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ABSTRACT
Cartilage injuries in children and adolescents are increasingly observed, with roughly 20% of knee
injuries in adolescents requiring surgery. In the US alone, costs of osteoarthritis are in excess of $65
billion per year (both medical costs and lost wages). Comorbidities are common with OA and are
also costly to manage. Articular cartilage’s low friction and high capacity to bear load makes it critical
in the movement of one bone against another, and its lack of a sustained natural healing response has
necessitated a plethora of therapies.Tissue engineering is an emerging technology at the threshold of
translation to clinical use. Replacement cartilage can be constructed in the laboratory to recapitulate
the functional requirements of native tissues.This book outlines the biomechanical and biochemical
characteristics of articular cartilage in both normal and pathological states, through development and
aging. It also provides a historical perspective of past and current cartilage treatments and previous
tissue engineering efforts. Methods and standards for evaluating the function of engineered tissues
are discussed, and current cartilage products are presented with an analysis on the United States
Food and Drug Administration regulatory pathways that products must follow to market. This
book was written to serve as a reference for researchers seeking to learn about articular cartilage,
for undergraduate and graduate level courses, and as a compendium of articular cartilage tissue
engineering design criteria.

KEYWORDS
knee, hip, shoulder, articular cartilage, tissue engineering, chondrocyte, osteoarthritis,
biomechanics, cartilage products, cartilage transplant, cartilage diseases/surgery, chon-
drocyte transplantation, autologous/adverse effects, United States Food and Drug Ad-
ministration,device approval, orthopedic equipment/classification, cartilage epidemiol-
ogy/physiopathology, incidence, athletic injuries/epidemiology, stem cells, bioreactors,
direct compression, hydrostatic pressure, shear, micropatterning, single cell mechanics
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Preface
Articular cartilage injuries, which are well known for their inability to heal, oftentimes de-

generate inexorably to disastrous impairment. Multitudes of treatments have been devised for this
age-long and vexing problem, but no satisfactory long-term solutions have been established. Over
the past two decades, however, the swift growth and development of new knowledge and technolo-
gies for cartilage formation, pathology, and repair have been exciting, humbling, and inspirational.
Tissue engineering, a young and vigorous field, is at the cusp of applying our understanding of bio-
logical systems and engineering platforms to clinical problems. These dynamic times have stirred in
us the desire to pause and to survey the wealth of progress related to articular cartilage regeneration.
This book highlights important historical and contemporary advances in the field of articular car-
tilage tissue engineering. Physiology, pathology, and current treatment options are presented, along
with business and regulatory aspects of the development of cartilage products. It is our hope that
undergraduate students, graduate students, and academic and industrial researchers alike will find
this information useful in this time of rapid flux.

Kyriacos A. Athanasiou, Eric M. Darling, and Jerry C. Hu
University of California, Davis
September 2009





1

C H A P T E R 1

Hyaline Articular Cartilage
hyaline (–adj): transparent or translucent; from Greek hyalos ( ), meaning glass

Glass-like in appearance, hyaline articular cartilage lines the ends of articulating bones. A
tissue with low friction and high capacity to bear load, cartilage serves the critical function of
permitting movement of one bone against another. Breakdown of this tissue results in significant
pain, reduction and loss of mobility, and billions of dollars in medical costs and lost wages. Functional
tissue engineering of cartilage endeavors to produce a solution that does not necessarily replicate
the exact biological structure but instead creates a replacement tissue that functions as well as the
healthy original.

Functional tissue engineering endeavors to produce a solution that does not necessarily repli-
cate the exact biological structure but instead creates a replacement tissue that functions as well as
the healthy original. To accomplish this goal, the composition, structure, and function of healthy
tissues must first be well understood since the mechanical and biological attributes are tied directly
to these characteristics.

1.1 COMPOSITION, STRUCTURE AND FUNCTION OF
HYALINE CARTILAGE

Hyaline articular cartilage is composed of specialized proteins and macromolecules that allow the
tissue to function in the rigorous mechanical environments of articulating joints, such as the knee,hip,
and shoulder (Figure 1.1). Collagens and proteoglycans interact with a charged fluid environment
to give articular cartilage its unique mechanical properties. This section discusses the biochemical
composition of hyaline cartilage, as well as how it is organized at the micro- and macro-structural
levels. The composition and structure of the tissue have a direct role in its function as a mechanical
surface through regulation of its tensile, shear, and compressive properties.

1.1.1 BIOCHEMICAL COMPOSITION
Though articular cartilage is a metabolically active tissue that maintains its extracellular matrix in
a state of constant turnover [1], not all molecular components are reconstituted at the same rate,
and variations exist based on the spatial location within the tissue. Degradation and synthesis are
concentrated in the regions immediately surrounding chondrocytes rather than in the territorial
and interterritorial regions of the tissue [2]. The turnover of collagen is estimated to be very slow
(>100 years), whereas aggrecan turnover is more rapid, with a half-life of 8-300 days in rabbits [3].
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Figure 1.1: The knee, hip, and shoulder joints shown in a model skeleton.

The composition of articular cartilage changes as the tissue develops. However, mature artic-
ular cartilage is composed primarily of water, approximately 70-80% by weight. The solid fraction
of the tissue is primarily collagens (50-75%) and proteoglycans (15-30%) (Figure 1.2), with the
remaining balance including minor protein molecules and chondrocytes [1,4].This mix of collagens
and proteoglycans form an integrated network that provides the basis for the mechanical properties
observed in articular cartilage.

1.1.1.1 Synovial Fluid
Water is the main fluid component in articular cartilage, as well as the synovial fluid that is present
in the joint capsule. Inorganic salts such as sodium, potassium, calcium, and chloride are also present
in synovial fluid in appreciable amounts. Most of the water in cartilage tissue is contained in the
molecular pore space of the extracellular matrix but also permeates throughout the entire tissue.
Since cartilage has no vascularity, the chondrocytes obtain nutrients through diffusion from the
joint space. As the primary carrier, interstitial fluid plays an important role in transporting both
nutrients and waste within the tissue [5,6].

Fluid permeating the cartilage matrix also has an important mechanical role. Compressive
loading is a constant stressor of articular cartilage, and without a high water fraction, the tissue would
break down much more quickly under constant use. Compressive loads can force the fluid from the
tissue, and over the course of a day, effectively decrease the total water fraction. However, for short
periods of loading and unloading the frictional resistance between the water and solid matrix requires
high pressure to cause interstitial fluid flow [1]. Functionally, mechanical compression of cartilage
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Figure 1.2: Proteoglycans and collagen contents vary throughout the zones of cartilage.

causes rapid pressurization of the fluid in the tissue, which in turn supports the load (Figure 1.3).
This mechanism allows for the longevity of cartilage under repeated compression since loading is
borne by fluid instead of a solid-solid interaction [7,8].

1.1.1.2 Collagens
Collagens serve a primary role in the structure of connective tissues throughout the body. They are
comprised of repeating amino acid sequences (glycine, proline, hydroxyproline, etc.) and exhibit a
characteristic triple helix structure. Collagen type II is the predominant collagen type in articular
cartilage, comprising over half the dry weight of the tissue [9]. Collagen fiber orientation varies
through the depth of articular cartilage with the superficial zone containing tangentially arranged
fibers, the deep zone containing radially oriented fibers, and the middle zone having both an arcade-
like structure and randomly oriented fibers that forms the transition between the other zones [10]
(Figure 1.4).

Hyaline cartilage also contains other fibrillar and globular collagen types, such as types V, VI,
IX, and XI [11]. While the definitive roles of these other collagen types are not fully known, they are
believed to play a role in intermolecular interactions as well as modulating the structure of collagen
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Figure 1.3: Initially, load applied onto cartilage is borne almost exclusively by the fluid phase (Lfluid). As
the fluid exudes from cartilage, the solid matrix begins to bear more of the load (represented by Lsolid).
As time goes on, load borne by the fluid phase approaches zero.

type II [1]. Responte and Athanasiou give a more thorough treatment of the role of collagens in
articular cartilage [12]. For example, collagen type IV is found primarily in the pericellular matrix and
may contribute to the mechanical function of the chondron (the combined cell-pericellular matrix
structure) and/or regulate interactions between the chondrocyte and extracellular matrix [13, 14].
Collagen type X, found primarily in the zone of calcified cartilage, appears to play a role in cartilage
mineralization at the interface between cartilage and the underlying bone [15].

1.1.1.3 Proteoglycans
Proteoglycans are large macromolecules comprised of a protein core with attached polysaccharide
chains (glycosaminoglycans). The primary proteoglycan in articular cartilage is aggrecan, which
consists of a hyaluronana core with numerous glycosaminoglycan side chains (Figure 1.5). The
dominant polysaccharides in this macromolecule are chondroitin and keratan sulfates in mature
articular cartilage. The protein core contains several distinct globular and extended domains where
glycosaminoglycans attach. Hyaluronan binds non-covalently through one such domain and is sta-
bilized by a link protein [16].The conglomeration of many proteoglycans into large macromolecules
is critical for proper functionality of cartilage tissue.

Proteoglycan networks in articular cartilage can be thought of as a mesh that is interlaced
throughout, within the more organized collagen structure. Aggrecan molecules are bound to a
single, long chain of hyaluronan to form large proteoglycan aggregates, which result in an overall
molecular weight of 50-100 × 106 Daltons [17, 18]. The large size of this polymer mesh acts
to immobilize and restrain it within the collagen network. The presence of carboxyl and sulfate
groups gives proteoglycans a negative charge, which in turn gives cartilage extracellular matrix a
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Figure 1.4: Both cells (right) and collagen fibers (middle) are organized within cartilage into super-
ficial, middle, and deep zones, consisting of 10-20%, 40-60%, and 20-50% of the overall tissue depth,
respectively.

Figure 1.5: The negatively charged keratan and chondroitin sulfate on aggrecan macromolecules repel
each other and flare like tube brushes.

net negative charge known as a “fixed charge density” [19]. Because of this charge, the matrix
imbibes fluid, swelling the tissue to maintain equilibrium.The swelling is balanced against the elastic
restraint of the collagen network [20]. As mentioned in the section on synovial fluid, the functional
properties of cartilage under compression are highly dependent on fluid pressurization within the
tissue. Since the presence of proteoglycans assists in the imbibition of water, it is apparent that a
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loss of proteoglycans can result in a lack of fluid pressurization, and therefore, improper mechanical
function. This breakdown in functionality is seen in advanced stages of diseases like osteoarthritis.

Other proteoglycans within articular cartilage include biglycan, decorin, and fibromodulin,
which also are comprised of core proteins with various glycosaminoglycan species attached as side
chains [17]. As with the minor collagen types present in cartilage, the precise roles of these proteo-
glycans are not fully known. However, it is likely they assist in matrix assembly by associating with
the collagen structure during development and repair.

1.1.1.4 Other Molecules
In addition to the proteoglycans and collagens, articular cartilage also contains a small fraction of
non-collagenous proteins. These include fibronectin, cartilage oligomeric protein, thrombospondin,
tenascin, matrix-GLA (glycine-leucine-alanine) protein, chondrocalcin, and superficial zone pro-
tein [1]. The functions of these molecules are currently investigated, toward a better understanding
of the intricacies associated with cartilage performance. For example, superficial zone protein has
been shown to play an important role in the surface properties of articular cartilage through either
a lubricating or protective mechanism [21]. Other matrix constituents in articular cartilage include
lipids, phospholipids, glycoproteins, and inorganic crystal compounds [22–25].

