL crosslinking [24]. In cartilage explant cultures, BAPN inhibits the formation of
difunctional COL crosslinks and consequently impairs the chemical stabilization of
the COL network [1, 3, 8].

This study was conducted to help elucidate the relationship between cartilage
composition and shape plasticity and to further the development of techniques for
manipulating the shape of cartilage grafts. Specifically, this study tests the hypothesis
that the shape plasticity of immature and mature articular cartilage may be modulated

in vitro by altering the balance of PG and COL remodeling.

4.3 Materials and Methods

Experimental Design

Articular cartilage explants from calf and young adult bovines were analyzed
fresh on day 0 (dO) or after being cultured for 14 days (d14) in the presence of BAPN
or a B-D-xyloside, p-nitrophenyl-B-D-xylopyranoside (PNPX). Some explants were
analyzed for changes in tissue size and matrix composition. Other explants were
assessed for shape plasticity by application of flexural deformation during additional

culture.
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Sample Preparation and Culture

Samples were prepared from bovine stifle joints obtained from an abattoir as
previously described [30]. Articular cartilage blocks were harvested from the
patellofemoral grooves of two calves (1-3 weeks old) and two young adults (1-2 years
old). The superficial ~0.3 mm of cartilage including the curvilinear articular surface
was removed using a vibrating microtome and discarded. An adjacent flat slice of
cartilage was then removed and punched into strips measuring ~10 mm x 2 mm.
Cartilage strips, ~1 mm thick, were divided at intervals along the length to produce
three site-matched explants for analysis of growth and matrix composition. The
different growth rates among conditions (see results) necessitated that cartilage strips
intended for shape plasticity analysis be cut to different initial thicknesses (~0.6-1 mm
for calf and ~1 mm for adult) to target a uniform ~1 mm thickness among all
conditions at the time flexure was applied. Each explant was weighed and measured
for thickness using a non-contacting laser micrometer before and after culture.

Cartilage explants were cultured for 14 days in non-tissue culture treated plates
to limit cell outgrowth. Explants were kept in ~70x tissue volume of basal medium
with 20% fetal bovine serum (FBS) and either 0.2 mM BAPN or | mM PNPX. Basal
medium consisted of Dulbecco’s Modified Eagle’s Medium supplemented with 100
pg/ml ascorbate, 0.1 mM nonessential amino acids, 0.4 mM L-proline, 2 mM L-
glutamine, 10 mM HEPES, 100 U/ml penicillin, 100 pg/ml streptomycin, and 0.25
pg/ml amphotericin B. Cultures were placed in standard incubators with 5% CO,
atmosphere at 37°C, and the medium was changed every other day. Samples of spent

medium were saved for biochemical analysis.
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Biochemical Analysis

The site-matched explants, consisting of one sample from each of the d0
control, d14 BAPN, and d14 PNPX groups, were lyophilized and weighed dry to
determine water content as a percent of final wet weight. Samples were then digested
with a solution of proteinase K (Roche Diagnostics, Indianapolis, IN) for analysis of
cartilage matrix and chondrocyte content. Alternatively, some samples were extracted
with a solution of 4 M guanidine, 50 mM sodium acetate, 10 mM dithiothreitol, and
PIs at 20x tissue volume for 24 hours at 4°C. Samples were rinsed once in PBS+PIs
for 1 hour and the rinse solution was added to the extract. Extracts were dialyzed
against water (molecular weight cutoff = 2000) and then the extracts and residual
extracted tissue were digested with proteinase K. Digests were assayed for sulfated
GAG [9] and hydroxyproline [33]. Collagen content was determined from
hydroxyproline using a ratio of 7.25 g COL/ g hydroxyproline [14, 18]. Matrix
constituents in the tissue were normalized to initial tissue wet weight (WW;) to
indicate constituent content and to the final wet weight (WWy) to indicate constituent
concentration at the end of culture. Spent medium samples were pooled for each
sample and assayed for GAG released by the explants during culture. The released

GAG data were also normalized to either WW; or WW4.

Shape Plasticity Analysis

Assessment of cartilage shape plasticity was based on a previous study
examining mechanically-induced changes in cartilage shape via culture of cartilage
strips subjected to static flexure [30]. Prior to shape analysis, cartilage strips cultured

in medium with BAPN or PNPX were thoroughly washed (6 times over 2 hours) in
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basal medium to remove residual treatment agents. Using custom bioreactors, fresh
and cultured cartilage strips were subjected to static flexural deformations and further
cultured with basal medium and 2% FBS for 4 days (calf) or 8 days (adult). These
loading durations were determined from pilot studies and differed in order to provide
better sensitivity of measured cartilage shape plasticity.

Specimen shape was documented by digital photography in the free-
swelling state prior to the application of flexure (initial shape) and at culture
termination while loaded (imposed shape) and following 2 hours of stress relaxation
(relaxed shape) by free-swelling in phosphate-buffered saline (PBS) with protease
inhibitors (PIs) at 4°C (Fig. 4.1). Specimen shape was quantified as an opening angle
(v) using Image J (NIH, Bethesda, MD), and the shape retention [%], a measure of
cartilage shape plasticity, was calculated as ((Yinitial — Yrelaxed)/ (Yinitial — Yimposed)): 100
[30].
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Figure 4.1: Shape plasticity was determined as the retention of a mechanically
imposed deformation by cartilage explants. Specimen shape was quantified as an
opening angle (indicated in red) at three different stages: initial (Yinitia)) measured prior
to the deformation application, imposed (Yimposed) measured at culture termination, and
relaxed (Yrelaxed) measured after unloading and stress relaxation.
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Statistical Analysis

Data are presented as means + SE. For each tissue maturity level (calf and
adult), data were analyzed by ANOVA for the effect of culture condition on
biochemical composition, shape retention, and changes in size. For composition and
size data, site of matched explants was treated as a random factor; whereas, animal
was treated as a random factor for shape data. Tukey post-hoc analysis was used to
make individual comparisons between d0, d14 BAPN, and d14 PNPX groups. The

significance criterion, a, was set at 0.05 for all tests.

4.4 Results

Growth of Cultured Cartilage Explants

Growth of calf articular cartilage during 14 days of culture was significant and
dependent on culture condition, while little growth of adult cartilage was measured in
either condition (Fig. 4.2). Culture with BAPN induced larger increases in calf
cartilage wet weight (+70% vs. +35%, p<0.001) and thickness (+67% vs. +39%,
p<0.001) than PNPX. Similar magnitudes of change in the wet weights and
thicknesses of calf samples indicated that growth was primarily attributable to
expansion in the thickness direction, corresponding to the articular surface-normal
direction. In the adult cartilage cultures, PNPX treatment did not produce significant
changes in either wet weight or thickness (p=0.09 and 0.43, respectively); whereas,
BAPN treatment produced small but significant increases in wet weight (+7%,
p<0.001) and thickness (+3%, p<0.05).

To account for the different magnitudes of growth between treatments,

cartilage strips used for shape plasticity analysis were cut to slightly different initial
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thicknesses (~0.6-1.00 mm). At the time flexural deformations were applied, the
thickness of cartilage strips was found to be similar between conditions for calf and
adult samples. This was an important consideration to ensure that samples received
similar mechanical deformations, since sample thickness has been shown to be an

important determinant of the strain distributions resulting from flexure [29].
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Figure 4.2: Change in (A) wet weight and (B) thickness for calf and adult articular
cartilage explants cultured for 14 days with PNPX or BAPN. For each maturity level,
% indicates p<0.05 versus zero (i.e. no change), and ¢ indicates p<0.05 for BAPN vs.

PNPX. Mean + SE; n=10.
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Effects of PNPX and BAPN on Cartilage Matrix Composition

The remodeling of cartilage matrix during culture was differentially regulated
by treatment with PNPX and BAPN (Fig. 4.3). The water content of calf cartilage was
increased during culture with PNPX (+1.7%, p<0.01) and with BAPN (+3.6%,
p<0.001) and was significantly higher in the BAPN group compared to PNPX
(p<0.005). Total COL content in calf cartilage was increased during culture with
PNPX (+14%, p<0.001) and with BAPN (+16%, p<0.001) but did not differ between
the two treatments. Accounting for changes in tissue wet weight during culture, final
COL concentration in the calf cartilage decreased during culture with PNPX (-16%,
p<0.01) and with BAPN (+31%, p<0.001) and was lower in the BAPN treatment
group (p<0.05). GAG content in the calf tissue was also increased during culture with
PNPX (+43%, p<0.001) and with BAPN (+80%, p<0.001) and was higher in the
BAPN-treated samples (p<0.001). The final GAG concentration in calf explants was
not affected by culture condition (p=0.49). Reflecting the changes in cartilage matrix
constituents, the ratio of COL to GAG in calf cartilage was lowered from d0 with
PNPX treatment (1.6 £ 0.2 vs. 1.3 £ 0.1, p<0.01) and reduced even further with BAPN
treatment (1.1 = 0.1, p<0.001 vs. d0, p<0.05 vs. PNPX).

In many measures, the dynamics of matrix composition were affected
differently in adult cartilage. Culture condition had no effect on the hydration
(p=0.32), COL content (p=0.22), or COL concentration (p=0.05) of adult cartilage
explants. However, GAG content of adult cartilage was decreased during culture with
PNPX (-20%, p<0.01) but increased with BAPN (+14%, p<0.05). The final
concentration of GAG in the tissue was also decreased with PNPX (-22%, p<0.01) but
not significantly altered by BAPN (p=0.33). Both GAG content and concentration

were higher in the adult BAPN-treated samples than in those cultured with PNPX
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(p<0.001). Consequently, the ratio of COL to GAG was lower in the BAPN condition
versus PNPX (4.4 + 0.3 vs. 6.7 = 1.1, p<0.05), but did not significantly deviate from
that of dO adult samples with either culture condition (5.3 £ 0.6, p>0.24).