1.1.2 STRUCTURE
Hyaline cartilage has two primary reference frames when describing matrix organization. The first
is with respect to depth within the tissue. Cartilage has a zonal structure that varies from the surface
of the tissue through to the bone [26]. Variations exist in cell morphology, collagen fiber orienta-
tion, and biochemical composition (Figure 1.4). The second type of organization is observed at the
microscale, with matrix structure and composition varying with respect to distance from the chon-
drocyte membrane. The tissue immediately surrounding the chondrocyte is termed the pericellular
matrix, which is in turn surrounded by the territorial and interterritorial matrices (Figure 1.6).These
outer regions are also termed, more generally, the extracellular matrix.

1.1.2.1 Zonal Structure
Successive zones exist in hyaline cartilage from the articulating surface down to the subchondral bone
(Figure 1.4).These regions (superficial/tangential, middle/transitional, deep/radial, calcified) can be
identified by extracellular matrix structure and composition, as well as cell shape and arrangement
within the tissue. Variations also exist in their mechanical characteristics, which tie directly into the
overall functionality of cartilage.

The surface of articular cartilage is covered by a very thin, proteinaceous layer termed the
lamina splendens [28]. This acellular, primarily non-fibrous region has a thickness ranging from
hundreds of nanometers to a few microns. The precise role of the lamina splendens is not known.
Hypotheses have suggested: (1) the layer exists to facilitate low friction and to protect wear of the
cartilage surface, (2) it forms due to gradual accumulation of proteins and molecules from the synovial
fluid, or (3) it is a visual artifact that results from processing or imaging. Several recent studies using
different techniques (confocal microscopy, SEM, AFM) have confirmed the existence of the lamina
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Figure 1.6: Chondrocytes (light gray) and their surrounding pericellular matrix (medium gray) form a
functional unit termed the chondron. The adjacent territorial and interterritorial matrices (dark gray) are
collectively termed the extracellular matrix [26].

splendens [29–31], and researchers are now trying to understand how it forms and what its function
might be.

The superficial, or tangential, zone of articular cartilage comprises the upper 10-20% of the
tissue. It is characterized by having small diameter, densely packed collagen fibers that are oriented
parallel to the cartilage surface [32]. The matrix has a relatively low proteoglycan content as well as
low permeability [33,34]. The cells in this layer are densely packed and exhibit flattened, discoidal
shapes that are oriented along the neighboring collagen fibers in a tangential direction [35, 36].
Superficial zone cells secrete specialized proteins that are hypothesized to facilitate the wear and
frictional properties of the tissue [21].

The middle, or transitional, zone occupies approximately 40-60% of the total tissue thickness.
The collagen fibers in this region exhibit an arcade-like structure interspersed with randomly oriented
fibers [26]. Proteoglycan content reaches its maximum in the middle zone [37] (Figure 1.2). The
cell density is much lower in this region than the superficial zone, and the cells themselves are more
spherical in shape [35,36].

The deep zone is the last region of purely-hyaline tissue before reaching bone. Its collagen
structure is characterized by large fibers that form bundles oriented perpendicular to the articular
surface and are anchored in the underlying subchondral bone [33]. Proteoglycan content is much
lower than in the middle zone [37], and the cell density is also the lowest of the three cartilaginous
zones [35]. Cells in the deep zone often group together in a columnar organization.They are slightly
elongated and oriented in the direction of collagen fibers, perpendicular to the articular surface [36].

A thin line termed the “tidemark” is present between the deep zone and calcified zone of
articular cartilage [38].The calcified zone is a region of the tissue that transitions into the subchondral
bone, minimizing the stiffness gradient between the rigid bone and more pliable cartilage [39].
Underlying this region of the cartilage is the subchondral bone, which is the ultimate anchorage
point for cartilage tissue as a whole.
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1.1.2.2 Territorial Structure
In addition to the zonal organization associated with cartilage extracellular matrix, the tissue also has
a microscale structure oriented with respect to distance from the chondrocyte cell membrane (Fig-
ure 1.6). As described above, the region immediately surrounding a chondrocyte is termed the
pericellular matrix and is characterized by having fine collagen fibers, high concentrations of pro-
teoglycans, and the presence of fibronectin and collagen type VI [40,41]. The exact function of the
pericellular matrix is not fully understood. However, strong evidence indicates that it helps to protect
the physical integrity of articular chondrocytes during compressive loading [27].

The region immediately surrounding the pericellular matrix (the territorial matrix) is com-
posed of similar molecular constituents as the surrounding extracellular matrix, namely collagen
type II and proteoglycans. In normal cartilage, collagen type VI has also been shown to be localized
to this region [42]. The territorial matrix exhibits a higher concentration of proteoglycans than the
surrounding extracellular matrix, as well as having a finer collagen structure [26].

The interterritorial matrix, which contains large collagen type IV fibers and varying con-
centrations of Proteoglycans, comprises the bulk of articular cartilage, providing the tissue with its
mechanical properties. Loading of articular cartilage involves force transmission through the in-
terterritorial, territorial, and pericellular matrices before reaching the chondrocytes. These regions
likely assist in modulating strains seen at the cellular level [13]. The interterritorial regions are rep-
resentative of bulk extracellular matrix tissue and contain large collagen type II fibers as well as
varying concentrations of proteoglycans, dependent on depth from the surface. Therefore, structural
breakdown of any region can dramatically affect the forces experienced by individual cells.

1.1.3 FUNCTION
The primary role of articular cartilage is to provide a low-friction, wear-resistant surface that can
withstand large loads over decades of constant use. Within the body, cartilage functions to facilitate
load support and load transfer while allowing for translation and rotation between bones.The degree
of loading in an articulating joint is dependent on its location in the body. The force exerted on the
hip has been calculated to be 3.3 times a person’s bodyweight. The knee experiences a load of
approximately 3.5 times bodyweight, the ankle 2.5 times bodyweight, and the shoulder 1.5 times
bodyweight [43]. Experimentally, compressive stresses in the hip routinely reach 7-10 MPa and
have been measured up to 18 MPa during more stressful activities such as standing up [44]. The
biochemical and mechanical characteristics of articular cartilage directly affect how it performs in the
joint. Changes in these characteristics can dramatically alter the loading profile, thereby beginning
a process of degradation that can eventually result in total loss of the tissue

The deformation characteristics of articular cartilage play an important role in its mechanical
functionality. The time- and rate-dependent behavior of articular cartilage stems from interstitial
fluid flow through the solid matrix and is manifested via creep,stress relaxation,and energy dissipation
or hysteresis [8,45–47]. Sudden loading is initially borne by the fluid phase of the cartilage, helping
to absorb the energy of impact that would otherwise be felt by the solid phase. The contact stress
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experienced by articular cartilage is also decreased as the tissue deforms upon loading since the area
of contact between surfaces increases.

Articular cartilage is a highly complex material, essentially a fluid-saturated, fiber-reinforced,
porous, permeable composite matrix [48]. The material properties of cartilage can be described as
viscoelastic (time- or rate-dependent), anisotropic (dependent on orientation), and nonlinear (e.g.,
dependent on magnitude of strain) [1]. Mathematical models have been developed that attempt
to describe these properties, which are dependent on the interaction among the different phases in
cartilage (solid, fluid, ionic). Some of these models will be discussed in the following sections.

Loading and deformation of articular cartilage generate a combination of tensile, compressive,
and shear stresses within the tissue [1]. Healthy cartilage can withstand many decades of rigorous
use without deterioration or failure. This section describes the primary mechanical forces acting on
articular cartilage.

1.1.3.1 Compression
Compressive loading is one of the primary types of mechanical stress experienced by articular car-
tilage. The compressive aggregate modulus, HA, of cartilage ranges from 0.08 to 2 MPa and varies
by depth in the tissue, location on the joint, and species [49–53]. Compression of cartilage is gov-
erned primarily by the movement of fluid through the interconnected pore structure of the solid
matrix. Hydraulic permeability is a measure of fluid movement through a solid matrix and is related
to pore size, structure, and connectivity [48,54,55]. The frictional drag associated with interstitial
fluid flow through the porous, permeable solid matrix is the dominant dissipative mechanism for
cartilage [47]. However, this functionality might be significantly impaired if the tissue structure is
disrupted or otherwise not intact.

Cartilage has a low permeability and resists fluid flow, resulting in high drag forces as the
interstitial fluid moves through the solid matrix. Interstitial fluid pressures are very large under
compression, which is a significant mechanism for load support in the joint [48,54–57] (Figure 1.3).
As fluid redistributes within the tissue, time-dependent changes occur in fluid movement which
contribute to the viscoelastic properties of the tissue. As fluid pressure decreases over time, more
load is supported by the solid fraction of the matrix, giving rise to creep and stress relaxation
behaviors [58].

Volumetric changes occur as fluid is extruded from the tissue under compression.Upon removal
of the compressive load, cartilage tissue recovers its initial dimensions. This is possible through
the combination of the elasticity of the solid matrix and the imbibition of surrounding fluid [6].
Compression and recovery occur repeatedly at the microscale level during normal joint movement.
However, over the course of a day, the bulk cartilage tissue is compressed slightly compared to its
initial state. This results in total compressive strains of 15-20% [59]. However, a good period of
inactivity (e.g., a night’s sleep) will allow the tissue to fully recover.

1.1.3.2 Tension
Tension can occur when two cartilage surfaces slide across one another and pull in a single direction.
At the surface of the tissue, tension also occurs when the cartilage is compressed, pulling the sur-
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rounding regions toward the point of loading. As cartilage is loaded in tension, the collagen fibrils
within the solid matrix align and stretch along the axis of loading. The frictional properties of the
tissue should help limit the magnitude of tensile strains, but small, repeated periods of tensile loading
still occur during normal joint movement.

The tensile properties of cartilage are nonlinear due largely to the behavior of collagen fibers
in the tissue. For small deformations, collagen fibers realign in the direction of loading. As tension
increases, the crosslinked collagen fibers themselves begin to stretch, which results in the tissue
exhibiting a higher stiffness at larger strains [60–62]. Cartilage exhibits linear equilibrium stress-
strain behavior up to 15% strain [63].

The tensile Young’s modulus is essentially a measure of the solid collagenous matrix and varies
by both depth and orientation in the tissue [61]. Other contributing physical parameters include
collagen fiber density, fiber diameter, amount of crosslinking, and the strength of ionic bonds and
frictional interactions between the collagen and proteoglycan networks [64,65].

The tensile modulus of healthy human cartilage varies from 5 to 25 MPa depending on the
location on the joint and depth in the tissue [60,63,66]. In general, the superficial zone of cartilage
is stiffer in tension than the middle or deep zones [61]. Furthermore, the upper regions of cartilage
tissue are also stiffer when oriented along split-lines (the predominant collagen fiber orientation at
the cartilage surface) [64,66].

The viscoelastic behavior of cartilage is also dependent on interactions between the collagen
and proteoglycan networks. Enzymatic extraction of glycosaminoglycans has been shown to effect
a significant increase in collagen fiber alignment, which alters the rate of deformation, or creep, for
cartilage samples under tension [65]. While the collagen-proteoglycan interactions appear to affect
rate changes in the deformation of cartilage tissue, the intrinsic stiffness of the solid collagenous
matrix is what primarily contributes to the stress-strain behavior and failure properties of cartilage
in tension [1].