Additional biochemical analyses were performed as checks on the efficacy of
culture treatments. The percent of tissue COL which was extractable under
dissociative conditions was examined (Fig. 4.3C). For both calf and adult cartilage,
extractable COL was higher in the BAPN-treated samples than in either PNPX-treated
or dO samples (p<0.05, for all). Additionally, spent culture medium was examined for
GAG released from cartilage explants (Fig. 4.4). Calf and adult cartilage cultured with
PNPX released greater amounts of GAG into the medium than with BAPN treatment
(p<0.001, for all). When normalized to the initial wet weight of explants and culture
duration, calf cartilage released GAG at rates of 2.8 mg/[g WW;*day] with PNPX and
1.0 mg/[g WW;*day] with BAPN. Similarly, adult cartilage released GAG at rates of
1.7 mg/[g WW;*day] with PNPX and 1.0 mg/[g WW,*day] with BAPN.
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Figure 4.3: Effect of culture condition on cartilage matrix composition including (A)
water, (B) total tissue COL, (C) the percent of total tissue COL extracted under
dissociative conditions, (D) total tissue GAG, and (E) the ratio of tissue COL to GAG.
Tissue COL and GAG are normalized to initial wet weight (WW;,, gray bars) to
indicate constituent content or to final wet weight (WWy, black bars) to indicate final
concentration in the tissue (except for dO, where WW; = WWy). and are also presented.
For each maturity level, % indicates p<0.05 versus d0, and ¢ indicates p<0.05 for
BAPN vs. PNPX. Mean =+ SE; (A, B, D, E) n=10 and (C) n=4-5.
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Figure 4.4: Effect of culture condition on the total GAG released into the medium by
calf and adult cartilage explants. Data are normalized to initial tissue wet weight
(WWj, gray bars) or to final wet weight (WWy¢, black bars). For each maturity level, ¢
indicates p<0.05 for BAPN vs. PNPX. Mean + SE; n=10.
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Effects on Cartilage Shape Plasticity

The retention of a mechanically imposed deformation by cartilage explants
was used as a measure of shape plasticity and was found to differ with culture
condition (Fig. 4.5). The shape retention of calf cartilage was increased by prior
culture with BAPN compared to dO samples (90 + 2% vs. 69 + 2%, p<0.001), but was
maintained by culture with PNPX (74 + 2%, p=0.37). BAPN-treated calf cartilage also
had higher shape retention than samples cultured with PNPX (p<0.001). Similarly, the
shape retention of adult cartilage was higher with BAPN treatment than with PNPX
(54 £ 5% vs. 31 £ 8%, p<0.01). Culture of adult cartilage with PNPX tended to
decrease shape retention versus that of d0 (42 + 5%, p=0.11), and culture with BAPN

tended to increase shape retention (p=0.15).
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Figure 4.5: A measure of cartilage shape plasticity was determined as the percent of
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4.5 Discussion

The findings of this study provide a quantitative characterization of the shape
plasticity of calf and adult bovine articular cartilage, based on the in vitro application
of mechanical deformations. In addition, alteration of PG or COL remodeling
differentially modulated the growth, matrix composition, and shape plasticity of
cartilage explants. Changes in the concentration of COL relative to GAG (COL:GAG
ratio) were inversely associated with trends in shape plasticity. This finding appears
consistent with recent experimental and theoretical work which indicates that COL-
GAG interactions may modulate cartilage mechanical properties during maturation [5,
26]. It has been postulated that a highly compliant matrix in immature cartilage may
allow for tissue expansion during periods of growth [26]. Expanding on this concept,
the results of this study suggest that the high shape plasticity of immature cartilage
may facilitate tissue conformational changes during development.

Development of the experimental design required consideration of a number of
factors which may influence the results and their interpretation. The dose of 0.2 mM
BAPN was a choice supported by previous studies that found doses of BAPN of 0.1-
0.25 mM in cultures of bovine articular cartilage inhibit crosslink formation with
minimal cytotoxicity or alteration of PG synthesis and incorporation [1-3, 8]. In this
and previous studies, a marked increase in extractable tissue COL with BAPN
treatment was indicative of the efficacy of crosslink inhibition [2, 8]. A dose of 1 mM
B-D-xyloside has been previously shown to produce near maximal stimulation of
chondroitin sulfate synthesis in cultures of chick sternal chondrocytes and
chondrogenic limb bud mesenchymal cells [15, 23]. It was also found that
mesenchymal cells chronically cultured with 1 mM B-D-xyloside produce a matrix

greatly depleted of GAG but only slightly depleted of COL, consistent with a small
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decrease in total protein synthesis [15]. In this study, lower tissue GAG contents and
higher rates of GAG release into the medium of PNPX-treated cultures are consistent
with the formation of soluble, B-D-xyloside-initiated GAG chains at the expense of
GAG chain synthesis on PG. Both treatment agents were subsequently washed from
explants prior to the application of flexural deformations in order to evaluate shape
plasticity under similar conditions.

Immature articular cartilage was observed to have a higher degree of shape
plasticity than mature cartilage, though these findings were not directly compared via
statistical analysis. The trend of decreased shape plasticity with increased cartilage
maturation is consistent with the clinical wisdom of correcting cartilage deformities at
an early age [11, 12, 27]. One reason for not comparing between the maturity levels
was that shape plasticity deformations were applied over 4 days for calf cartilage and
8 days for adult cartilage in order to improve the sensitivity of the assessment for each
group. Previously, it was found that the shape retention increased with loading time
for calf cartilage explants [30], and this trend was also found with adult cartilage in
preliminary tests. This suggests that shape retention results would be even more
disparate between calf and adult cartilage if the assays had been conducted for the
same duration.

Medium supplementation with 20% FBS was used to stimulate PG and COL
anabolism above basal levels, as shown by previous studies [4, 20]. However, the
effects of FBS on the composition of calf and adult cartilage have been shown to
differ. Culture with 20% FBS stimulates calf cartilage to grow by accumulating GAG
in excess of COL and also results in a reduction of compressive stiffness and tensile
integrity [4, 10, 20]. On the other hand, 20% FBS is more homeostatic in adult

cartilage culture with GAG, COL, and compressive stiffness being maintained [20,
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21]. This maturation-dependent metabolic activity could explain some of the different
trends observed in cartilage matrix composition between calf and adult cultures. For
example, the reduced accumulation of GAG in calf PNPX-treated samples and loss of
GAG in the corresponding adult samples are consistent with the differential effects of
20% FBS stimulation combined with suppression of GAG accumulation by B-D-
xyloside.

Additional preliminary studies were conducted to distinguish the role of BAPN
in altering cartilage shape plasticity. In light of the maturation dependent effects of
FBS on cartilage PG and COL remodeling, a 20% FBS culture group was not
considered a proper control group for the stated hypothesis; instead, fresh day 0
samples were used. However, pilot studies were conducted with 20% FBS control
samples, and changes in explant size and matrix composition (i.e. content and
concentration of COL and GAG) were very similar to samples cultured with the
addition of BAPN, in accordance with the findings of others [2, 3]. Changes in shape
plasticity were also nearly identical between 20% FBS control and BAPN-treated
samples. Another experiment was conducted to test whether BAPN may increase
cartilage shape plasticity through a build-up of COL crosslinking precursors which
subsequently stabilize the imposed deformation following BAPN washout. BAPN was
supplemented throughout the shape assessment, and no differences were observed
versus washout or FBS control samples. Together, these findings indicate that the
increase of shape plasticity in the d14 BAPN versus d0 samples is not solely the effect
of BAPN but more likely that of a culture condition which promotes accumulation of
PG and a weakening of the COL network.

The use of mechanical stimuli to alter cartilage shape is a potential tool for

customizing cartilage grafts with applications to tissue engineering [19, 30]. The
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results of this study further expand the understanding of mechanically-induced
cartilage shape change and provide additional options for manipulating the process.
While increasing cartilage shape plasticity may be useful for changing the shape of a
graft, reducing shape plasticity may be desirable to set the shape prior to implantation.
Changes in other functional properties, including the load-bearing properties, may be
related to shape plasticity through the underlying dynamics of cartilage matrix
composition. Since shape and biomechanical maturity may be among a number of
important clinical requirements for a cartilage graft, these properties may need to be

considered in a coordinated manner.
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CHAPTER 5

IGF-1 AND TGF-1 DIFFERENTIALLY REGULATE
IN VITRO GROWTH
AND COMPRESSIVE PROPERTIES

OF CALF ARTICULAR CARTILAGE

5.1 Abstract

Objective: To assess the effects of exogenous insulin-like growth factor 1
(IGF-1) and transforming growth factor beta 1 (TGF-B1) on geometric growth,
biochemical composition, and compressive mechanical properties of cultured bovine
calf articular cartilage, and to correlate biochemical and mechanical properties to help

elucidate the mechanisms by which IGF-1 and TGF-B1 alter cartilage function.

Design: Bovine calf articular cartilage explants from superficial (S) and
middle (M) layers were cultured for 12 days with IGF-1 or TGF-B1. Explants were
analyzed for changes in size, for mechanical properties in confined (CC) and
unconfined (UCC) compression, and for cartilage matrix and chondrocyte

composition.
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Results: Culture with IGF-1 resulted in substantially increased tissue volume,
accumulation of glycosaminoglycan (GAG) and collagen (COL), softening in CC and
UCC, and increased apparent Poisson’s ratios. Culture with TGF-B1 produced little
growth, but did promote maturational changes in the S layer, including increased
concentrations of GAG, COL, and pyridinoline crosslinks (PYR) and stiffening in CC
and UCC. Effects of TGF-f1 on M layer explants were more homeostatic. Across
treatment groups, compressive moduli in CC and UCC were positively related to GAG

and COL concentrations and negatively related to water content.

Conclusions: Anabolic growth factors IGF-1 and TGF-B1 differentially
regulate the size and compressive mechanical properties of immature articular
cartilage in vitro. Prescribing tissue growth, maturation, or homeostasis by controlling
the in vitro biochemical environment may have applications in cartilage repair and

tissue engineering.
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5.2 Introduction

As articular cartilage grows and matures, it attains sufficient size and
properties to function as a low-friction, wear-resistant bearing material within a joint.
The bovine stifle joint provides a well-studied example of the changing biochemical
composition and mechanical properties of articular cartilage during development.
With progression from fetus to young adult, increasing collagen (COL) and
pyridinoline crosslink (PYR) concentrations help stabilize the COL network [44, 45],
providing the tissue with stiffness and strength in tension and shear [14, 32, 47]. Large
aggregating proteoglycans (PG) impart a negative fixed charge density to the tissue
via their glycosaminoglycan (GAG) side chains and exert a swelling pressure which
provides resistance to compression [25, 32]. In contrast to COL, the concentration of
GAG may be maintained or slightly decreased during maturation [44, 45]. The
contributions of these matrix compositional dynamics to the mechanical function of
the tissue are reflected in large increases in compressive aggregate modulus and
equilibrium tensile modulus from fetus to adult [44, 45].

Insulin-like growth factor — 1 (IGF-1) and transforming growth factor — beta 1
(TGF-B1) appear to play important roles in the in vivo growth and maturation of
articular cartilage. IGF-1 is present mostly in complexes in bovine calf and adult
human articular cartilage at concentrations of 3-50 ng/g [22, 39], and in human
synovial fluid at 30-50 ng/g [39]. Similarly, TGF-B1 is present in calf cartilage at ~65
ng/g [30], and its concentration decreases with maturation in rabbit synovial fluid
from 113 pg/ml in young animals to 52 pg/ml in adults [43]. Articular chondrocytes in
situ have been shown to express both IGF-1 [35] and TGF-B1 [2, 30] as well as their

receptors [2, 42].
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In vitro studies using cartilage explants have helped elucidate the roles of IGF-
1 and TGF-BI in regulating cartilage metabolism and cell fate. IGF-1 produces a
strong anabolic response with dose-dependent increases in PG and COL synthesis in
calf and adult bovine cartilage explants [37, 38]. IGF-1 has been identified as the
primary component of serum responsible for stimulation of PG synthesis in cultured
cartilage explants [27]. IGF-1 also reduces the rate of PG loss from adult, but not calf,
explants and has no demonstrable effect on COL loss in either tissue [36]. Likewise,
TGF-B1 increases PG synthesis by calf explants and slows the rate of PG loss [29, 31].
The increased biosynthesis of matrix components in these studies cannot be solely
attributed to increased numbers of chondrocytes. While there are differing reports
about whether IGF-1 maintains or slightly increases total DNA content [1, 36], TGF-
B1 does not stimulate mitogenic activity in calf cartilage [1, 31]. In addition, both IGF-
1 and TGF-B1 have potent anti-catabolic activity as demonstrated by their ability to
protect cartilage against cytokine-induced collagenolysis [11-13] and to help restore
PG synthesis following catabolic insult [28, 34].