1.1.3.3 Shear
Articular cartilage undergoes shear through the depth of its tissue from normal rotational and
translational movement in the joint. Physically, pure shear causes no compression of the tissue,
only stretching, which is relatively independent of fluid pressurization [45]. Shear properties at
equilibrium help to characterize the interaction among solid components in cartilage, without having
to account for the contribution from fluid flow effects. The equilibrium shear modulus for articular
cartilage has been found to vary from 0.05 to 0.25 MPa [67].

Shear testing in cartilage is often measured by applying an oscillatory torsional strain over a
range of frequencies. This results in a dynamic shear modulus (G*), which indicates the stiffness of
the matrix, and a loss angle (δ), which indicates the dissipation of internal friction. A perfectly elastic
material would have a loss angle of 0◦, whereas a perfectly viscous fluid would have an angle of 90◦.
The shear behavior of cartilage is due to the interaction between collagen fibers and proteoglycan
networks. Dynamic shear moduli for human, bovine, and canine samples vary from 0.1 to 4 MPa,
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with the loss angle being ∼10◦ [45,68–70]. These values are higher than the equilibrium modulus
due to the transitory nature of the loading, which is normal for viscoelastic materials.

1.1.3.4 Friction
Friction is a measure of the resistive force that exists when two contacting surfaces move laterally rela-
tive to each other. Several different mechanisms have been proposed to explain the low friction values
between cartilage surfaces; these include squeeze film lubrication [71,72], elasto-hydrodynamic lu-
brication [73,74], boundary lubrication [75–77], and fluid pressurization [78–81]. Current findings
indicate the latter is the most influential mechanism. Experiments focusing on interstitial fluid pres-
surization show that as pressure decreases ten-fold, the coefficient of friction, which represents the
ratio of the tangential frictional force to the compressive force, increases 250-fold. However, normal
loading does not allow for interstitial pressures to drop this dramatically, so friction at the cartilage
interface remains minimal. The coefficient of friction for a cartilage on cartilage interface (∼0.005)
is lower than any other known bearing [82].

1.2 ARTICULAR CHONDROCYTES

When compared to other tissues in the body, articular cartilage is sparsely populated by cells. The
chondrocyte, as the sole cell type resident within hyaline cartilage, is pivotal for the maintenance of
the tissue. All chondrocytes within articular cartilage share common traits with respect to gene and
protein expressions, surface markers, and cell metabolism. However, some differences do exist in the
genetic, synthetic, and mechanical characteristics of cells with respect to their zone of origin in the
tissue [83–86].

The chondrocyte is the basic metabolic unit of cartilage, and is responsible for limited matrix
remodeling [3]. Since articular cartilage is avascular, chondrocytes obtain nutrients by diffusion from
the synovial fluid, facilitated during joint movement [87]. Though chondrocytes have been catego-
rized as all belonging to the same phenotype, transient metabolic differences among chondrocytes
of different sizes [88] and zonal affiliations [83,87,89–91] have been observed in vitro. For instance,
superficial zone chondrocytes were found to attach to tissue culture plastic slower than those from
the deeper zones [90]. Deep zone cells displayed a higher label for vimentin [92], which has been
hypothesized to resist compression of the cell [93,94]. Keratin sulfate synthesis has been observed
to gradually increase through cartilage depth [83,87,89–91].

The characteristic gene and protein expressions of chondrocytes are closely associated with the
matrix constituents of articular cartilage. Maintenance of the surrounding matrix requires synthesis
of proteoglycans and collagens (described in a previous section) as well as other small molecules.
Disease and injury can alter cartilage physiology as well as tissue turnover, which can progressively
accelerate tissue breakdown. Compounding the problem is the sparse cell population’s inability to
repair the cartilage to any extent [95].

Articular chondrocytes from the superficial, middle, and deep zones have morphologies and
expression profiles specific to their regions within the tissue. Cell diameters range from 10-13 μm,
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with superficial zone cells being smaller than middle/deep zone cells [83]. The morphology for cells
near the surface of the tissue is flattened and discoidal, whereas in the middle zone the cells are more
rounded and, in the deep zone, the cells are ellipsoidal and organized in columns perpendicular to the
surface [42]. In general, middle/deep zone cells possess greater synthetic capabilities for the major
molecular constituents of cartilage than superficial zone cells when cultured in vitro [83, 86, 87].
Chondrocytes from these two zonal populations also have different mechanical properties. The
Young’s modulus of superficial zone chondrocytes is approximately twice that of middle/deep zone
chondrocytes (EY = 460 vs. 260 Pa, respectively) [85]. A similar relationship is seen for other elastic
and viscoelastic properties as well. These variations are likely caused by the different strain levels
that cells experience within the zones of cartilage. Tissue near the surface is compressed more than
that in the bulk of the cartilage [13,49], and hence, those cells might need to be stiffer to survive
the high strains.

Chondrocytes are known to lose their phenotypic markers in vitro, as evidenced by a tempo-
ral loss of morphologic characteristics and changes in metabolic activities of cells when cultured in
monolayers [90,96]. However, chondrocytes cultured in agarose retain morphological and proteogly-
can synthesis characteristics [83,87,89,97]. This is likely due to the constrained three-dimensional
environment, which forces a rounded morphology on the cells. Alternatively, chondrocytes cultured
in monolayer flatten over the course of days and begin to proliferate, rapidly losing their character-
istic expressions [96]. Three-dimensional culture in a hydrogel or similarly constraining material is
hypothesized to facilitate the synthesis of cartilage-specific molecules. Additionally, the application
of mechanical stimuli such as stress, strain, and pressurization can affect their phenotypic expressions
through a phenomenon termed mechanotransduction [98] (Figure 1.7).

1.3 CHAPTER CONCEPTS

• Hyaline articular cartilage is a glass-like tissue that is avascular, aneural, and alymphatic.

• Articular cartilage is composed largely of water, collagen, proteoglycans, and cells. These
components are arranged into zones and vary accordingly.

• Articular cartilage is composed of 70-80% water (per ww), 50-75% collagen (per dw), and
15-30% proteoglycans (per dw).

• Collagen type II is most abundant in hyaline articular cartilage, with collagen types V, VI, IX,
and XI also being present.

• Charged proteoglycans cause the tissue to imbibe and retain water. Physiological compressive
forces are borne and dissipated as the water is forced out of the tissue.

• The synovial fluid reduces friction and plays an important role in transporting both nutrients
and waste within the tissue.
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Figure 1.7: Mechanotransduction can occur via pulling, compressing, and shearing the cells (bold ar-
rows). Other stimuli can include streaming potentials (fine arrows).

• Chondrocytes, the metabolic unit of cartilage, reside in lacunae, which has high collagen
type VI contents.

• The lamina splendens, consisting of collagen fibers oriented along the direction of stress, covers
the cartilage surface and serves to both resist shear and entrap the ECM within the tissue.

• The force exerted on the hip has been calculated to be 3.3 times a person’s bodyweight.The knee
experiences a load of approximately 3.5 times bodyweight, the ankle 2.5 times bodyweight,
and the shoulder 1.5 times bodyweight.

• The compressive aggregate modulus, HA, of cartilage ranges from 0.08 to 2 MPa and varies
by depth in the tissue, location on the joint, and species. On average, the aggregate modulus
is around 800 kPa.

• The tensile modulus of healthy human cartilage varies from 5 to 25 MPa. Thus, it should
be remembered that the tensile modulus is about one order of magnitude higher than the
compressive modulus.
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C H A P T E R 2

Cartilage Aging and Pathology:
The Impetus for Tissue

Engineering
This chapter examines how cartilage develops, and it then describes tissue changes that occur with
age and pathology. As explained, cartilage inherently lacks an adequate healing response, motivat-
ing efforts in tissue engineering. Cartilage healing is difficult and deceptive. It is difficult because
chondrocytes do not mount a sufficient healing response. It is also deceptive because, depending
on the type of injuries, temporary functional restoration can last for years before the mechanically
inferior repair tissue degenerates to result in significant pain and even disability. What is clear is that
long-lasting functional restoration is naturally absent, and, if one judges “healing” by this criterion,
then cartilage is devoid of a complete healing response.

2.1 CARTILAGE FORMATION

As animals with bilateral symmetry, human embryos develop three germ layers during embryogen-
esis. In between the ectoderm and endoderm is the mesoderm, from which cartilages arise. We will
begin our discussion of cartilage formation from this point. Ossification will also be briefly discussed
in relation to chondrogenesis, as knowledge on how cartilage calcifies may aid in developing methods
to prevent unwanted calcification in tissue engineering efforts.

2.1.1 CHONDROCYTE CONDENSATION AND DIFFERENTIATION
From the mesoderm, the axial skeleton forms from the somites, the lateral plate mesoderm generates
the limbs, and the craniofacial cartilages arise from the neural crest. Examples of axial skeleton
cartilages include rib, intervertebral disc, and facet joint cartilages. The temporomandibular joint
cartilages (i.e., disc, condyle, and fossa), along with auricular and nasal cartilages, are examples of
craniofacial cartilages that are retained in the adult. One of the most essential articulations for
maintaining quality of life is the temporomandibular joint. Diseases associated with this joint pose
significant costs both financially and in terms of morbidity; a separate book in this series has been
devoted to its treatment through tissue engineering [99]. The majority of the information provided
below, though derived from many studies using cells of neural crest origin has been generalized to
cartilage formation in the lateral plate mesoderm, i.e., cartilages of the knee, hip, and ankle.



16 CHAPTER 2. CARTILAGE AGING AND PATHOLOGY

In the sclerotome (the most medial segment of the somites after splitting into three segments)
and the mesenchyme, cells first commit to becoming cartilage cells, causing the surrounding cells to
express Pax1 and scleraxis.These two transcription factors then activate cartilage-specific genes [100,
101]. The cells condense into nodules and differentiate into chondrocytes. The chondrocytes divide
rapidly and secrete cartilage-specific matrix, forming cartilage tissue (Figure 2.1).

Figure 2.1: Condensation and chondrogenesis. Cells first condensate (red) and differentiate into chon-
drocytes. Boundaries are defined as the perichondrium forms (in yellow), and chondrocytes can further
undergo hypertrophy (green cells) to eventually mineralize to result in bone formation through endo-
chondral ossification.

In response to sonic hedge hog protein (shh), bone morphogenetic proteins (BMPs) regulate
Hox genes [102,103] to initiate mesodermal cell proliferation and differentiation [104]. Msx-1 and
Msx-2 are also involved at this stage as transcriptional repressors [105, 106]. The differentiation
is additionally mediated by epithelial-mesenchymal interactions by TGF-β [107, 108]. TGF-β
participates in condensation by regulating fibronectin [109], which in turn regulates N-CAM [110],
which was initially thought to be required in maintaining condensation along with the adhesion
molecule N-cadherin [111–113].Note that N-CAM is not required in initiating condensation [110],
but instead in its maintenance. Also, recent data obtained using organ culture have shown that N-
cadherin-deficient limb buds were capable of mesenchymal condensation and chondrogenesis [114],
indicating that N-CAM is not necessary in chondrogenesis, albeit an important player within normal
cartilage development. Within the condensate, cell proliferation and adhesion is modulated by
Hox genes (regulated by BMPs). Other transcription factors that regulate proliferation include
CFKH-1, which regulates TGF-β, MFH-1, and osf-2, which is regulated by BMP-7 and vitamin
D3. Syndecan, a receptor that binds to tenascin [115] and fibronectin [116], inactivates these to
result in inactivated N-CAM, thus setting the boundaries for condensation. Around the condensate,
noggin then binds to BMPs to slow or stop cell proliferation, halting condensate growth [117,118].
From this point, the cells transition to differentiation via transcriptional activation of Hoxd-11-
13 [119]. Within Figure 2.1, the molecular events that transpired above correspond to the point of
chondrogenesis and perichondrium formation. This is a brief presentation of the intricate events
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that take place in condensation and differentiation. For a more in depth discussion, the reader should
consult books and articles on development, such as Hall’s excellent and thorough volume [120].

Many in vitro studies have manipulated the molecular players highlighted above to promote
the accumulation of cartilage-specific matrix, both for developmental studies and for tissue engineer-
ing. As TGF-β1, β2, and β3 have been observed during differentiation in vitro [121], their efficacy
has been examined in enhancing matrix production. The same is true for the BMPs. TGF-β has
been shown as effective on cells that have not yet condensed while BMP-2 achieves similar effects
after the cells have condensed or differentiated [121]. A more thorough treatment of select factors
related to development and used in tissue engineering (e.g., TGF family, shh) will be presented in
the next chapter, in Section 3.4.

2.1.2 HYPERTROPHY AND OSSIFICATION
Developmentally, cartilage can serve as a transition tissue to bone, and understanding this process
may allow for its manipulation in tissue engineering. Osteogenesis can occur via intramembranous
ossification, which is the direct conversion of mesenchymal tissue into bone, or via endochondral
ossification, which is through the calcification of cartilage tissue [122]. Endochondral ossification
occurs in both somatic and lateral plate cartilages to form, for example, the vertebrae and limbs,
respectively, while stopping just short of facet joint and the articulating cartilages of the limbs. From
the formation of cartilage tissue, the chondrocytes stop dividing and can undergo hypertrophy,
during which the cells increase their volume [123]. The cartilage matrix is altered with the addition
of collagen type X and increased fibronectin content. Collagen type X allows the tissue to become
calcified, while VEGF, which transforms mesodermal mesenchyme cells to blood vessels, is secreted
by the hypertrophic chondrocytes [124,125]. From here the blood vessels then infiltrate the cartilage,
the hypertrophic chondrocytes die, and the cells that surrounded the cartilage become osteoblasts
to make bone [126] (the last two steps of Figure 2.1). Our interest here lies just before this last step,
on how the hypertrophy is regulated. That is, what are the factors that initiate it and, more pertinent
to tissue engineered constructs, which factors prevent it from occurring.

It has been shown that hypertrophy follows chondrocytes switching from aerobic to anaerobic
respiration. Evidence for this is provided by examining creatine kinase, an enzyme that catalyzes
the formation of ATP in tissues under oxygen stress. Creatine kinase activity is related to both
chondrocyte maturation and hypertrophy, as the activity of this enzyme increases to prepare for a
hypoxic state [127]. Growth factors that have been shown to affect hypertrophy include the BMPs
and TGF-β. BMP-2, -4, -6, and -7 have all been implicated in chondrocyte hypertrophy. Of these,
BMP 6 and 7 are expressed in hypertrophic chondrocytes [128,129], and the exogenous addition
of BMP-2 and -4 results in increases in chondrocyte hypertrophy [130,131]. Other factors include
Rac1 and Cdc42, as overexpression of these small GTPases results in acceleration of hypertrophic
differentiation [132]. Particularly interesting are the results Wu and associates [133] obtained with
cyclic matrix loading. Collagen type X was shown to be up-regulated by stretch-induced matrix
deformation, hinting that mechanical stimulation may also play a role in hypertrophy.
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Exogenous methods to control hypertrophy and collagen type X deposition include the re-
duction of calcium concentrations [134].TGF-β1/Smad3 signals inhibit hypertrophy [135], as well
as FGF-2, which has been shown to reduce hypertrophy when added to the culture medium [136].
As Rac1 and Cdc42 overexpression has been shown to accelerate hypertrophy, the pharmacological
inhibition of p38 signaling, which blocks the effects of Rac1 and Cdc42 overexpression, also re-
duces hypertrophy [132]. It has also been shown that blocking the α1β1-integrin prevents FXIIIA
from inducing chondrocyte hypertrophy [137]. OP-1 is another candidate whose inhibition lowers
the expression of collagen type X [138]. Parathyroid hormone-related protein has also been shown
to have inhibitory effects on collagen type X expression [139]. Lastly, overexpression of Smad6 in
chondrocytes results in delayed hypertrophy to the point of abolishing BMP-2’s expected effect of
hypertrophy induction [140]. Thyroxine’s prevention of Meckel’s cartilage from undergoing hyper-
trophy is also related to the topic at hand [141], though the cells in this case are derived from the
neural crest. Whereas tissue engineered cartilages formed from differentiated chondrocytes have sel-
dom been reported as undergoing calcification (except for select cases where chondrocytes from the
calcified zone were used [142], the expansion of the field into stem cells would require a fine control
and termination of cell differentiation. The methods listed above may be employed to prevent these
cells from progress to hypertrophy.

2.2 AGING

Cartilages from skeletally immature,mature, and older patients display several prominent differences.
While adult cartilage is avascular, immature cartilage can contain blood vessels as the cartilage is still
undergoing edochondral ossification. Because of this, immature cartilage also appears thicker than
mature cartilage, and cartilage continues to decrease in thickness as a person ages [143–145]. The
cellularity, likewise, decreases with age [146]. Miotic cells can still be seen in immature cartilage.
With the development of a defined calcified zone and, later, closure of the epiphyseal plate, cartilage
division is seldom seen in healthy tissue. In addition to fewer chondrocytes, age also brings about
lowered metabolic activity, increased apoptosis, and subdued response to growth factors [147–149],
characteristics that are antithetical to healing and to the facile use of older chondrocytes in tissue
engineering.

Collagen crosslinking has been observed to increase with age [150]. Increased glycation (non-
enzymatic glycosylation, where sugars are added) of this matrix component also makes cartilage
stiffer, but more brittle and prone to failure [151]. Younger cartilage displays greater birefringence,
indicative of a greater degree of collagen alignment, as compared to older tissues [152]. Lastly,
collagen type XI fragments are only seen in young cartilage (below nineteen years of age), a possible
indication the collagen turnover slows down significantly beyond this point [153].

Significant changes are also seen with the proteoglycan content of cartilage with age. As the
tissue matures and ages, proteoglycan content decreases with concomitant reductions in the protein
core size, resulting in molecular weight decreases [154]. Chondroitin content decreases [155], and
link protein fragments with time [156], reducing the amount of aggrecan in the tissue. Despite these
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changes, the permeability was not found to change much with age, and the equilibrium modulus
value of the tissue only decreased slightly [157]. However, these properties appear to depend on when
the data are taken, as others have shown cartilage to reach a peak in stiffness and elastic energies
around forty years of age, while the viscoelastic energy reached a peak much earlier at 16-29 years,
with steady declines of the above values over time [158].

Though the material properties of cartilage may not change much with age (or, as an aside,
dietary restrictions) [159], repeated, non-physiological loading of the tissue can result in defects, as
presented in the next section. Particularly problematic is the lack of a sufficient healing response
displayed by these cells, a response that also diminishes with age.

It is also worthy to note that other systemic changes that occur with age can also affect
articular cartilage properties. For instance, a study performed on ovariectomized sheep shows de-
creased articular cartilage material properties if left untreated with estrogen replacement [160], a
result relevant to menopausal women. Diabetes, too, can affect cartilage properties adversely [161].
Anti-inflammatory treatments such as intra-articular administration of methylprednisolone has also
been shown to decrease cartilage material properties [162]. All these factors can make the cartilage
more prone to injuries.

2.3 CARTILAGE INJURIES

2.3.1 OSTEOCHONDRAL, CHONDRAL DEFECTS, AND
MICROFRACTURES

Injurious impact and repeated loading, torsional loading, joint malalignment, and foreign bodies in
the joint can all lead to cartilage injuries. Cartilage injuries are classified as osteochondral defects,
chondral defects, and cartilage microfractures. Despite being avascular, the cartilage “bleeds” from
an osteochondral defect because the injury extends through the cartilage into the subchondral bone.
Chondral defects are also visible to the naked eye, oftentimes through India ink staining, in con-
trast to cartilage microfractures. For each type, the changes in tissue appearance, composition, and
mechanical properties will be presented below along with a description of the resultant cellular re-
sponses.The information presented earlier on articular cartilage physiology and aging directly affect
the outcomes for cartilage injuries, and injuries often lead eventually to osteoarthritis, described in
the next section. For instance, a lack of vasculature and the hyaline nature of articular cartilage result
in few cells available to mount an adequate healing response. A degenerative process thus follows,
exacerbated by age, as stresses from daily use continue to be applied onto the already weakened tissue,
with morphological and cellular changes akin to those seen with osteoarthritis.

The Outerbridge classification has been used to grade the severity of cartilage lesions. Arthro-
scopic application of this scale has shown that orthopaedic surgeons can use the Outerbridge clas-
sification to accurately grade chondral lesions regardless of their level of experience [163]. With
this scale, Grade 0 represents normal cartilage [164]. Cartilage with softening and swelling is clas-
sified as Grade I. Grade II, which is the most frequently observed clinically [165], denotes that a
defect contains fissures that do not extend to the subchondral bone (i.e., a chondral defect) and
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that the defect’s diameter is less than 1.5 cm. When fissuring does extend to the level of the sub-
chondral bone, in an area with a diameter more than 1.5 cm, the lesion is classified as Grade III.
Lastly, articular cartilage injuries that result in exposure of the subchondral bone is classified as
Grade IV [164]. Noyes and Stabler [166] developed a scale specifically for arthroscopic grading of
cartilage. A similar scale modified from the Outerbridge scale [167] has been shown to correlate
well with the Histological/Histochemical Grading System (HHGS) when the severity of the lesions
was Grade III or below [168]. Several grading scales have also been developed for osteoarthritis,
such as the Osteoarthritis Research Society International (OARSI) and Cartilage Histopathology
Assessment System (OOCHAS) [169].

Cartilage microfractures do not result in immediate changes in the matrix that are visible
to the naked eye. However, the damage to the collagen network begins to effect superficial GAG
loss [170]. As the network loosens, increased hydration is also observed [171]. Microfractures can
also lead to altered load distribution of the matrix, resulting in stress concentrations that can cause
further damage or a greater proportion of forces borne by the bone. These loading alterations, as
well as fractures to the calcified layer that can occur, lead to eventual thickening of the subchondral
bone [172].The calcified layer also thickens as the cartilage thins. Since cartilage is aneural, repeated
loading of microfractured cartilage can continue without pain, leading to further degeneration [173].
Though the GAG loss stimulates chondrocyte activity, the metabolic response is typically inadequate,
leading to a net loss of GAG, increased wear, and the eventual development of fissures.