With time in culture, growth factor-induced changes in cartilage metabolism
may manifest as altered tissue composition, size, or mechanical properties. In calf
cartilage explants stimulated by IGF-1, abundant deposition of newly synthesized
GAG in excess of COL results in expansive growth characterized by large volumetric
increases at the expense of reduced tensile stiffness and strength [1, 36]. On the other
hand, calf explants stimulated with TGF-B1 increase only slightly in wet weight while
maintaining GAG and COL content and tensile properties [1, 31]. However, the
effects of IGF-1 or TGF-B1 on other functional properties of immature articular
cartilage, including compressive moduli and Poisson’s ratios, have not been

determined.
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With consideration of the broad interest in using anabolic factors to promote
cartilage repair and tissue engineering, the objectives of this study are to 1) assess the
effects of exogenous IGF-1 and TGF-f1 on geometric growth, biochemical
composition, and compressive mechanical properties, including equilibrium confined
and unconfined moduli and apparent Poisson’s ratios, of cultured bovine calf articular
cartilage and 2) correlate biochemical and mechanical properties to help elucidate the

mechanisms by which IGF-1 and TGF-B1 alter cartilage function.

5.3 Materials and Methods

Sample Preparation and Culture

Articular cartilage blocks were harvested from the patellofemoral grooves of
ten newborn (1-3 weeks) bovine calves. Day 0 (d0) control blocks were soaked for ~1
hour at 4°C in phosphate buffered saline (PBS) with protease inhibitors (+PIs: 2mM
disodium ethylenediamine tetraacetate, ImM phenylmethylsulfonyl fluoride, SmM
benzamidine hydrochloride, and 10mM N-ethylmaleimide) and stored at -70°C, while
other blocks were immediately prepared for culture. Two samples, a superficial (S)
slice with the intact articular surface (~0.8 mm thick) and an adjacent middle (M) zone
slice (~0.6 mm thick), were taken from each block using a vibrating microtome.
Samples were then trimmed to 6 mm x 6 mm. An orthogonal coordinate system was
established where the 1-, 2-, and 3-directions corresponded to the medial-lateral,
proximal-distal, and articular surface normal directions, respectively, and samples

were notched to track orientation through culture. Initial thicknesses were measured
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by a non-contacting laser micrometer (average of 3 points), and initial wet weights
(WW;) were obtained prior to culture.

The cartilage explants were cultured for 12 days (d12) in non-tissue culture
treated plates with medium (DMEM supplemented with 100 pg/ml ascorbate, 0.01%
bovine serum albumin, 0.1 mM nonessential amino acids, 0.4 mM L-proline, 2 mM I-
glutamine, 10 mM HEPES, 100 U/ml penicillin, 100 pg/ml streptomycin, and 0.25
pg/ml amphotericin B) and either 50 ng/ml recombinant human (rh) IGF-1 or 10 ng/ml
rthTGF-B1 (PeproTech, Rocky Hills, NJ) [1]. Plates were kept at 37°C in humidified
5% CO; — 95% air incubators. Medium (1.4 ml/explant) was changed every other day,
and the plates were changed each week to limit cell outgrowth. Final thicknesses and
wet weights (WWy) were measured upon culture termination. Samples were then

soaked in PBS+PIs at 4°C for 1 hr and stored at -70°C.

Compression Testing

For all mechanical tests, samples were thawed and tested in PBS+PIs at room
temperature. Samples were sequentially tested in confined compression (CC) followed
by unconfined compression (UCC) according to previously established protocols [4, 7,
45]. A pilot study indicated that properties measured during UCC testing were similar
whether or not prior CC testing was performed. For CC testing, ¥4.8 mm disks were
punched from cartilage slices, and their thicknesses were measured. Disks were placed
in a confining ring between permeable platens in a materials testing machine
(Dynastat, IMASS, Accord, MA). The test sequence consisted of consecutive, 400 s
ramps to 15%, 30%, and 45% compressive strain (in the 3-direction). Preliminary tests
indicated that samples cultured with IGF-1 did not fully recover following testing to

45%, and consequently were only tested to 30% if subsequent UCC testing was to be
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performed. A stress relaxation period followed each ramp until samples reached
equilibrium as determined with the criterion of a change in stress of <0.003 MPa over
180 s. At each static offset, stress relaxation was followed by oscillatory
displacements with amplitudes decreasing from 1% to 0.3% and frequencies of 0.01 to
0.5 Hz. An equilibrium confined compression modulus (Ha) was determined at each
strain offset as the total equilibrium stress divided by total equilibrium strain.

To facilitate comparisons with previous studies, the equilibrium confined
compression modulus at the free-swelling thickness (Hao) was also estimated, as done
previously [4, 45], by a least-squares fit of the equilibrium stress-strain data to a finite
deformation constitutive relationship, with d; = 0.9 [20]. The strain-dependent
hydraulic permeability (k,) was also estimated from the oscillatory load-displacement
data, as done previously [4, 45]. To determine k, at each offset, the dynamic
stiftnesses were fit to the theoretical solution using the Ha value at that offset obtained
from the previous fit [9]. From these estimates of k,, the permeability at the free-
swelling thickness (kpo) and strain-dependence parameter (M) were fit according to
kp=kp0-eM8, where strain (g) equals A-1, and stretch (A) equals the ratio of the
compressed thickness to the free-swelling thickness [21].

Following CC testing, disks were allowed to re-swell in PBS+PIs at 4°C
overnight, which was determined to be sufficient for them to recover to their pre-CC
testing thickness. For subsequent UCC testing, ¥3.2 mm disks were punched from the
larger disks, to reduce UCC relaxation times and ensure well-defined sample edges for
photography. Samples were re-mounted in the materials testing machine between
smooth, impermeable platens in an unconfined manner. An optical system of mirrors
and prisms projected perpendicular lateral views of the disk to a digital camera, which

allowed for measurements of dimensions in the 1- and 2-directions during axial
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compression in the 3-direction. The test sequence consisted of consecutive, 400 s
ramps to 15%, 30%, and 45% compressive strain. Each ramp was followed by stress
relaxation to equilibrium, defined by the same criterion as for CC testing, at which
point the lateral-view images were acquired. An equilibrium unconfined compression
modulus (E) was determined at each strain offset as the total equilibrium stress
divided by total equilibrium strain. Images were processed in MATLAB (Mathworks,
Natick, MA) using a custom-written algorithm to determine lateral expansion [7],
which was used to calculate apparent Poisson’s ratios in compression (vs; and vs,) at
each offset relative to zero strain state. Here, the term apparent Poisson’s ratio is used

to indicate the Poisson’s ratio for large strains.

Biochemical Analyses

Tested and residual tissue portions from dO control and d12 cultured samples
were collected for biochemical analysis. The tissue was lyophilized and weighed to
obtain a dry weight. Water content was calculated as the difference between the final
wet and dry weights as a percentage of the final wet weight. The tissue was
solubilized with a solution of 0.5 mg/ml proteinase K (Roche Diagnostics,
Indianapolis, IN). Portions of the tissue digests were assessed for DNA [26],
glycosaminoglycans (GAG) [6], hydroxyproline [46], and pyridinoline (PYR)
crosslinks [41]. Cell and collagen (COL) contents were calculated using ratios of 7.7
pg DNA/cell [15] and 7.25 g COL/g hydroxyproline [10, 33]. Data were normalized to
WW; to indicate constituent content and to WW¢ to indicate constituent concentration,
though for d0 samples WW; = WW;. Biochemical data are representative of what
remained in the tissue following the mechanical testing sequence. Pilot studies

determined that a small portion of GAG was lost to solutions used during mechanical
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testing, representing about 5% of total sample GAG in d12 IGF-1 samples and about

half as much in other samples.

Statistical Analyses

Data are presented as means = SE. For each layer (S and M), single-factor
analysis of variance (ANOVA) was used to compare the change in structural
parameters (thickness and wet weight) between culture conditions (d12 IGF-1 and d12
TGF-B1) and between each condition and no change (i.e. zero). For each layer and
each strain level (where applicable), the effects of culture condition (d0, d12 IGF-1,
and d12 TGF-B1) on biomechanical and biochemical properties were determined by
ANOVA, with Tukey post hoc testing for comparisons between individual groups.
The hydraulic permeability data were normalized by log transformation prior to
statistical analysis. The significance level, a, was set at 0.05 for all tests.

Univariate and multivariate linear regression were used to analyze
relationships between the cartilage mechanical properties (Ha, E, v3;, and vs;) at 30%
compressive strain and biochemical properties (water, GAG, COL, PYR, cells
[%WWy¢]) across treatment groups for each layer. Multivariate regression was
performed via the forward selection procedure [40], by adding variables, in order of
strongest partial correlation, until the incremental improvement in the relationship
became nonsignificant. Coefficients of determination () and of multiple

determination (R?) are reported for significant relationships (p<0.05).

5.4 Results

Geometric Growth of Cartilage Explants



121

Calf articular cartilage incubated for 12 days in medium with 50 ng/ml IGF-1
or 10 ng/ml TGF-B1 exhibited stark differences in growth, as measured by changes in
weight and dimensions relative to initial values. Culture with IGF-1 resulted in large
increases (~50% to 70%) in wet weight of both S and M cartilage slices, which were
significantly greater than those observed in the TGF-B1 groups (p<0.001, Fig. 5.1A).
Changes in wet weight with IGF-1 were matched by similarly large magnitudes of
expansion of sample thickness (Fig. 5.1B). Measures of dimensional changes were
similar in the 1- and 2-directions, averaging <5% for IGF-1 samples and <2% for
TGF-B1 samples (data not shown), and support the finding that IGF-1 primarily
induced growth in the axial direction. Within the TGF-B1 groups, a small increase in
wet weight (~4%) of M samples was the only measure of geometric growth which
differed significantly from zero (p<0.05). Tissue water content was also differentially
regulated by growth factor treatment, with the resulting water content being higher in
the IGF-1 samples than in TGF-B1 samples for both S and M layers (p<0.01, Fig.
5.1C). Samples from the S layer treated with TGF-f1 were the only group to show a
difference in water content versus d0 (-3.7%, p<0.001). The slight changes in water
content of all groups indicate that changes in wet weight were primarily caused by

changing tissue volume and not tissue density.
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Figure 5.1: Change in (A) wet weight and (B) thickness for superficial and middle
cartilage explants cultured for 12 days with IGF-1 (I, gray bars) or TGF-B1 (T, black
bars). (C) Water content of day O (-, white bars) and cultured explants. For each tissue
layer, % indicates p<0.05 versus zero (i.e. no change) for A wet weight and A
thickness and versus dO for water content. ¢ indicates p<0.05 versus d12 IGF-1. Mean
+ SE; n=12-18.
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Biomechanical Properties in Compression

Biomechanical properties of cartilage explants measured via CC testing were
differentially affected by culture with IGF-1 and TGF-B1. The measured equilibrium
confined compression modulus, Hy, (Fig 2A) was significantly reduced by culture
with IGF-1 compared to dO at 30% compressive strain in the S layer (-65%, p<0.05)
and at all strains in the M layer (-61% to -74%, p<0.05), but was increased by culture
with TGF-B1 at 30% and 45% strain in the S layer (103% and 108%, p<0.01). For all
strain levels and layers, treatment with TGF-B1 resulted in greater Hy than IGF-1
treated samples (p<0.05). Similar differences were observed in the estimated confined
compression modulus at the free-swelling strain, Hao, (Table 1) with IGF-1 treated
samples being less stiff in both layers (p<0.05) and TGF-B1 treated samples being
stiffer in the S layer than dO controls (p<0.01). The estimated hydraulic permeability
at the free-swelling thickness, kp, and the permeability strain-dependence parameter,
M, (Table 1) did not vary with culture condition for either layer (p=0.67 and 0.42 for
S layer and p=0.15 and 0.57 for M layer).