Chondral fissures are defects that do not extend to the subchondral bone. These defects are
visible to the naked eye, often via India ink staining. Chondral defects can proceed from cartilage
microfractures or from trauma, improper loading, or foreign bodies. Without blood, the intrinsic
metabolic activity after such an injury is insufficient to result in adequate repair, leading to the
eventual development of osteochondral fissures [173]. Osteochondral fissures are lesions that cross
the tidemark and penetrate the underlying bone. Though growth factors and progenitor cells are
recruited from the bone’s vasculature, there is impaired functionality of the repair tissue, a mix
of fibro- and articular cartilages [174], resulting in eventual degeneration into osteoarthritis. It is
important to recall that, with age, both chondrocytes and progenitor cells decrease in number and
metabolic activity, thus contributing to the cartilage healing problem.

2.3.2 CAUSES OF CARTILAGE INJURIES
Cartilage injuries can result from impact and repeated loading, and these can occur under a wide
range of loads, time scales, and frequencies. Determining thresholds that can correlate to certain
elicited cellular responses is important in understanding cartilage injuries and degeneration. Because
of the viscoelastic nature of articular cartilage, load rate affects tissue stiffness and thus failure. The
rates of applied stress, strain, and load must be considered. For example, using a confined compression
loading protocol, the dynamic modulus has been shown to increase from 225 to 850 MPa as the
load rate was increased from 25 to 1000 MPa/s [175].
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As reviewed elsewhere [176],peak forces during normal physiological loading of knee articular
cartilage range from 1.9 to 7.2 times body weight. For a 70 kg person, this would correspond to
∼1400 to 4900 N [177]. Taking the medial tibial plateau to have an area of 1670 mm2 [178], this
corresponds to a maximum stress of ∼3 MPa. During normal activities, like running, time to peak
force is on the order of 30 ms, leading to a stress rate of 100 MPa/s. One can expect that impact
injuries occur on a time scale an order of magnitude smaller, resulting in stress rates of 1000 MPa/s.
Based on data such as these, Aspden and associates [179] put forth a definition for injurious impact
loading as time to peak load on the order of milliseconds plus one of the following: (1) stress rate
greater than 1000 MPa/s, (2) strain rate greater than 500 s−1, or (3) loading rates in excess of
100 kN/s.

Cartilage subjected to loads that do not satisfy Aspden’s three criteria for impact can nonethe-
less result in damage via repeated application.The thresholds of forces and timescales required to pro-
duce injuries are important in determining the type of injury sustained and for modeling impact and
injurious compression experimentally. Mathematical models of impact and injurious compression
have been performed [7,180–183], as well as studies of impact done on explants [175,177,184–191],
and in vivo [171,192–198] based on this and other classifications. The difference between impact
and injurious compression is that the latter occurs over a longer time span [199,200]. Using a drop
tower device to apply impact on cartilage [190], it was noted that, even at levels where no mor-
phological changes were observable immediately, significant cell death and decreases in cartilage
stiffness were found four weeks after impact, as compared to unimpacted controls [189]. These data
show that “clinically silent” impacts can nonetheless result in articular injuries.

The superficial zone contains collagen fibers that are oriented parallel to the cartilage sur-
face, aligned in the direction of shear [32]. One important function of this higher collagen and low
proteoglycan zone is to resist shear stress, and the superficial zone has been shown to be stiffer in
tension than the other zones [61]. In addition, cartilage is weaker in tension in the direction perpen-
dicular to shear [64,66], and this weakness makes it susceptible to torsional injuries. Classifications
of torsional injuries with respect to the forces, time frame, and frequencies necessary to generate
cartilage microfracture, chondral, or osteochondral defects are not as well-studied as impact and
injurious compression loading. These types of loading, are, however, likely to play a role in cases
of joint malalignment, as the altered biomechanics can result in repeated non-physiological focal
stresses or torsion.

Surgical procedures or injuries to other connective tissues can be a cause of joint malalign-
ment or improper cartilage loading. Also, foreign bodies, such as crystals, can result in damage to
the articulating surface. Monosodium urate and calcium pyrophosphate dehydrate [201], charac-
teristic in gout and synovitis [202,203], are strongly associated with cartilage lesions, higher levels
of superficial zone protein and collagen X [204], and are suspected to be linked to arthritis [205].
Associated lesions appear to be biomechanically induced, and crystals have been observed in joints
both before and after the onset of OA [204]. Plastics or other debris can also contribute to third
body wear in a joint [206].
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2.3.3 REPAIR RESPONSES TO CARTILAGE INJURY
Cellular responses to osteochondral defects are complex due to the involvement of cells both from the
articular cartilage and elsewhere. For cartilage microfractures and chondral defects, the dense matrix
keeps other cell types out of the repair response. Radiolabeling and other techniques have shown
chondrocyte proliferation and matrix synthesis occurring for about two weeks post-injury [207,208].
However, before the defect is filled, this anabolic activity ceases and the matrix is left unprepared for
the continued rigors of daily use, leading to eventual degeneration as described previously [209,210].

With osteochondral defects, the repair process extends greatly beyond two weeks. The sub-
chondral vasculature delivers progenitor cells that are much more swift and active than chondrocytes,
dominating the healing process. Blood from the bone forms a fibrin clot, which contains platelets
that secrete factors to recruit mesenchymal stem cells from the bone. In the two weeks following
injury, MSCs proliferate and differentiate. Repair continues beyond two weeks as differentiated cells
produce collagen type II and collagen type I. By six to eight weeks, the defect is filled [174,211,212].
From here on, matrix production slowly shifts from collagen type II to collagen I such that by the end
of one year the repair tissue consists of both hyaline cartilage and fibrocartilage [207,210,211]. Since
the fibrocartilage does not possess sufficient mechanical properties for sustained function, continued
matrix degeneration via fibrillation [213], GAG loss [214], chondrocyte death and proliferation,
and development of deep fissures are observed beyond the first year [174, 210]. Repair responses
from both chondrocytes or other cells are also seen with immature cartilage where calcification has
yet to be completed and where vasculature still exists close to the articulating surface. However, it
has been shown that cartilage defects do not heal even in immature animals [208,209]. Whereas it
has been proposed that “non-critical” defects (under 3-9 mm in diameter, depending on the animal
model) can heal [215], the repair tissue is again fibrocartilage, which eventually degenerates, leading
to osteoarthritis.

2.3.4 COSTS OF ARTICULAR CARTILAGE INJURIES
In a retrospective cross-sectional study, the follow up costs for the first five years following arthroscopy
and treatment for 1,708 Germans between 1997 and 2001 was quantified. The treatments in-
cluded mostly debridement/cartilage shaving, with abrasion arthroplasty, chondroplasty/laser chon-
droplasty, and microfracture or subchondral drilling performed at roughly the same frequency. Au-
tologous chondrocyte implantation, osteochondral allografts, and autografts were also observed,
though much less frequently. Not included in the study were cases that were grade 4 according to
the Outerbridge classification system, osteoarthritic (Fairbanks greater than grade 3), or consisting
of bacterial infections or tumors. Cumulative costs associated with loss of productivity were found
to be almost four times that of the direct costs, with those who had prior operative history on the
knee spending roughly double [216]. Another source of traumatic injuries posing significant costs
is combat trauma. Based on queries to the Department of Defense Medical Metrics (M2) database
for the hospital admissions and billing data between October 2001 and January 2005 for injuries
sustained in Iraq and Afghanistan, estimates to the cost of combat-related joint injuries to approach
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$2 billion [217]. Without a sufficient healing response, cartilage lesions eventually degenerate to
osteoarthritis, which has much greater associated costs (in excess of $65 billion [218]) as discussed
in the next section.

2.4 OSTEOARTHRITIS

Osteoarthritis is a significant problem in the US, especially with the aging population, as it poses
great costs both financially and to the patient’s quality of life. According to the National Health and
Nutrition Examination Survey I (NHANES I), 12.1% of the US population ages 25-74 years had
clinically defined OA of some joint [219]. With the aging population, the incidences of OA have
increased from an estimated 21 million in 1995 to nearly 27 million a decade later [220]. Broken
down by age, surveys show that in the US,over a fifth of the population over 45 and almost half over 65
develop OA [221]. OA is clinically divided into two types: primary (cases with no known cause) and
secondary (cases with identifiable cause).Known as post-traumatic OA,a majority of secondary OA is
attributable to traumatic joint injury that may have occurred years previously [222–224]. Mechanical
injuries, such as those that happen during motor vehicle collisions, falls, and sports injuries, have
been implicated in the development of post-traumatic OA, though the precise pathophysiology
is not yet fully understood [225–227]. Diagnosis of OA via radiographic evidence (based on the
presence of osteophytes) shows that the incidence of OA in people over the age of 45 is 27.8% in
the knees and 27.0% in the hips [220]. Symptomatic OA manifests itself as frequent pain in a joint
and radiographic evidence of OA in the same joint. It is important to note, though that the pain
may not be from the arthritis seen in the joint [220]. In addition to costs associated with treating
the articular surface, other medical comorbidities observed with OA and rheumatoid arthritis (RA)
contribute significantly to the costs of disease management [228].

While replacement cartilage for OA will address a significant clinical problem, tissue engi-
neering may be used to repair focal defects before such lesions manifest themselves into OA. The
aforementioned statistics on cartilage defects indicate that the majority are observed on the patella or
the medial femoral condyle [165,229].The altered biomechanical environment resulting from ACL
transection has long been used as a model to induce osteoarthritis. Contributive to the degeneration
is the increased knee-abduction moment post-ACL transection [230]. Meniscus injuries have been
linked to osteoarthritis and meniscectomy has been linked to both increased prevalence and severity
of cartilage injuries [231]. An established experimental method to induce OA via meniscectomy has
shown that the patellar cartilage is adversely affected within three months in an ovine model [232].
Clinical studies of patients with meniscectomy have shown that, after twenty one years, mild ra-
diographic changes were found in 71% of the knees, while more advanced changes were seen in
48% [233].

As described above, causes of OA have been categorized into primary and secondary. Trauma
was first linked to OA by Hunter in 1743 [234]. Athletes with a history of joint injury have higher
incidence of OA than their peers [235].ACL injury causes immediate changes in biomechanics [236–
238], which may lead to OA [239,240]. For instance, the quadriceps and surrounding muscles of



24 CHAPTER 2. CARTILAGE AGING AND PATHOLOGY

the knee are prevented from full activation in injured knees, and this arthrogenic inhibition has
been observed in patients with ACL and other joint injuries [241–244]. It has been postulated
that the resulting alteration in biomechanics is partially responsible for OA development due to the
muscles’ role in energy absorption [245]. The altered loading not only leads to possible lesions [246,
247], but also to different compressive loads or loading rates applied to chondrocytes that may
lead to catabolism [248–250]. Shear has also been linked with chondrocyte death and secretion of
proinflammatory factors [251,252].

Fissure propagation is affected by cartilage thickness and the ratio between the stiffness of
the cartilage and its underlying bone [253]. Modeling has shown that higher stresses are found
in the thicker of two contacting biphasic layers of articular cartilage [254]. Considering that OA
both reduces cartilage stiffness and thickness, these models are evidence that the disease results in a
degenerative cycle. More recently, a three-phase (collagen, matrix, and synovial fluid), transversely
isotropic, unconfined half-space model of articular cartilage was created for studying surface fis-
sures [255]. Interestingly, it was shown that collagen is in tension in the first 10 to 20 s of a rapidly
applied compressive load, switching to compression thereafter if the load is held constant.The tensile
stresses generated were within the range of reported tensile strength of collagen fibers, showing that
failure of collagen could lead to surface fissuring. This was not the case for slowly applied loads. In
another study [256], mediators of collagen damage due to mechanical injury were investigated in a
fibril-reinforced poroviscoelastic model of articular cartilage. Using differential immunohistochem-
istry, wherein distinct antibodies were used to separate staining of enzymatically cleaved collagen
from other damaged collagen, it was shown that shear and maximum strain in the collagen fibers
corresponded to areas staining for mechanically damaged collagen.The results from investigations of
surface fissuring implicate collagen as having a key role in keeping the surface intact when subjected
to injurious mechanical loading.