Biomechanical properties obtained via UCC testing, including equilibrium
unconfined compression modulus, E, and apparent Poisson’s ratios, vs; and vs, also
varied with culture condition (Fig. 2B-D). Compared to dO, E was reduced by culture
with IGF-1 for all strain levels and layers (-80% to -89%, p<0.05), but was increased
by culture with TGF-B1 in the S layer (65% to 77%, p<0.05). Culture with TGF-B1
resulted in greater E than IGF-1 treated samples for all strain levels and layers
(p<0.05). Apparent Poisson’s ratios did not vary between directions for either the S
layer (p>0.34) or M layer (p>0.13); however, culture condition was a significant
factor (p<0.05), except for v, at 15% and 30% strain for S layer samples (p=0.20 and

0.10). In general, the apparent Poisson’s ratios were increased from d0 by culture with
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IGF-1 (198% for S layer and 97% for M layer, averaged across strain levels and

directions), but were maintained by culture with TGF-1.
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Figure 5.2: Compressive properties of superficial and middle cartilage explants at day
0 (-, white bars) or following 12 days culture with IGF-1 (I, gray bars) or TGF-B1 (T,
black bars). (A) Equilibrium confined compression (CC) modulus, Ha, (B)
equilibrium unconfined compression (UCC) modulus, E, and apparent Poisson’s
ratios, (C) v31, and (D) v3; were measured at three compressive offset strains of 15, 30,
and 45%. For each strain level and tissue layer, % indicates p<0.05 versus d0, and ¢
indicates p<0.05 versus d12 IGF-1. Mean + SE; n=6-15.
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Table 5.1: Equilibrium confined compression modulus, Hx [MPa], and hydraulic
permeability, k, [m?/(Pa's)], were estimated at the free-swelling thickness. The
permeability strain-dependence parameter, M, was also determined. For each tissue
layer, % indicates p<0.05 versus d0, and ¢ indicates p<0.05 versus d12 IGF-1. Mean +
SE; n=9-15.

do d12 IGF-1 d12 TGF-g1

Superficial Middle Superficial Middle Superficial Middle
Hpo 0.096 +£0.014  0.233 £ 0.031 0.033 +0.008* 0.068+0.017*  0.188 +0.024%* 0.253 £ 0.024°
log, koo -14.49 £ 0.19 -14.98 £0.13 -14.57 £0.18 -14.57 £0.28 -14.34 £ 0.19 -14.51 £ 0.16

M 8.6+1.3 6.8+0.6 7409 7.7x1.4 9.1+0.8 8207
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Biochemical Composition

Cartilage matrix and chondrocyte content varied with culture condition (Fig
5.3A, C, E, G). In the S layer, GAG and COL contents were increased following
treatment with IGF-1 (62%, p<0.05 and 50%, p<0.01, respectively) and with TGF-B1
(27%, p<0.05 and 40%, p<0.01). PYR crosslink content was also increased by culture
with TGF-B1 (72%, p<0.05), but not with IGF-1 (p=0.31). However, when PYR was
normalized to COL (Fig. 5.4), there were no differences in the extent of COL
crosslinking for either layer (p=0.60 for S and p=0.19 for M). Changes in cartilage
matrix content were less pronounced in M layer explants. Cell contents did not differ
from dO in either culture condition (p>0.25), but TGF-B1 treated samples had slightly
fewer cells than IGF-1 treated samples for both layers (p<0.05).

After accounting for changes in wet weight during culture, the final
concentrations of matrix components and chondrocytes also varied according to
culture condition (Fig 5.3B, D, F, H). GAG, COL, and PYR concentrations in samples
cultured with IGF-1 were similar to those of d0 samples, except for a reduction of
GAG concentration in M layer samples (-31%, p<0.01). Increases in GAG (27%,
p<0.01), COL (40%, p<0.001), and PYR (72%, p<0.05) concentrations were observed
in S layer samples cultured with TGF-B1 compared to d0. Final concentrations of
GAG, COL, and PYR were higher in TGF-B1 treated samples than in IGF-1 treated
samples for both layers (p<0.05). Cell concentration decreased moderately following
culture with IGF-1 (-33%, p<0.01 for S layer and -24%, p<0.05 for M layer) and

slightly following culture with TGF-B1 for M layer explants (-12%, p<0.05).
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Figure 5.3: (A, B) Glycosaminoglycan, (C, D) collagen, (E, F) pyridinoline
crosslinks, and (G, H) cellularity of superficial and middle cartilage explants analyzed
on day 0 (-, white bars) or following 12 days culture with IGF-1 (I, gray bars) or TGF-
B1 (T, black bars). Data are normalized to (A, C, E, G) initial wet weight (WW;) to
indicate constituent content or (B, D, F, H) final wet weight (WWy) to indicate
constituent concentration. For d0 samples, WW; = WWy, and the data is presented
once. For each tissue layer, % indicates p<0.05 versus d0, and ¢ indicates p<0.05
versus d12 IGF-1. Mean + SE; n=11-18.
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and middle cartilage explants analyzed on day 0 (-, white bars) or following 12 days
culture with IGF-1 (I, gray bars) or TGF-B1 (T, black bars). Mean + SE; n=7-15.
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Composition-Function Correlative Analyses

Univariate regression analysis indicated significant relationships between
certain cartilage biomechanical properties and matrix constituents (Fig. 5.5). Ha at
30% compressive strain was negatively related to water (r*=0.24 for S, 1’=0.37 for M),
and positively related to GAG (r*=0.52 for S, r*=0.37 for M) and COL concentrations
(1*=0.54 for S, 1’=0.21 for M). Similarly, E at 30% strain was negatively related to
water (r°=0.26 for S, 1’=0.34 for M), and positively related to GAG (r*=0.55 for S,
’=0.46 for M), COL (1*=0.54 for S, r’=0.22 for M), and also PYR concentrations
(1’=0.23 for M). Poisson’s ratios at 30% strain were weakly related to matrix
constituents, with vs; negatively related to GAG (1*=0.37 for M) and vs, negatively
related to GAG (’=0.43 for M) and COL (1>=0.22 for S, r’=0.20 for M). There were
no significant relationships between the mechanical properties and cell concentration.

For some compressive moduli, multiple regression analysis significantly
improved the explanation of variability over the univariate analysis. Ha_ 3o was related
to GAG and COL in the S layer with regression coefficients of 0.0618 and 0.0283,
respectively, and a constant of -0.2477 (R*=0.63), and to GAG and water in the M
layer with regression coefficients of 0.0518 and -0.0164, respectively, and a constant
of 1.4678 (R*=0.43). Similarly, E.3, was related to GAG and COL in the S layer by
coefficients of 0.0744 and 0.0289, respectively, and a constant of -0.2987 (R2=0.70);
however, the univariate regression of E_3p on GAG in the M layer with a coefficient of
0.1056 and constant of -0.2460 (1°=0.46) was not improved by the addition of other

variables.
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5.5 Discussion

The findings of this study indicate that in vitro growth and remodeling of
immature articular cartilage explants, as assessed by changing size, matrix and cell
content, and mechanical properties in compression, are differentially regulated by the
anabolic growth factors IGF-1 and TGF-B1. While IGF-1 induces large increases in
cartilage volume, primarily by growth in the axial direction, TGF-B1 generally
maintains explant size. These findings are consistent with those of a previous study,
where it was proposed that in vitro cartilage growth can result from deposition of PG
in excess of COL [1]. The resulting imbalance in PG swelling pressure and the
restraint provided by the COL network can produce volumetric expansion of the tissue
[18, 24]. In the S-layer cultures with IGF-1 where increases in tissue weight tended to
be largest, the increase in GAG content exceeded that of COL (on a percentage basis).
The reverse occurred in S-layer cultures with TGF-B1 where COL increased more
than GAG. Many of the effects of IGF-1 and TGF-1 on the biochemical composition
of cartilage explants agree with previous studies [1, 31, 36]. The changing
biochemical composition corresponded to altered functional properties too. Culture
with IGF-1 was marked by cartilage softening and increased Poisson’s ratios, whereas,
culture with TGF-f1 was more homeostatic and even maturational in the S layer
where moduli were increased.

Consideration was given to a number of factors in the development of this
experimental design which may limit the interpretation of these findings. Immature
articular cartilage from bovine calf patellofemoral grooves was chosen as the tissue
source, since this tissue has been examined in previous characterization studies of in
vivo maturation and in vitro growth [1, 7, 45]. Moreover, cartilage explants from two

depths, a superficial layer containing the intact articular surface and a middle/growth
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layer, were used in this study similar to previous work [1]. Comparing the layers was
not a primary goal of this study, since depth-dependent compressive properties from
both CC and UCC testing have been previously reported for fresh calf articular
cartilage [3, 16]. Nevertheless, the data from the two layers may facilitate comparisons
of these results to other studies and also be useful for future theoretical work.
Accordingly, the biochemical and mechanical properties of the dO control cartilage
from this study are in general agreement with those preceding studies. The selection of
growth factor concentrations was an additional important choice in the experimental
design. For calf articular cartilage, the stimulatory effects of IGF-1 on DNA, GAG,
and hydroxyproline synthesis and deposition saturate between 30-300 ng/ml [36],
while the stimulation of GAG synthesis by TGF-B1 saturates between 5-20 ng/ml [31].
Thus the concentrations used in this study (50 ng/ml IGF-1 and 10 ng/ml TGF-B1)
represent near maximal stimulation of calf cartilage metabolism and were capable of
producing measurable changes in cartilage composition and function within the
chosen 12 day culture duration.

The effects of IGF-1 and TGF-f1 on immature cartilage compressive
properties in CC and UCC are novel findings, though not wholly unanticipated. The
expansive growth which characterizes culture with IGF-1 coincides with a functional
impairment of mechanical properties, as measured by softening in compression as
found here as well as softening and reduction in strength in tension as reported
previously [1]. The increased Poisson’s ratios of cartilage cultured with IGF-1 may
also be indicative of a loss of tensile integrity and a reduced ability of the COL
network to restrain PG swelling and lateral expansion during UCC testing. The
changes in Ha, E, v3;, and v3; and maintenance of ko and M during culture with IGF-1

also resemble those that occur during the culture of calf articular cartilage with 20%
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fetal bovine serum [7]. This observation is consistent with reports that IGF-1 is the
primary component of serum responsible for stimulating cartilage PG synthesis [27]
and that serum and IGF-1 produce similar changes in cartilage composition and
function [1]. On the other hand, culture with TGF-B1 was more homeostatic with
some functional improvement in the S layer indicated by increased compressive
moduli and matrix constituent concentrations. Relationships between mechanical
properties, particularly Hy and E, and cartilage matrix constituent concentrations
became more evident when explored by regression analysis. Positive relationships
between compressive moduli and concentrations of GAG and COL and negative
relationships between moduli and water content recapitulate those of articular
cartilage examined at various developmental stages from fetus to young adult [45] or
following in vitro growth with FBS supplemented medium [7].

The compressive properties measured in this study complement an earlier
study which measured changes in tensile properties of calf explants cultured with IGF-
1 or TGF-BI [1]. Measures of cartilage composition and tensile properties from this
earlier study of explant growth have helped refine and validate a cartilage growth
mixture (CGM) model [1, 17]. CGM models have been developed to describe the
evolving biochemical and mechanical properties of cartilage during growth and
remodeling [18, 19]. These models consider the cartilage matrix as a set of elastic
constituents (e.g. PG and COL) that can independently grow and remodel and are
made compatible by mechanical deformations. Thus, comprehensive biochemical,
structural, and mechanical data from in vitro growth studies such as this may further
enhance CGM model parameters and the accuracy of simulations.

Due to an ability to elicit strong anabolic responses, IGF-1 and TGF-B1 have

been investigated in numerous studies for their potential to promote cartilage repair or
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enhance the formation of engineered cartilage constructs [5, 8, 23]. A translational
goal of this work and related CGM modeling is to help elucidate specific conditions
for manipulating the growth, maturation, or homeostasis of cartilaginous tissues. The
identification of such conditions may ultimately aid the development of cartilage
repair techniques or the fabrication and storage of transplantable cartilaginous grafts

of desired sizes and properties.
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CHAPTER 6

CONCLUSIONS

The studies presented in the preceding chapters were conducted 1) to establish
whether flexural deformations can aid in the contouring of cartilage by inducing
changes in tissue shape through matrix remodeling, 2) to characterize more thoroughly
the biomechanical behavior of cartilage in flexure, and 3) to determine how
biochemical regulation of matrix metabolism and remodeling modulates cartilage
shape plasticity, volume, and maturity. The primary findings of these studies are

summarized below and then discussed with suggestions for future research directions.

6.1 Summary of Findings

The application of static flexure to articular cartilage explants during short-
term (<1 week) culture induced changes in the macroscopic, free-swelling
configuration of the tissue, such that specific contours were reproducibly obtained
(Chapter 2 & 4). The duration of deformation was a significant factor in determining
the degree to which the imposed deformation was retained by the cartilage explant
after unloading. However, for calf cartilage, a near-maximal response was achieved in
only 4-6 days. Compared to calf, the response of cartilage from adult bovines was

substantially less, indicating a dependence of cartilage shape plasticity upon
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maturational stage. During the course of reshaping, chondrocyte viability was
preserved, demonstrating that the flexural stimulus was non-injurious. Moreover,
changes in tissue size and composition during culture with flexure generally mimicked
those of non-loaded control cultures.

The process of altering the shape of cartilage explants was largely independent
of active chondrocyte-mediated matrix synthesis or remodeling (Chapter 2 & 4, App.
B). Inhibition of chondrocyte protein synthesis with cycloheximide only yielded a
small reduction in the reshaping response. Mechanically induced shape change was
not a result of collagen network stabilization through the formation of new
difunctional crosslinks, as indicated by use of the inhibitor B-aminopropionitrile
(BAPN). It also did not appear to be mediated by catabolic activity within the matrix,
as determined by broad-spectrum inhibition of matrix-metalloproteinases and other
proteases. However, the reshaping process was markedly inhibited by reducing the
temperature from 37°C to 4°C for the duration of the culture.

The flexural stimulus used in these studies was characterized through a novel
application of micromechanical analysis (Chapter 3). A linear gradient of
longitudinal normal strain from ~20% compressive strain at the concave surface to
~7% tensile strain at the convex surface was measured in cartilage explants, and the
neutral axis was located about three-quarters of the sample thickness from the concave
surface. Empirical comparison of cartilage strains with those in samples of alginate, a
material chosen for similar moduli in tension and compression, and theoretical
modeling of the tissue as a bimodular material in pure bending indicated that the
tension-compression nonlinearity was a key determinant of the asymmetry of strains.

Perturbing proteoglycan and collagen remodeling with medium supplemented

with fetal bovine serum and either BAPN or B-D-xyloside differentially modulated
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cartilage explant size, matrix composition, and shape plasticity (Chapter 4). Calf
cartilage treated with p-D-xyloside exhibited reduced accumulation of
glycosaminoglycans (GAG) and volumetric growth compared to samples treated with
BAPN. Shape plasticity was significantly increased with BAPN treatment but was
maintained with B-D-xyloside. In cultures of adult cartilage, these treatments produced
little growth, but composition did differ between. Consistent with the lower
metabolism of adult cartilage, f-D-xyloside resulted in a net loss of GAG, while
BAPN treatment maintained GAG. Like calf cartilage, adult cartilage treated with
BAPN had higher shape plasticity than those treated with B-D-xyloside. Overall, there
was a strong inverse association between changing matrix composition, reflected in
the COL:GAG ratio, and cartilage shape plasticity.

Finally, anabolic growth factors, insulin-like growth factor — 1 (IGF-1) and
transforming growth factor — betal (TGF-B1), could differentially regulate calf
cartilage size, composition, and mechanical properties in confined and unconfined
compression (Chapter 5). IGF-1 promoted expansive growth of cartilage, generally
marked by accumulation of GAG in excess of collagen, but also impaired the
compressive properties by reducing stiffness and increasing Poisson’s ratios. On the
other hand TGF-B1 produced little growth and was more homeostatic and even
slightly maturational in superficial (S) slices in terms of composition and compressive
properties. TGF-B1 promoted a more balanced accumulation of GAG, collagen, and
pyridinoline crosslinks and increased compressive stiffness in S slices. In general,
regression analysis found that matrix constituent concentrations were positively

related to compressive moduli and negatively related to Poisson’s ratios.
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6.2 Discussion and Future Directions

6.2.a Choice of Stimuli/Treatments

Early in the formulation of this dissertation, consideration was given to the
various types of mechanical stimuli that could be investigated with regards to eliciting
changes in cartilage shape. Tensile, compressive, and flexural deformations applied
statically or dynamically were among the options. Previous studies have shown that in
situ or in vitro tensile distraction can be used effectively to lengthen arteries [5], small
intestine [10, 12], and tendon [4, 6, 18]. Static and dynamic compression can regulate
the thickness of growing calf articular cartilage in vitro [9], and ongoing research
continues to explore how compression modulates the aspect ratio (thickness/radius) of
explants. However, a 2-dimensional static flexural deformation, which produced a
gradient of compressive and tensile strains within the tissue, was ultimately chosen for
this work. One advantage of flexure was that local cartilage strains could be kept
within non-injurious levels while producing large and easily measured displacements
in explant shape. Additionally, flexural deformations could be chosen with curvatures
similar to those present in anatomical features such as an articular surface or fold of an
ear. Future studies might focus on producing shapes of a more anatomical nature as a
further translational step. Certainly, understanding the kinematics of such 3-
dimensional deformations would be more challenging than the 2-dimensional analysis
presented in this dissertation.

The dynamic application of a shaping stimulus could also be examined, since
this might be more favorable than a static stimulus for maintaining or promoting
chondrocyte metabolism. Knowing that a large portion of the cartilage explant was
under some amount of static compression in flexure and that static compression can

inhibit proteoglycan synthesis and incorporation in a dose-dependent manner [14], it is
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likely that matrix metabolism was mildly inhibited by the flexural stimulus used in
this dissertation. Differences were not apparent in the matrix composition between
loaded and non-loaded control samples, but this finding may reflect that culture
durations were too short for metabolic changes to appear as altered tissue composition.
Dynamic stimuli which promote matrix synthesis could be useful during longer
cultures or when it is desirable to manipulate shape and matrix composition
concurrently.

Several biochemical agents and growth factors were also chosen for these
studies to regulate chondrocyte metabolism of matrix molecules or to perturb the post-
translational modification and assembly of matrix. While p-D-xyloside and BAPN
were used to alter proteoglycan and collagen remodeling and, consequently, matrix
composition, other methods of directly modulating matrix composition could be
further investigated. Matrix components such as chondroitin sulfate and hyaluronan
could be enzymatically degraded with high specificity. Alternatively, dissociative
conditions, such as 4M guanidine-HCI, could be used to extract non-covalently bound
matrix components such as aggrecan. The growth factors, IGF-1 and TGF-B1, were
selected for a number of reasons, including their use in a similar in vitro growth study
where tensile properties were measured [2] and more broadly in other cartilage repair
and tissue engineering studies. However, these growth factors are not unique in their
ability to regulate the size and maturity of articular cartilage [2, 13, 15]. Admittedly,
the use of IGF-1 and TGF-B1 at near maximally stimulating doses was a somewhat
narrow and arbitrary selection, but their use helped elucidate relationships between
matrix composition and functional properties which may be widely relevant among in

vitro growth conditions.
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6.2.b Furthering a Mechanistic Understanding

While several experiments were conducted to investigate potential mechanisms
of mechanically-induced reshaping of cartilage, no specific process was identified
with certainty as the primary mediator. Chondrocyte synthesis of matrix molecules
and other proteins was found to contribute only slightly to the overall shape response,
suggesting that the tissue does not grow into the imposed shape, but rather that
existing components remodel to accommodate the altered conformation. A strong
temperature-dependent effect of reshaping potentially indicated roles for either cell-
independent biochemical reactions within the matrix or a biophysical remodeling of
matrix. Additional experiments examined biochemical reactions which could alter the
internal stress-state of the tissue, including stabilization through lysyl oxidase-
mediated collagen crosslink formation and catabolic cleavage of matrix molecules.
Using inhibitors of these processes did not alter the ability to reshape the tissue. It is
possible that stabilization of cartilage shape could occur through the maturation of
existing difunctional collagen crosslinks to trifunctional pyridinoline crosslinks,
though the characteristic time constant for mature crosslink formation (~7-30 days,
[1]) is considerably longer than the time necessary to achieve significant changes in
immature cartilage shape (2-6 days). Future studies may be able to block the process
of crosslink maturation through borohydride reduction to support or refute this
mechanism more conclusively.