Whereas abundant evidence exists to indicate that osteochondral injuries lead eventually to
OA, the cases to justify chondral defects and microfractures as similar causes are not as clear cut.
As pointed out earlier, though, when cartilage is subjected to impact, degenerative changes can
occur even when no noticeable signs of damage can be observed immediately post-impact [189].
Investigations have been made to see if agents such as P188 [177, 257, 258], IGF-I [177], and
doxycycline [191] can halt or reverse the degenerative process post-impact, and these will be dis-
cussed more extensively in Section 3.4. As investigators continue to uncover the biochemical and
biomechanical pathways that lead to OA, no established methods currently exist in stopping these
degenerative changes, leading to significant costs both financially and to the quality of life of OA
patients.

2.4.1 OSTEOARTHRITIC CHANGES IN THE MATRIX
Grossly, OA affects all joint components. Starting with the changes associated with the capsule,
thickening and frequent adherence to the underlying bone is seen, with increased vascularization and
hemorrhage [259]. Amyloid formation is often observed with advanced stages of the disease [260,
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261]. The subchondral bone remodels with thickening as it is now unprotected from the load
borne by cartilage [262,263]. The bone may be entirely exposed as cartilage is denuded during the
disease’s progression. Along with the thickening, new bone formation is observed. The remodeling
and formation of osteophytes, which arise from the bony margins of the joint, alter the contours of
the joint. Osteophytes are strongly associated with malalignment [264–266], an identified cause for
cartilage lesions that can lead to further degeneration. Depending on the joint location, the cartilage
can be white to yellow or brownish, with generally decreased mechanical properties, though there
can be regions where the new, healthy-looking cartilage has formed in small, pebbled patterns.

Destruction of the cartilage surface in OA occurs in phases. During the development of
the disease, no visual, functional, or mechanical alterations appear detectable. Fibrillation, surface
erosion,and fissures are the first noticeable signs of the disease.From this point on,altered histological
staining will show continued decreases in proteoglycan content. The tidemark begins to appear
irregular, punctuated with blood vessels. A second stage of the disease shows greater surface wear
and irregularity.Vertical and sometimes horizontal fissures can be seen in the cartilage. Proteoglycans
start to leave from the fissures and an absence of staining will spread from these areas to the rest of the
tissue. These patterns of increased tissue fragmentation and decreased staining continues until the
cartilage, completely robbed of its abilities to withstand load, is worn away to expose the subchondral
bone. During these cartilage changes, bone and synovium remodeling occurs as described previously.

When considering this cascade of events, it is not surprising to note that OA cartilage possesses
inferior mechanical properties. The gradual proteoglycan loss is a first hint. However, OA cartilage
also increases in water content, an observation that appears counter-intuitive, as it is the negative
charges on the proteoglycans that attract ions to increase the osmotic pressure that drives hydration
in this tissue. Lowered proteoglycans are thus expected to lower the Donnan osmotic pressure and
result in water loss. It is postulated that the observed increase in hydration is due to the loosening of
the proteoglycan network to allow for macromolecular un-curling, thus allowing for more interstitial
space for water to occupy.This theory is supported by the observations that the fraction of aggregating
proteoglycans decrease with OA and that the proteoglycans are increasingly more extractable with
disease progression. Being unable to aggregate, the proteoglycans are thus unable to pack as densely,
supporting the uncurling hypothesis. Greater extractability is likely a result of decreased molecular
weight or, as has been shown, the result of damaged link proteins that no longer facilitate the
formation of aggrecan. In addition, the catabolic agents released during OA can loosen the collagen
network, too, to result in more space for water to occupy. Tensile strength, attributed to the collagen
in cartilage, has been shown to decrease with OA.

2.4.2 PROLIFERATION, CATABOLISM, AND CELL DEATH
The cellular behavior in OA can be classified into three stages. With changes occurring in the intert-
erritorial and territorial matrices, the chondrons, where the chondrocytes reside, may become swollen
and distended, signaling the cells to proliferate to fill up the additional space. IL-1 upregulation then
initiates the destruction of the fibrillar collagen environment, which results in additional chondron
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distortion, and proliferation continues. Collagens type II, IX, and XI are rendered more soluble by
the catabolic activity. The breakup of the collagen network results in TGF-β being released from
the matrix, and greater collagen type VI production and sequestration by the cells ensue. Finally,
many cells, encapsulated by a sheath of collagen type VI, now occupy a distorted chondron, where
one or two cells used to reside [267].

Cartilage has long been considered immune-privileged because it is avascular and alymphatic.
The dense, hyaline matrix greatly hinders cell movement and, as discussed earlier, is a barrier to even
chondrocytes themselves, precluding a complete healing response as the sequestered chondrocytes
are prevented from populating the wound edge. This same dense matrix also serves as a barrier to
integration, which will be discussed in the last section of this book, in Section 5.2.2. For the time
being, it is important to note that, unless compromised, this dense tissue locks cells and matrix in, and
keeps cells out. How, then, does inflammation wreak such havoc on this tissue? As the disease pro-
gresses the thickening and increasingly hypervascular synovium secretes matrix metalloproteinases
(MMPs) and aggrecanases. In addition, chondrocyte death can be observed much earlier than matrix
degradation, and as a result, releases secondary necrosis factors that diffuse to initiate apoptosis in
neighboring cells. In this case, the dense matrix becomes a space that the chondrocytes cannot escape
from, and the chondron a place where phagocytes cannot reach to clear apoptotic debris to interrupt
the cycle of inflammation and necrosis [268].

Other molecular factors that appear to serve as players in OA progression include F-spondin, a
neuronal extracellular matrix glycoprotein. Approximately a 7-fold increase for this species is seen in
OA cartilage, and its presence primes TGF-β1 and prostaglandin E2 (PGE2) release [269]. PGE2
is a proinflammatory mediator, and its release is also accompanied by collagen degradation and
MMP-13 activation when cartilage explants are stimulated with F-spondin.The increased synthesis
of COMP by chondrocytes and synoviocytes has also been associated with OA, as its production
can be stimulated by TGF-β1 [270].

2.4.3 COSTS OF ARTHRITIS
OA causes significant pain and suffering to individual patients, and the economic burden of this
disease for society is great [271]. For example, in the US alone OA related costs exceed $65 billion per
year (both medical costs and lost wages) [218]. Conservatively, it is estimated that 1 in 8 American
adults over the age of 25 have clinically manifested OA [220, 272], making it one of the leading
causes of disability in the United States [225]. Increased cost associated with OA and rheumatoid
arthritis (RA) are high as it has been demonstrated that several other comorbid conditions exist,
such as anemia, osteoporosis, and bacterial infection [228]. Analyses show that, when compared to
patients without OA and RA, significantly more charges are incurred by OA and RA patients in other
areas such as respiratory, cardiovascular,gastrointestinal,neurological, and psychiatric conditions, and
also for general medical care. Increased therapeutic procedures, physician services, use of prescription
medication, etc., are also more prevalent in sufferers of OA and RA [273]. Another significant source
of costs is loss of productivity. Indirect costs associated with articular cartilage injuries (that have
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not yet progressed to OA) can be four times as much as treatment of the defect itself [216], and a
similar scenario can be expected for OA.

2.5 MOTIVATION FOR TISSUE ENGINEERING

Based on over 25,000 arthroscopies surveyed, it has been shown that osteochondral and chondral
lesions are the most common, accounting for 67% of the observations, while OA accounts for
29% [165]. As presented earlier, the cartilage’s inability to mount a sufficient healing response
eventually results in degenerative changes, and the proportion of lesions to OA observed is expected
to change in the near future due to the baby boomers, with concomitant rises in management and
treatment costs. Aside from OA being linked to the aging population, it is more important to note
that these lesions frequently occur in the youth, a population whose needs for long-term solutions
are much greater than their elders.

A need for tissue engineering rises from the prevalence of joint injuries in adolescents. “Little
Leaguer’s Elbow,” osteochondrosis, and osteochondritis dissecans are joint diseases that occur mainly
in children, due to the increased vulnerability to stress in the growing skeleton. One out of three
school-age children will sustain an injury severe enough to require medical treatment. Emergency
room visits are the highest among children and young adults. ACL treatments, as well, are seen in
higher frequencies (and are rising) in these two groups [274,275]. With the estimated 30 million
children who participate in organized sports activities, the yearly costs for injuries within this group
have been projected to be $1.8 billion [276]. Kids may play on multiple teams with overlapping
schedules, and it is not uncommon to see the absence of well-defined standards for when training
becomes excessive.Little League began to implement a pilot pitch-count program only in 2005 [277],
though its initially set standards were quickly relaxed.While elbow and shoulder injuries are common
in baseball, a global survey of adolescent knee injuries put the incidence rate at greater than 25% in
sports participants [278], particularly in basketball [279,280]. In terms of articular cartilage defects,
young patients with knee injuries show 75% superficial (grade I–II) and 25% deep lesions (grade III–
IV) [229]. This is particularly alarming as data from 1995, 1996, and 1997 indicate that roughly
20% of the knee injuries in adolescents required surgery [281–283]. The urge to succeed that comes
from the child, parents, and coaches has gone to such a degree that overuse injuries are common. It is
difficult for some parents to realize that their children’s hard work in sports can result in catastrophic
cartilage injuries. Unfortunately, no consistently successful solutions exist for the cartilage repair
problem in children and adolescents.

The formation of repair fibrocartilage serves only as a temporary biomechanical fix, and a
long-term solution for youth afflicted with joint injuries would be ideal. Even in cases where the
articular cartilage is not damaged in the primary traumatic event (e.g., osteophytes and ligament
damage), the malalignment that can result [284] has been shown to predict cartilage loss [285]. A
survey of global adolescent knee injuries shows that females are more prone to these injuries than
males. Recent estimates put the rate of incidences at greater than 25% in sports participants [278].
Basketball has been linked to the highest rates of knee injury, as the frequent jumping associated
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results in loads several times body weight to be applied [279,280]. Indeed, knee and hip cartilages
show greater incidences of lesions than other anatomical regions. A survey of all cartilage lesions
across all ages shows that the patellar articular surface and the medial femoral condyle were the
most frequently damaged, accounting for 36% and 34%, respectively, of the cases surveyed [165].
These joints are also the ones that enable mobility and have a great impact on the quality of life.
Arthroscopic evaluation in young Finnish males showed that 73.5% of the lesions were patellar,12.0%
in the medial condyle of the femur, and 8.0% in the femoral groove. Roughly, 75% of the patients
had superficial (grade I–II) and 25% deep lesions (grade III–IV) [229]. This is particularly alarming
as data from 1995, 1996, and 1997 indicate that roughly 20% of the knee injuries in adolescents
required surgery [281–283]. Unfortunately, current therapies, as reviewed in the last section of this
book, are not sufficient in effecting long term relief and activity resumption. Follow up studies of 5,
10, and greater years have consistently shown a need for improvement in the outcomes of arthroplasty,
osteochondral, and autologous cell transplantation. Effective solutions are clearly needed, and these
can be improvements on current therapies, chondrocyte transplantation, which can be considered
as a form of in vivo tissue engineering, or controlled manipulation of cells and materials in vitro to
form implantable neocartilage.