An attractive working hypothesis for future experiments is that cartilage
reshaping occurs through a biophysical remodeling of matrix and is mediated by
specific interactions between matrix components. This mechanism would be
compatible with the temperature- and maturation-dependence of cartilage reshaping,

as well as the inverse association observed between matrix composition (collage:GAG
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ratio) and shape plasticity. Polymer entanglement and non-covalent bonding of
various matrix constituents could be interesting targets for investigation. Previous
experimental and theoretical studies have indicated that interactions between GAG
collagen mediate the tensile properties of articular cartilage during maturation [3, 16].
Using similar experimental treatments, a preliminary study was carried out with
cartilage in flexure at 4°C to determine if dissociation of matrix components followed
by re-association could reproduce the positive reshaping response of cartilage at 37°C.
However, the results were fairly inconclusive, since proteoglycan and other matrix
molecules were partially depleted from the tissue, despite trying to saturate the
dissociative solution with matrix prior to treatment. Previous studies have found that
small peptide inhibitors of non-covalent decorin-fibronectin bonding facilitate the
lengthening of tendons by collagen fiber sliding during tensile distraction [4, 6, 18].
Similar approaches might be used to perturb specific matrix interactions in cartilage

and obviate the use of broadly dissociative conditions.

6.2.c Translational Considerations

As an additional avenue for future studies, the techniques developed in this
dissertation may be adapted to other more clinically-relevant tissues including various
types of engineered constructs or even native cartilage from sources currently used in
chondral grafting. Clinical reports of the successful reattachment and healing of loose
articular cartilage fragments support the concept of using engineered, shaped chondral
grafts to treat articular lesions [7, 8]. However, transplantation of osteochondral grafts
is a more commonly practiced treatment for articular lesions and offers benefits in
graft fixation and enhanced bone-to-bone healing. Ongoing research into tissue

interface engineering may assist in integrating mechanically shaped chondral tissue to
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native subchondral bone or to an osseous substrate to form an osteochondral graft
[19]. For many craniofacial applications, shaped chondral grafts are implanted in ways
that integration to bone is not a concern, but often these grafts must be sufficiently
mature to provide structural support themselves. While shaping could be performed in
vitro as in the preceding studies, grafts for craniofacial applications could also be
shaped in vivo and possibly in situ as recently demonstrated by using resorbable
templates to shape subcutaneous costal cartilage grafts [11].

While the overall motivation of this work was to contribute to understanding
how the shape, size, and maturity of cartilage can be prescribed through selected
biophysical and biochemical stimuli, many of the approaches used in these studies
altered these properties concurrently rather than discretely. Common underlying
mediators, e.g. matrix composition and structure, may not allow for completely
independent manipulation of these properties. Further translation of this dissertation’s
experimental approaches to engineering chondral grafts may require carefully chosen
stimuli to be applied in parallel or series. For example, ongoing experiments are
exploring whether sequential application of growth factors can enlarge calf articular
cartilage without impairing mechanical properties. Preliminary results indicate that
initial treatment with IGF-1 induces growth and softening, while subsequent treatment
with TGF-B1 maintains the enlarged size and partially rescues the mechanical
properties [17]. With further development of a mechanistic understanding of how
chondrocyte metabolism and matrix remodeling coordinately affect the shape, size,
and maturity of cartilage, regimens of prescribed stimuli may be improved to produce

chondral tissues with desired properties
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APPENDIX A

CELL DENSITY ALTERS MATRIX ACCUMULATION

IN TWO DISTINCT FRACTIONS

AND THE MECHANICAL INTEGRITY

OF ALGINATE-CHONDROCYTE CONSTRUCTS

A.1 Abstract

Chondrocyte density in articular cartilage is known to change with the
development and growth of the tissue and may play an important role in the formation
of a functional extracellular matrix (ECM). The objective of this study was to
determine how initial chondrocyte density in an alginate hydrogel affects the matrix
composition, its distribution between the cell-associated (CM) and further removed
matrix (FRM) fractions, and the tensile mechanical properties of the developing
engineered cartilage. Alginate constructs containing primary bovine chondrocytes at
densities of 0, 4, 16, and 64 million cells/ml were fabricated and cultured for 1 or 2
weeks, at which time structural, biochemical, and mechanical properties were
analyzed. Both matrix content and distribution varied with the initial cell density.
Increasing cell density resulted in an increasing content of collagen and sulfated-

glycosaminoglycan (GAG) and an increasing proportion of these molecules localized
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in the CM. While the equilibrium tensile modulus of cell-free alginate did not change
with time in culture, the constructs with highest cell density were 116% stiffer than
cell-free controls after two weeks of culture. The equilibrium tensile modulus was
positively correlated with total collagen (1°=0.47, p<0.001) and GAG content (r*=0.68,
p<0.001), and these relationships were enhanced when analyzing only those matrix
molecules in the CM fraction (r*=0.60 and r°=0.72 for collagen and GAG respectively,
each p<0.001). Overall, the results of this study indicate that initial cell density has a
considerable effect on the developing composition, structure, and function of alginate-

chondrocyte constructs.
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A.2 Introduction

Articular cartilage functions as the load-bearing, low-friction, wear-resistant
tissue lining the ends of bones in diarthrodial joints. These remarkable functions arise
in part from the composition and structure of the highly hydrated cartilage
extracellular matrix (ECM) consisting primarily of a collagen network which
constrains the swelling pressure of proteoglycans. During the development and growth
of articular cartilage, the attainment of these functional properties is concurrent with
changes in biochemical content, tissue structure, and cellular organization [20, 40, 41].
All too frequently, the normal functions of adult articular cartilage are compromised
by traumatic injury, age-related degeneration, or disease. Strategies for addressing
these problems include cartilage tissue engineering, which may seek to recapitulate
the natural growth processes to produce a biological replacement tissue [34].
Therefore, elucidating the principles underlying the formation of a functional
extracellular matrix in articular cartilage is important for the understanding of
cartilage development and repair.

The in vitro study of chondrocytes, the cells within articular cartilage, has been
aided by methods of three-dimensional culture within hydrogels, such as alginate [5]
and agarose [3, 15]. These commonly studied hydrogels enable chondrocytes to
maintain their phenotype in cell culture and have proven useful for investigations of
matrix metabolism. The matrix produced by chondrocytes encapsulated in alginate or
agarose is similar in composition to the ECM of native articular cartilage and becomes
entrapped in the surrounding hydrogel [2, 3, 17]. Moreover, this newly synthesized
matrix exhibits many of the physicochemical properties associated with native
articular cartilage [4]. As a result of these findings, there has been significant interest

in using these hydrogels as scaffolds for the development of engineered cartilage in
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vitro [1, 10, 19, 27, 43] and in vivo [5, 30, 33]. These materials allow chondrocytes to
be organized into three-dimensional constructs and can serve as a medium through
which biochemical and mechanical stimuli can be delivered to direct the development
of the engineered cartilage [9]

The mechanism of alginate gelation provides a means to separate two distinct
matrix fractions from alginate cultures. Alginate is a linear polysaccharide consisting
of D-mannuronic and L-guluronic acid subunits that gels in the presence of divalent
cations such as Ca" [13, 15]. The ionotropic gelation of alginate is readily reversible
through the chelation of these cations. When alginate is solubilized in this manner,
entrapped chondrocytes and the matrix bound around them, termed the cell-associated
matrix (CM), can be separated from the soluble, further removed matrix (FRM)
fraction by centrifugation [16]. The relative amounts of matrix in these two fractions
may be an indicator of interactions between matrix molecules during the development
of a cohesive ECM

The integrity of engineered cartilage is commonly assessed using compressive,
tensile, and shear mechanical tests [6]. The compressive properties of alginate and
alginate-chondrocyte constructs have been well characterized [19, 23, 30, 43], and,
recently, the tensile properties of alginate have been analyzed [8, 39]. In native
articular cartilage, tensile properties such as the equilibrium and dynamic moduli and
the strength at failure show positive correlations with measures of the collagen content
and cross-links [40]. Consequently, measuring the tensile mechanical properties of
alginate-chondrocyte constructs may yield important information for the evolving
composition-structure-function relationships for the tissue formed in this culture

system.
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The cellularity of native articular cartilage varies with both age and depth [20]
and decreases from approximately 120 to 50 million cells/ml from the fetal to adult
stages in deeper portions of bovine patellofemoral groove tissue. In hydrogel
constructs, cell density has been shown to affect the bulk matrix content of collagen
and sulfated-glycosaminoglycans (GAG) and the compressive mechanical properties
[25, 26, 30]. In alginate, cell density and the resulting nutrient utilization can also
contribute to cell death and characteristic viability profiles through the depth of the
construct [19]. However, it remains unclear how cell density affects the composition
of matrix in the CM and FRM of alginate cultures and how the amount and
distribution of this matrix relates to the mechanical properties of the constructs.

To address the factors contributing to the formation of a functional cartilage
matrix, this study focuses on the role of initial chondrocyte density in alginate culture.
The objective of this study was to examine how the accumulation of matrix molecules
in the CM and FRM and the mechanical integrity of the constructs in tension are

coordinately affected by initial cell density.

A.3 Materials and Methods

Cartilage Harvest and Chondrocyte Isolation

Osteochondral cores were harvested from the patellofemoral groove and
femoral condyles of 1-3 week old bovine calves. Cores were obtained from four
animals and pooled into two groups, each containing cores from two animals. These
two groups were collected at different times and used for separate cultures. Using a
guide, the superficial ~0.5 mm of articular cartilage was removed with a scalpel and

discarded. The remaining cartilage was minced and sequentially digested for 1 h with
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0.2% pronase (Sigma-Aldrich, St. Louis, MO) and for 16 h with 0.02% collagenase P
(Roche Diagnostics, Indianapolis, IN) [29] to isolate middle and growth zone

chondrocytes.

Alginate Construct Formation and Culture

A 2% alginate (Keltone LVCR, Kelco, Chicago, IL) solution in 0.9% NaCl
was prepared and sterilized by filtering through a 0.22 pm pore size polyethersulfone
filter (Millipore, Billerica, MA). Following enzymatic digestion of the tissue,
chondrocytes were washed in phosphate-buffered saline (PBS), and their
concentration and viability were assessed with a hemocytometer and trypan blue dye
exclusion. The chondrocytes were then resuspended in the 2% alginate solution at cell
densities of 4, 16, and 64 million cells/ml. Chondrocyte-alginate suspensions were
injected into a custom designed slab mold consisting of two Ca®" permeable
membranes (Whatman 5 filter paper, Whatman International Ltd., Maidstone,
England) rigidly supported by stainless steel mesh and separated by a stainless-steel
casting frame, similar to previously reported devices [32, 43]. The suspensions were
gelled via Ca*" diffusion, achieved by submerging the mold in 102 mM CaCl, in an
excess volume of 0.9% NaCl for 10 min and then washing in 0.9% NaCl for 5 min.
The chondrocyte-alginate slabs were removed from the mold and punched into
circular constructs measuring 10 mm in diameter and 1.7 mm in thickness. Remaining
portions of the slabs were weighed wet and frozen for later analysis of DNA content.
Cell-free alginate constructs were formed similarly to serve as controls for subsequent
measurements of structural and mechanical properties.

Constructs were cultured in a humidified incubator at 37°C and 5% CO; in

DMEM/F-12 (Invitrogen, Carlsbad, CA) supplemented with 20% fetal bovine serum
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(FBS), ascorbic acid (25 pg/ml), antimicrobials (100 U/ml penicillin, 100 pg/ml
streptomycin, 0.25 pg/ml Fungizone), and amino acids (0.1 mM MEM non-essential
amino acids, 0.4 mM L-proline, and 2 mM L-glutamine). Medium was changed every
2-3 days and the volume used (1 ml per million cells per day) was based on initial cell
densities. Constructs were maintained in culture for either one or two weeks (n=6-9

constructs per cell density group per time point).

Mechanical Testing

Following culture, constructs were weighed wet, and their thickness was
measured using a contact-sensing micrometer. A tapered tensile specimen, with a
gauge region measuring 5 mm in length by 1.8 mm in width, was punched through the
full thickness of the center of each construct. Specimens were inserted into clamps on
a mechanical testing apparatus (E100, BioSynTech Ltd., Laval, Quebec, Canada)
equipped with a 1 N load cell and kept hydrated throughout testing with Dulbecco’s
PBS containing calcium and magnesium. Each specimen was elongated at 0.5 mm/min
to reach a tare load of 1 mN and then allowed to relax for 10 min to ensure
equilibrium had been reached. Specimens were then elongated to 10% strain at a
constant strain rate of 0.2% per second and allowed to relax to equilibrium for 20 min.
From these data, an equilibrium tensile modulus was calculated for each construct.

Tensile tests were also performed on cell-free alginate constructs on day 0 (n=7).

Biochemical Analysis
Qualitative histological analysis of selected samples with Alcian Blue or
hematoxylin and eosin indicated that the ECM appeared nearly homogeneously

distributed through the constructs, while, microscopically, matrix accumulation was



157

pronounced in the pericellular region. Consequently, a large remaining portion of each
construct (approximately one third of the whole) was used for biochemical analysis
since this portion should be representative of the whole and also not be altered by
mechanical testing. These samples were weighed wet and nutated for 30 min at 4°C in
five volumes of 55 mM sodium citrate in 0.9% NaCl to solubilize the alginate.
Samples were centrifuged for 10 min at 100 g to separate the cells and their associated
matrix (CM) from the soluble further removed matrix (FRM). These fractions were
digested with proteinase K (Roche Diagnostics) and analyzed for DNA with

PicoGreen®

(Molecular Probes, Eugene, OR) [28], for hydroxyproline with
dimethylaminobenzaldehyde (DMBA) [42], and for GAG with a modified
dimethylmethylene blue (DMMB) assay [11]. Collagen content was calculated by

assuming a collagen to hydroxyproline mass ratio of 7.25 [18, 31]. Day 0 samples

were also solubilized, separated, digested and analyzed for DNA content.

Viability Testing

Two constructs of each cell density cultured for one or two weeks were
randomly chosen for viability analysis. A full-thickness 2mm diameter core was
removed from a location approximately 3mm from the edge of each construct. Cores
were incubated at room temperature in 200ul PBS containing 40 uM calcein AM and
20 pM ethidium homodimer-1 (Molecular Probes) for 20 min to stain viable and non-
viable cells, respectively, and then washed twice in PBS for 10 min each. Cores were
sectioned in half to expose a full-thickness plane and imaged using fluorescent
microscopy. Automated cell counts were made using a custom-written code in Matlab

(The Mathworks Inc., Natick, MA), and these were validated with manual counting.
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Statistical Analysis and Data Presentation

Data are presented as mean = SEM. A two factor ANOVA (a=0.05) was used
to determine the effects of initial cell density and culture time, and appropriate post-
hoc comparisons were made with Tukey tests. Since percentages form binomial rather
than normal distributions, arcsine transformation was applied to the matrix distribution
data (i.e., % GAG and % collagen in the CM) to normalize these data [37]. However,
since the transformation resulted in no changes in statistical trends, only
untransformed data is presented for clarity. Additionally, a single factor ANOVA
(0=0.05) was used to determine the effect of culture time on the mechanical properties
of the cell-free control constructs.

Univariate and multivariate linear regression were used to analyze
relationships between the constructs’ mechanical properties and biochemical content.
The analyses were performed on all data from chondrocyte-seeded constructs, and
significant relationships were determined using a criterion of p<0.05 when assessing
regression slopes. Coefficients of determination (r*) and coefficients of multiple
determination (R?) are reported along with significant relationships.

All statistical analyses were performed using Systat 10.2.05 (Systat Software,

Richmond, CA).

A.4 Results

Construct Growth and Physical Properties
Alginate-chondrocyte construct growth was macroscopically apparent. The
higher cell density constructs were larger and more opaque following culture (Fig.

A.1). Physical manipulation of these higher density constructs was also easier with



159

increasing time in culture. Quantitative measures of the construct structural properties,
including thickness (Fig. A.2A) and wet weight (Fig. A.2B), confirmed visual
observations. Thickness was significantly affected by initial cell density (p<0.001) and
culture time (p<0.05) and was greatest for constructs initially seeded at 64 million
cells/ml (p<0.05). After two weeks of culture, constructs seeded at 16 or 64 million
cells/ml had wet weights which were greater than those of lower density constructs
(p<0.001) and were increased from their respective values at one week (p<0.01). For
the cell-free alginate disks, neither construct thickness nor wet weight were
significantly changed from the initial value by subsequent culture. To characterize
construct growth, an index of relative net cell proliferation was calculated as total
DNA content after culture normalized to pre-culture values. Relative proliferation
increased from one to two weeks for each of the cell-containing groups (p<0.01) and
this effect was dependent upon initial cell density (p<0.001) and highest at two weeks
for constructs seeded at 16 million cells/ml (Fig. A.2C). Cell viability was uniform
through the thickness of the constructs and exceeded 96% for all densities following
one and two weeks of culture. No differences in viability were observed between

groups.
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Figure A.1: Gross appearance of chondrocyte-seeded alginate constructs after 1 or 2
weeks of culture. Higher cell density constructs are visibly larger and more opaque.
(bar = 10 mm)
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(g DNA / ug DNA @ d0)
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%108 cells/ml

1 Week 2 \Weeks

Figure A.2: Measurements of construct growth: thickness (A), wet weight (B), and
proliferation (C) measured as total DNA content relative to that at day 0. Dotted line
and gray bar represent the mean = SEM of cell-free alginate disks on day 0. Bars (=)
indicate a significant difference between cell density groups at the same time point
(p<0.05). Stars (%s) indicate a significant difference compared to 1 week for the same
cell density (p<0.05). (n=6-9)
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Deposition and Distribution of Cartilage Matrix

Cartilage matrix content, calculated as total GAG or collagen as a percentage
of wet weight, varied among the construct groups following culture. GAG content
increased with increasing cell density at both time points (p<0.001) and increased
from one to two weeks for each density (p<0.01, Fig. A.3A). Collagen content
increased with increasing density at two weeks (p<0.05) and increased from one to
two weeks for the two highest density groups (p<0.01, Fig. A.3B).

Matrix content was also normalized to the total DNA content of the samples
(Fig. A.3C, D). The total amount of GAG was similar among the different density
groups at both one and two week culture times, except for those constructs seeded at 4
million cells/ml and cultured for two weeks, which had significantly greater amounts
of GAG (p<0.001). Collagen content was also similar for the two highest density
groups, but slightly higher for constructs seeded at 4 million cells/ml (p<0.01). Among
all constructs, collagen content increased from one to two weeks (p<0.001). At each
culture time, collagen content in the CM was similar among constructs of different
densities, but collagen content in the FRM decreased with increasing cell density
(p<0.05).

The distribution of matrix molecules between the CM and FRM fractions was
also dependent upon initial cell density, and the collagen distribution was dependent
on time in culture. The percentage of GAG localized in the CM increased with
increasing cell density (p<0.01) and exceeded 98% in the highest cell density
constructs at two weeks (Fig. A.3E). Similarly, the percentage of collagen in the CM
increased with increasing cell density (p<0.05) and also increased slightly with time in

culture (p<0.001, Fig. A.3F).
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Figure A.3: GAG (A,C) and collagen (B,D) content normalized to wet weight (A,B)
and DNA content (C,D) in the CM (black) and FRM (white). Percentage of GAG (E)
and collagen (F) localized in the CM. Significant differences between total matrix
content are indicated by bars (=) (p<0.05) for comparisons at the same time point and
stars (%) (p<0.05) for comparisons to the same density group at 1 week. (n=6-9)
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Tensile Mechanical Properties

Mechanical testing of cell-free alginate constructs on day 0 revealed an initial
equilibrium tensile modulus of 4.1 + 0.4 kPa (n=7). Subsequent culture of cell-free
alginate disks for either one or two weeks did not significantly change the modulus
from this value (Fig. A.4). However, constructs initially seeded at 16 and 64 million
cells/ml demonstrated moduli which were, respectively, 45% (p<0.01) and 116%
(p<0.001) greater than cell-free controls after two weeks. The highest cell density
constructs were significantly stiffer than all lower density constructs at two weeks
(p<0.001) and 60% stiffer after two weeks of culture compared to one week
(p<0.001). Equilibrium moduli of constructs seeded at 4 million cells/ml were not

significantly different than cell-free controls at either culture time point.
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Figure A.4: Equilibrium tensile moduli of chondrocyte-seeded alginate constructs
following 1 or 2 weeks of culture. Dotted line and gray bar represent the mean + SEM
of cell-free alginate disks on day 0. Bars (=) indicate a significant difference between
cell density groups at the same time point (p<0.05). Stars (%) indicate a significant
difference compared to 1 week for the same cell density (p<0.05). (n=6-9)
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Composition-Structure-Function Relationships

Measures of collagen and GAG content in these constructs were
correlated to the equilibrium tensile modulus. Total collagen content as a percentage
of wet weight was positively correlated to the equilibrium tensile modulus (1*=0.47,
p<0.001, Fig. A.5A), as was total GAG content as a percentage of wet weight
(1"=0.68, p<0.001, Fig. A.5C). Both of these relationships were improved when only
the amounts of these molecules in the CM were considered (r*=0.60 and r*=0.72 for
collagen and GAG respectively, each p<0.001, Fig. A.5B, D). Similarly, multivariate
regression analysis indicated that the modulus was related to total collagen and GAG
content (R?=0.68, p<0.001) as well as collagen and GAG content in the CM (R*=0.74,
p<0.001). The collagen and GAG content in the FRM were negatively correlated with
the equilibrium tensile modulus (data not shown), but these relationships were poorly

fit to the data (r*=0.16, p<0.01 for collagen; r’=0.14, p<0.05 for GAG).
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Figure A.S: Regression analysis between the equilibrium tensile modulus and
measures of biochemical content (positive correlations, p<0.001). Data points are
shown for constructs with initial cell densities of 4 (A,A), 16 (O,®), and 64 (L1,H)
million cells/ml after 1 week (A,O,L1) or 2 weeks (A ,®, M) of culture.
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A.5 Discussion

The results of this study show that the initial cell density in alginate constructs
plays a substantial role in determining the composition, structure, and function of the
developing tissue. Cell density is a strong determinant of the growth characteristics of
these constructs (Fig. A.1, A.2) and is likely an important design parameter for the
creation of engineered cartilage suitable for therapeutic applications. The biochemical
analysis of the constructs clarifies the effects of initial cell density on matrix content
and its distribution between the CM and FRM fractions. Within the ranges studied
here, higher cell density and longer culture duration were generally associated with
increased GAG and collagen content (Fig. A.3A, B) and a greater proportion of these
molecules localized in the CM (Fig. A.3E, F). This latter finding may indicate that
constructs of higher cell density are initially capable of forming a more extensive
collagen network which can entrap a larger proportion of proteoglycans. In addition,
the increasing mechanical integrity in the constructs of higher cell density (Fig. A.4)
provides evidence that the newly assembled cartilage matrix in these tissues is
mechanically functional.