2.6 CHAPTER CONCEPTS
• The cartilages of the limbs mostly form by mesenchymal condensation, proliferation, and

differentiation.

• A variety of chemical signals, such as TGF-β, BMP, VEGF, shh, etc., regulate the process of
cartilage formation, and these signals have been manipulated to study and to recapitulate this
process.

• Immature cartilage can contain vasculature. As cartilage ages, the vascular regions calcify, and
cartilage thins.

• Aging results in increased collagen crosslinking, lowered collagen alignment, and slower col-
lagen turnover. Proteoglycans also decrease in amount and size with age.

• Hormones and steroids can negatively affect cartilage material properties.

• Cartilage can be injured by impact, repeated loading, torsional loading, joint malalignment,
and foreign bodies in the joint space.

• Sometimes, injuries to the cartilage show no gross morphological changes,and chondrocytes do
not respond adversely to the insult immediately. However, chondrocyte death and catabolism
have been shown to occur even for these “clinically silent” injuries.

• Chondral lesions do not heal, and osteochondral lesions are filled with mechanically inferior
fibrocartilage that breaks down with use.
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• The costs of cartilage injuries can be significant to both the young and the elderly. Traumatic
injuries are seen with automobile accidents and, recently, with combat trauma.

• Osteoarthritis (OA) affects over one fifth of the US population over 45 and almost one half
of those over 65.

• OA cartilage loses proteoglycans and possesses lower mechanical properties. Wear of the
cartilage can lead to complete destruction of the articular surface and significant pain.

• In the US alone, costs of OA are in excess of $65 billion per year (both medical costs and lost
wages). Comorbidities are common with OA and are also costly to manage.

• In addition to the elderly, cartilage injuries in children and adolescents are increasingly ob-
served, with roughly 20% of knee injuries in adolescents requiring surgery.
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C H A P T E R 3

In Vitro Tissue Engineering of
Hyaline Articular Cartilage

For decades, hyaline articular cartilage has been a primary target for tissue engineering efforts due to
the lack of functional regeneration within the joint. In addition to focal defects, systematic problems
such as OA can destroy the entire cartilage surface, resulting in loss of function and persistent pain.
This chapter highlights both the seminal tissue engineering studies focused on hyaline cartilage,
as well as the latest approaches that incorporate bioreactors, bioactive molecules, and specialized
biomaterials.

Tissue engineering, in its classical sense, involves the manipulation of a complex interplay
among biomaterials, growth factors, and cell populations [286] to achieve functional improvement or
restoration. Articular cartilage has been a high priority for tissue engineers since it does not naturally
regenerate after injury. Furthermore, the annual health care costs associated with musculoskeletal
diseases and injuries are extremely large, and an effective reparative solution would not only reduce
costs but also improve the quality of life for millions [287]. The average age for patients undergoing
arthroscopy that exhibit cartilage defects in the knee is 43, and, combined with the demographical
data on adolescent cartilage injuries as discussed previously, the need to create a repair tissue that can
last several decades is a major goal [288]. The earliest attempts at cartilage regeneration involved
transplanting either minced cartilage tissue or dissociated chondrocytes [289]. Surgical solutions to
cartilage defects typically include surface abrasion, microfracture, and debridement, which all can
reduce symptoms. However, the repair tissue formed in response to these procedures is fibrocartilage,
which has biomechanical properties that are markedly different from normal cartilage [288]. Fibro-
cartilage does not have the biochemical composition or structural organization to provide proper
mechanical function within the joint environment and will degrade over time because of insufficient
load-bearing capacity [290, 291]. Because of this, current research is striving to produce a tissue
that is hyaline-like in its biochemical composition and mechanical properties. The first section in
this chapter will focus on in vitro tissue engineering approaches. Attempts to tissue engineer within
the in vivo environment will be discussed along with germane immunological considerations, as
presented in the last chapter of this book.

Early on, it was thought that the in vivo environment should contain all the conditions
necessary to effect successful regeneration. That is, the in vivo environment contains the proper
growth factors and mechanical stimuli, delivered in a well-sequenced manner through autocrine and
paracrine signaling, to effect proper healing, the major missing component being metabolically active
chondrocytes at the defect site. Initial efforts at delivering mechanical stimuli in vitro attempted
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to emulate these signals. It has been described that the objective of bioreactors is to create signals
reminiscent of the native environment, e.g., the 1 Hz pace of walking, the low oxygen tension
of the joint, and others. Unfortunately, the physiological conditions have been shown repeatedly
to result in cartilage degeneration, and, thus, the act of mimicking these conditions is now being
questioned. It may not be that non-physiological conditions are required, just that physiological
conditions of a different developmental period may be more beneficial in generating functional
cartilage.To investigate this latter case, in vitro tissue engineering has been employed to recapitulate
developmental conditions, in contrast to the in vivo tissue engineering efforts, which can only apply
adult conditions akin to the healing response.

3.1 THE NEED FOR IN VITRO TISSUE ENGINEERING

The primary advantage of in vitro tissue engineering is proposed to be immediate functionality. A
tissue replacement that is mechanically and biologically functional before implantation will have a
higher probability for success. This is especially true for mechanically rigorous environments such
as articulating joints. Without the requisite mechanical characteristics, a tissue engineered construct
would be quickly destroyed by the normal loading of an ambulatory patient. However, the implan-
tation of a construct that possesses material properties comparable to the native tissue would not
fracture or degrade. Because of this, many researchers believe articular cartilage engineering should
place emphasis on construct development in vitro. Since the tissue resides in a mechanically demand-
ing environment, the implanted construct needs to be developed to a point that it can withstand
or respond to these mechanical loads. Constructs possessing insufficient integrity will collapse in
the articular defect, which not only prevents regeneration but could also accelerate degradation of
the tissues surrounding it. Efforts to heal large defects in vivo could fail without some means of
protecting the structure of newly developed tissues. By growing neocartilage in a laboratory, the
culture environment can be carefully controlled with respect to nutrient supply, biological stimuli,
and mechanical loading.

For a tissue like articular cartilage, possible treatments often depend on the type of damage
to the joint. For example, an osteochondral defect which reaches down into the subchondral bone
introduces blood into the system. This influx of blood and marrow brings a variety of chemicals and
cells to the injury site. However, fibrocartilage will form in the defects if left untreated, filling the
site with a disordered mass of fibrous tissue that possesses no long-term mechanical functionality.
Another type of damage in cartilage is termed a chondral defect and does not extend through the
depth of the tissue to reach vascularity. In this case, some of the chemical and biological variables
associated with osteochondral defects are not relevant. Unfortunately, the mechanical functionality is
still compromised due to disruption of the tissue’s surface. Both osteochondral and chondral defects
can be considered focal defects since the damage is localized to a single region. The most difficult
type of cartilage injury to treat is a systemic breakdown of the articulating surface caused by diseases
such as OA and osteochondritis dissecans. Traditional tissue engineering approaches create small
constructs that can be fit into focal defect sites in the cartilage. However, this would be insufficient
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for injuries affecting the entire joint since there would be no functional tissue to anchor the new
constructs in. As yet, there are no successful approaches to treating OA using conventional tissue
engineering. Researchers are continually investigating alternative approaches, such as engineering
a replacement tissue that can completely resurface the joint [292]. Other possibilities include gene
therapy or pharmaceuticals, which might have more success in treating systemic degeneration of
articular cartilage.

Cartilage growth and development are affected by both biological and biomechanical stimuli.
On the mechanical side, loading is a required part of the normal joint environment. As seen in
previous sections, while excessive forces can damage cartilage tissue, some stimulation is necessary
to promote chondrogenesis [4]. Articular cartilage will atrophy in a mechanically static environ-
ment [293], so researchers are currently evaluating a variety of loading approaches to prevent this
while promoting the regeneration process. An important factor to consider prior to mechanical load-
ing is the choice of scaffold used for the engineered construct. The scaffold material not only affects
how cells sense mechanical loads, but also provides an environment that can influence cell attachment
and matrix synthesis. In addition to mechanical stimuli, articular cartilage responds dramatically to
growth factors that are naturally present in the joint environment.The TGF-β superfamily includes
growth factors that are present in developing bone and cartilage. These molecules play an integral
role in the natural development process, and in vitro, can induce dramatic effects on the growth of
orthopaedic tissues.This section will illustrate the importance of the in vitro culture environment on
the growth, development, and functionality of native and engineered articular cartilage. Following
the accepted paradigm for functional tissue engineering, four main categories will be reviewed: cell
sources, biomaterials, bioactive molecules, and bioreactors [294].

3.2 CELL SOURCE

Cells are one of the key components of tissue engineering. While an exogenous cell source is not
absolutely necessary, studies have shown that including cells in an engineered construct accelerates
regeneration in vitro and in vivo [295]. Furthermore, these implanted cells have been shown to
remain in the tissue without being replaced by host cells [295]. Researchers have several options
when choosing a cell source.The cell type most commonly used in early cartilage engineering studies
is the autologous chondrocyte. By extracting cells from the patient’s own body, any immune response
is minimized or totally removed. Furthermore, chondrocytes already are differentiated into the target
phenotype and have the capacity to secrete cartilage-appropriate matrix molecules.

The choice of cell type often depends on the initial condition of the cartilage tissue. In cases
of extensive degradation or disease, use of autologous chondrocytes is not an option. One possible
alternative is to use allogeneic chondrocytes from donor tissue. This approach is commonly used for
general in vitro experiments and some in vivo studies due to the ready availability of donor tissue.
While the cell phenotype is appropriate for the implant environment, problems can arise with respect
to tissue availability for humans, as well as possible disease transmission or immune response.
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Due to limits on the availability of human tissue, some have suggested that cross-species cell
implantations might be an alternative option. Xenogeneic transplants have been successfully used
in sheep [296], goats [297], and rabbits [298]. However, similar difficulties exist with xenogeneic
transplants as with allogeneic transplants, namely immunogenicity concerns. Further complications
could arise with cross-species compatibility issues at the cellular and molecular level.

A promising cell source for cartilage tissue engineering is autologous progenitor/stem cell pop-
ulations [299]. Adult progenitor cells reside throughout the body and can be differentiated along
many different lineages. Progenitor cells from bone marrow and fat tissue have been extensively in-
vestigated for their promising application to cartilage regeneration [300]. Also, dermis-derived cells
exhibit significant promise [301]. If autologous cells are used, minimal problems with immuno-
genicity exist. Progenitor/stem cells show a large capacity for proliferation, so only small samples are
needed to obtain enough cells to grow the large populations necessary for tissue engineering. Donor
site morbidity and patient pain are dependent on the site of harvest, but for some cell types this is
minimal (i.e., adipose-derived stem cells).

Another possible cell source akin to progenitor populations is embryonic stem cells.While pro-
genitor cells can proliferate extensively, extensive expansion in monolayer culture can have negative
effects on proliferative rates, telomere shortening, and loss of multipotency [302–306]. Embryonic
stem cells, however, have an unlimited capacity for proliferation, and hence, are attractive for tis-
sue engineering endeavors that require large cell numbers [286]. These cells are truly pluripotent,
showing a capacity to differentiate into any cell type in the body. However, researchers do not cur-
rently know the best ways to differentiate embryonic stem cells along every lineage. Some protocols
are more defined than others, though, and good results have been obtained for the chondrocytic
lineage [299, 307–310]. As with all cell therapies using embryonic stem cells, there are potential
problems with teratoma formation, poorly controlled cell proliferation or differentiation, and pos-
sible immunogenicity problems since the cells come from an allogeneic source. A more detailed
description of the use of these alternative cell sources is provided in the Future Directions section.