Significant relationships were revealed between measures of matrix
accumulation and the mechanical behavior of the constructs in tension, and these help
distinguish the functional roles of matrix in the CM and FRM. While the total collagen
and GAG contents were positively correlated with the equilibrium tensile modulus
(Fig. A.5A, C), these relationships were improved, especially for collagen, by only
considering the fraction of matrix in the CM (Fig. A.5B, D). A possible explanation
for this result is that while the soluble FRM likely consists of unbound and degraded
matrix constituents, the CM is primarily composed of those molecules which are

bound around the chondrocytes and contribute to the formation of a functional ECM.
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This finding also highlights the complexity of composition-structure-function
relationships, where mechanical properties may depend not only on the amount of
matrix present, but also on the spatial distribution and interactions of the matrix
components.

The highest initial cell density chosen for this study (64 million cells/ml)
corresponds to that of bovine articular cartilage at an intermediate stage of growth
between calf (1-3 weeks) and adult (1 year) [20]. The two lower cell densities (4 and
16 million cells/ml) represent sub-physiologic densities, but are within the range of
values used previously in cartilage tissue engineering studies [10, 19, 26, 30, 33, 43].
These cell densities changed with time and may have varied spatially through the
constructs, as subsequent culture resulted in both cell proliferation and construct
growth. Estimates determined from the DNA content and wet weight data indicate that
the spatially averaged cell density increased for the two lowest density groups and
decreased for the highest density group. A choice was also made to use full-thickness
specimens taken through the center of each construct for mechanical testing. Though
this provided a measurement of the tensile behavior of an entire construct, such
methods would not be able to detect any possible heterogeneity in the mechanical
properties through the thickness of a construct. The potential of producing depth-
dependent properties in engineered tissues is of interest [22] since the compressive
and tensile properties of native articular cartilage vary with depth from the surface
[21, 35].

Differences in cell density can directly impact the availability of nutrients
throughout the construct and alter chondrocyte biosynthetic function. Previous studies
have raised concerns about insufficiencies or differences in nutrient availability which

may arise from varying cell densities in hydrogel constructs [19, 25, 26]. The limited
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nutrient availability in constructs of high cell density was responsible for reduced
matrix synthesis and, in extreme cases, chondrocyte death. However, the present
investigation appeared to minimize such problems by providing a set and sufficient
ratio of media to the number of initial cells and by choosing the construct geometry to
have relatively short diffusion distances. Evidence for adequate nutrition includes the
uniformly high chondrocyte viability through the thickness of the constructs. In
addition, the apparent homogeneity of matrix within the samples and the similar
biochemical content normalized to DNA content among samples of varying cell
density indicate that biosynthetic function was not adversely affected by nutrient
limitation.

The effect of cell density on diffusion phenomena within the developing tissue
may potentially account for the observed trends in matrix accumulation in the CM and
FRM. The intercellular distances determined by cell density will dictate the diffusion
of soluble factors and matrix molecules between chondrocytes [7, 12]. As the transport
characteristics of soluble factors vary with cell density, cell-cell signaling and,
consequently, matrix metabolism may be altered. Similarly, variations in the diffusion
of matrix molecules may affect the distribution of matrix between the CM and FRM
fractions. In lower density cultures, matrix molecules are able to diffuse to a position
farther from any neighboring cell; whereas, in higher density cultures, matrix
molecules will have a closer proximity to the cells, where they are more likely to be
incorporated into the CM.

To our knowledge, this study includes the first reported values of the tensile
behavior of alginate-chondrocyte constructs. Mechanical tensile testing has typically
been bypassed as a tool for studying hydrogel-based engineered cartilage in favor of

compressive testing. However, this study shows that tensile testing can help delineate



171

the composition-structure-function relationships of these constructs. An understanding
of these relationships may be important for the effective design and assessment of
engineered cartilage. In this study, equilibrium tensile moduli were determined for the
alginate-chondrocyte constructs, and this data provides a sensitive measure of the
mechanical integrity of the specimens. Though failure properties were not ascertained,
they could provide a more complete picture of the tensile behavior and composition-
structure-function relationships of the constructs and warrant further study.

In the present study, no significant change was noted in the equilibrium tensile
modulus of cell-free alginate from gelation on day O through two weeks of culture.
This finding differs from that of Drury et al. who found that the tangent tensile
modulus of alginate increased following incubation, with most of the change occurring
during the first week [8]. This difference may be attributable to differences in alginate
composition, gelation conditions, and culture environment, all of which have been
shown to variously affect the mechanical properties of the hydrogel [8, 23, 24, 43]. In
fact, other studies have reported decreases in the compressive stiffness of alginate with
culture [23, 43], indicating the sensitivity of alginate’s mechanical integrity to a
variety of factors.

The extent of maturation of the functional properties of cartilage constructs in
vitro will likely affect their load-bearing and integrative capabilities in therapeutic
applications in vivo [36]. The equilibrium tensile modulus of native cartilage increases
from ~1 MPa in superficial fetal bovine tissue to ~4MPa in superficial adult tissue
[40]. In comparison, the tensile stiffness exhibited by these alginate-chondrocyte
constructs is inferior to that of native cartilage, even at the fetal stage. However, the
mechanical properties of these constructs could likely be modulated and even

enhanced by lengthening the culture period, modifying the hydrogel properties, or
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providing additional biochemical and biomechanical stimuli [14, 34, 38]. A more
thorough analysis of these factors may provide additional insight into the mechanisms

governing the formation and development of functional matrix in engineered cartilage.
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APPENDIX B

CARTILAGE RESHAPING WITH

INHIBITION OF MATRIX CATABOLISM

B.1 Introduction

This appendix serves as a supplement to Chapter 2, where certain inhibitors of
chondrocyte and cartilage matrix metabolism were examined for effects on
mechanically-induced cartilage reshaping. Inhibition of chondrocyte protein synthesis
with cycloheximide slightly inhibited the overall reshaping response, whereas a
reduced temperature of 4°C strongly attenuated any reshaping. These findings
suggested that calf cartilage did not grow into the imposed shape via matrix synthesis
and accumulation. Instead, the findings indicated a temperature-dependent
mechanism, possibly a biochemical or biophysical remodeling of the extracellular
matrix. Endogenous proteases present in cartilage, including matrix
metalloproteinases (MMPs) and aggrecanases, could potentially be involved in
remodeling the extracellular matrix during mechanically induced reshaping. The pilot
study presented in this appendix extended upon the investigations of Chapter 2 by
using inhibitors of cartilage matrix catabolism. A broad-spectrum hydroxymate MMP
inhibitor, (GM6001 a.k.a. Ilomastat) was used to inhibit MMP activity, as done in

previous cartilage explant studies [2, 4]. A more broadly acting protease inhibitor
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cocktail for cell cultures (P1860) was also used in order to test the hypothesis that
catabolic enzymatic processes within the extracellular matrix partially mediate

mechanically-induced reshaping of calf articular cartilage

B.2 Materials and Methods

Dose Response of GM6001 Against APMA-Activated MMPs

A dose response study was conducted to examine the ability of GM6001 to
inhibit glycosaminoglycan (GAG) release in cartilage explants cultured with
aminophenylmercuric acetate (APMA) to activate latent MMPs [1]. Cartilage blocks
were harvested from the patellofemoral groove of two 1-3 week old calves. A ~1 mm
thick slice of middle zone tissue (n=5 per animal) was obtained and punched into 5
site-matched 2.5 mm disks. All samples were incubated overnight in medium
consisting of DMEM+ with 20% FBS and 100 pg/ml ascorbate. The following day
site-matched samples were divided among the 5 experimental groups: control (n=10),
or APMA with 0, 0.1, 1, or 10 uM GM6001 (n=10, each). The explants were washed
in DMEM+ to remove FBS components and wet weights were found. Samples in the
control group were cultured in 0.25ml DMEM+ with 0.4% DMSO and 100 pg/ml
cycloheximide. Samples in the experimental groups were cultured in 0.25ml DMEM+
with 0.4% DMSO, 100 pg/ml cycloheximide, | mM APMA, and either 0, 0.1, 1.0, or
10 uM of GM6001. Cycloheximide was included in all cultures to inhibit chondrocyte
synthesis and release of GAG and to prevent any adverse chondrocyte response to the
inhibitors.

Culture was terminated after two days. Tissues digested with proteinase K and

spent culture medium were analyzed for GAG [3]. GAG released into the medium was
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normalized to initial cartilage wet weight and then to that of the site-matched control

disk.

Mechanical Reshaping with Inhibitors of Matrix Catabolism

Cartilage reshaping was performed according to the methods of Chapter 2 for
inhibition of cartilage matrix metabolism. Cartilage strips (n=2 per group) were
treated with 100 pg/ml cycloheximide and either no protease inhibitor as a control, 10
uM GM6001, or a 1/200x dilution of P1860 (Sigma Aldrich, St. Louis, MO)
according to manufacturer recommendations. Shape retention was analyzed following

6 days of deformation.

Statistical Analysis and Data Presentation

Data are presented as mean + SE. ANOVA was used to determine the effects
of GM6001 concentration on GAG release with site as a random factor and the effects
of inhibitor on cartilage shape retention. Tukey post-hoc tests were used for individual

comparisons, and the significance criterion (o) was 0.05.

B.3 Results

Dose Response of GM6001 Against APMA-Activated MMPs

Control explants without APMA activation released 2.8 + 0.1% of total tissue
GAG during 2 days of culture. The induction of matrix degradation and release of
GAG into the medium by APMA was fairly inconsistent, leading to large variation
between site-matched sets of explants. Nevertheless, GM6001 produced a dose-

dependent inhibition of GAG release (p<0.05, Fig. B.1). At a concentration of 10 pM,
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GM6001 inhibited GAG release to levels similar to those of control samples (p=0.99).

Consequently, this concentration was further used during reshaping studies.
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Figure B.1: Dose response of GM6001 on GAG released into the medium when
cartilage MMPs were activated with APMA. Data are normalized to tissue wet weight
and then to the non-activated, site-matched control (no APMA, no GM6001). %=
p<0.05 versus non-activated control. Mean + SE, n=10.
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Mechanical Reshaping with Inhibitors of Matrix Catabolism
Addition of the MMP inhibitor, GM6001, or the protease inhibitor cocktail,
P1860, to the culture medium during mechanically-induced reshaping did not

significantly affect the retention of the imposed shape (p=0.55, Fig. B.2).
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Figure B.2: Effect of MMP inhibitor (GM6001) and protease inhibitor cocktail
(P1860) on the shape retention of calf cartilage. Mean + SE, n=2.
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B.4 Discussion

The results from the shaping pilot study did not provide any evidence that
catabolic activity by either MMPs or other proteases partially mediates the
mechanically-induced reshaping of calf articular cartilage. Shape retention values
were high in both the GM6001 and P1860 groups and were consistent with the

controls in this study and the cycloheximide-treated samples reported in Chapter 2.
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