3.3 SCAFFOLD DESIGN

For functional tissue engineering, biocompatible scaffolds are chosen to best fulfill a role in im-
proving the regeneration of a damaged or diseased tissue. While recent studies have indicated that
cartilage constructs can be formed in vitro using only cells [311–314], traditional tissue engineering
approaches have seeded cells on scaffolds to provide structure to the neocartilage. The architec-
tural structure of the scaffold can affect the mechanical properties of the construct, cell seeding
distributions, and diffusional characteristics. Furthermore, the material itself can help or hinder cell
attachment, proliferation, and synthesis over the lifetime of the implant.

The base scaffold material can be considered the central component of a tissue engineered
implant. The scaffold should fulfill three main requirements: 1) have an interconnected network
that allows efficient diffusion of nutrients and wastes; 2) be biocompatible and bioresorbable, with
a degradation rate that ideally matches the rate of tissue growth; 3) and allow for cell attachment,
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proliferation, and differentiation. The last requirement is often fulfilled using bioactive molecules
that are either physically tethered to the scaffold or included in the culture media as a biochemical
stimulant.

An additional factor for choosing a scaffold is whether it will be used in vitro or in vivo. If
implanted immediately, the scaffold should possess mechanical characteristics that are appropriate
for the loading environment.The scaffold should maintain its shape and protect the seeded cells from
any excessive forces. The degradation of the scaffold should correspond with the growth of tissue in
the construct, which would gradually take more of the applied load from the scaffold. If chemical
initiators are used to cross-link the scaffold either in vitro or in vivo, then the process should be
designed to minimize negative effects on cell viability or metabolism.Some injectable biomaterials are
crosslinked in the defect site to achieve sufficient mechanical properties, but this process can involve
chemicals that are cytotoxic.Research is ongoing to find an injectable cell/polymer solution that forms
a construct with robust mechanical properties in the defect site [315–317]. Cell-seeded scaffolds
cultured in vitro, however, do not need the same level of structural integrity since newly formed
tissue should help achieve mechanical characteristics sufficient for the biological environment.These
properties would be independent of the degrading scaffold material. This approach simply uses the
scaffold as a structure that helps support seeded cells for a period of weeks while new tissue forms.
Ideally, once the construct is implanted, the newly formed matrix is developed enough to function
successfully in the native loading environment.

For the purpose of this section, biomaterials are sorted into three main categories: natural
polymers, synthetic polymers, and composites. Natural polymers are found in living organisms and
can be extracted and processed into functional biomaterials. Synthetic polymers are created using
chemical processes, which allow extensive customization of material properties. However, some
processes can also have negative side-effects such as cytotoxicity or immune response activation.
Composite scaffolds combine two or more materials into one scaffold to take advantage of special
characteristics intrinsic to each substance.

New materials for biological applications are frequently, synthesized but extensive chemical
and physical characterization are necessary before a material can be used in the body.The biomaterials
summarized in this section have been well characterized and shown to be cyto-compatible in many,
individual tissue engineering studies. Not all have been applied to cartilage tissue engineering,
though, and success could be dependent on the cell-surface interactions specific to different cell
types.

3.3.1 NATURAL SCAFFOLDS
Natural materials are often preferred for biological applications because they are believed to elicit
little or no immune response. Their structures can vary from hydrogels (a colloidal gel in which
water is the dispersion medium) to solid fibers and fragments. Among the natural materials used in
cartilage engineering are alginate, agarose, chitosan, fibrin glue, type I and II collagen, hyaluronic
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acid-based materials, and reconstituted tissue matrices. Each material has strengths and weaknesses
to its use, and results can vary depending on the application.

Alginate is a polysaccharide extracted from algae and can be used to encapsulate cells in a
three-dimensional matrix. Encapsulation maintains a chondrocyte’s rounded morphology, which has
been shown to induce re-differentiation of monolayer expanded cells [318]. This approach can also
be applied when differentiating stem cells along the chondrocytic lineage. Besides encapsulation,
one of the main advantages of alginate is its proven biocompatibility [319]. For sterile applications,
alginate can be purified by filtration, precipitation, or extraction. However, alginate is not an ideal
material for many tissue engineering applications. The material does not degrade rapidly in vivo,
which can interfere with new tissue growth. Long-term implants encounter problems with alginate
since the scaffold loses its integrity within a year [319].

Agarose is a polysaccharide derived from seaweed that exhibits temperature-sensitive solubility
in water, an attribute convenient for encapsulating cells [319]. Similar to alginate, agarose provides
a biocompatible, three-dimensional environment for culturing chondrocytes. Unfortunately, the
degradation properties of agarose are similar to alginate and cannot be easily altered to tailor the
life of the scaffold. In addition, it is unclear whether agarose is eventually degraded or removed as
the cells make matrix. Despite these deficiencies, many in vitro studies use agarose as a scaffold
material when investigating the effects of mechanical stimuli on chondrocytes [320, 321]. Since
it is a continuous, hydrogel matrix, applied mechanical forces are transmitted to the embedded
chondrocytes, stimulating them to produce extracellular matrix proteins [322].

Another common scaffold material used for cartilage tissue engineering is collagen, specifically
collagen type I or II.Collagen is the major component of extracellular matrix in connective tissues.As
with most other natural materials, collagen has to be processed before use to decrease its antigenicity.
Collagen type I scaffolds have facilitated cartilaginous tissue formation in studies investigating direct
compression [323] and cross-linked proteoglycans [324,325]. However, this material alone can also
result in dedifferentiation of chondrocytes [319], likely due to the fact that type II collagen, not
type I, is the predominant collagen in native articular cartilage. Cells seeded onto type II collagen
scaffolds show a retention of the chondrocytic phenotype [326]. Unfortunately, fabricating collagen
type II scaffolds is a difficult and expensive process compared to other natural materials due to its
limited availability.

Chitin is a semi-crystalline polymer derived from the exoskeleton of crustaceans. After
deacetylation, chitin is termed chitosan and is a natural biomaterial possessing a high degree of
biocompatibility in vivo [319]. The molecular structure of chitosan is similar to many glycosamino-
glycans, allowing it to interact with growth factors and adhesion proteins [319]. The degradation
of chitosan is controlled by the degree of deacetylation within the polymer, which can be altered
during processing of the original chitin material. Unlike the natural materials described previously,
chitosan scaffolds can degrade rapidly in vivo to allow space for the formation of new tissue [319].
The porosity of the biomaterial can also be controlled during processing, effectively modulating
the overall strength and elasticity of the scaffold [327]. Oftentimes, chitosan is combined with
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other molecules to create scaffolds that stimulate the secretion of cartilage matrix. One such study
cross-linked chondroitin sulfate with chitosan to form a scaffold that promoted the chondrocytic
phenotype [328]. Chitosan and chitosan composites can also influence cell attachment and growth
in culture. Endothelial and smooth muscle cells seeded onto a dextran sulfate-chitosan composite,
heparin-chitosan composite, or chitosan material alone all showed positive effects on cell attach-
ment and proliferation. However, a GAG-chitosan composite actually inhibited attachment and
growth [329]. The modification of chitosan scaffolds with proteoglycans can dramatically change
the overall characteristics of the scaffold. This flexibility is an attractive attribute that could make
chitosan a beneficial material for articular cartilage engineering.

Silk is a naturally occurring polymer that is extruded from insects or worms and has been in-
creasingly used in biomedical applications.The material has good biocompatibility, slow degradation
rates, strong mechanical strength, and can be processed into many different forms useful for tissue
engineering [330]. Recent studies investigating silk scaffolds for cartilage engineering have shown
good results for chondrogenesis in seeded stem cells. In comparison to collagen-based scaffolds, silk
constructs had higher type II collagen and GAG deposition, as well as better chondrocytic gene
expressions in seeded mesenchymal stem cells [331].

Fibrin glue is another naturally-derived biomaterial that has been used in tissue regeneration
therapies. It is made by mixing fibrinogen with thrombin,which acts to solidify the material either in a
defect site or in another scaffold material.Fibrin glue is popular because it is completely biodegradable
and can be injected before it becomes solid. Unfortunately, the mechanical strength of fibrin glue is
weak, so its use as a primary scaffold in articular cartilage engineering is limited.Because of this,fibrin
is often combined with other materials to help retain its structure. Chondrocytes have been seeded in
pure fibrin glue [332], as well as in mixtures with alginate [333,334] or collagen [335]. Biochemical
results did not show major differences from other scaffold materials. However, genipin cross-linked
fibrin scaffolds showed accumulation of collagen type II and aggrecan with a corresponding increase
in compressive and shear moduli [336].

Hyaluronan (HA) or hyaluronic acid is a polysaccharide that has been used to create bio-
compatible scaffolds for cartilage engineering applications. HA is a non-sulfated glycosaminoglycan
that helps in lubrication of the joint. It can be cross-linked to form a scaffold capable of supporting
chondrocytes. Similar to fibrin glue, HA is injectable and performs well as a minimally invasive ap-
proach to filling irregularly shaped defects. However, hyaluronan has also been investigated for use
as a solid, porous scaffold. Scaffolds made of an HA-derivative that were implanted in vivo showed
good histological results for cartilage matrix deposition [337]. Other researchers have found that
cross-linked HA sponges produced better histological results than benzylated HA, which was, in
turn, better than untreated defects [338]. Integration with the host tissue improved in conjunction
with histological findings.

A current hypothesis in the field of tissue engineering is to use scaffold materials made
from the same molecules as that of the tissue being repaired [339]. One method to achieve this is
through reconstituted matrices. Early instances of using homogenized tissue samples to stimulate
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regeneration are found with bone therapy and bone tissue engineering [340]. More recent examples
include decellularized heart and tracheal tissues [341, 342]. Growth factors and other bioactive
molecules resident in harvested tissue are hypothesized to promote the formation of new matrix.
Reconstituted matrices use this material to form scaffolds that allow for cell seeding and tissue
growth. For example, cartilage tissue can be harvested, homogenized, washed, and then frozen and
lyophilized to create sponge-like scaffolds that promote chondrogenesis in adult stem cells [343].
Protein mixtures are another variation on using naturally secreted matrix molecules as scaffold
materials. Matrigel, a commercially available product, has been used extensively as a model basement
membrane for biological experiments [344]. Scaffolds formed from materials already present in the
body present an attractive approach to facilitating the natural regeneration process without eliciting
an immune response.

3.3.2 SYNTHETIC SCAFFOLDS
Synthetic scaffold materials are fabricated commercially or in a laboratory, and unlike natural poly-
mers, can be customized in terms of their physical and chemical properties. Specific characteristics
of a polymer, such as its mechanical strength and degradation profile, can be altered through modifi-
cation of its chemical composition.This flexibility allows researchers to design scaffolds with known
degradation rates, biological activity, or specific mechanical characteristics.

Poly-glycolides, poly-lactides, and their copolymers are commonly used for scaffold materials
and other biomedical applications [345–350]. These polymers can be formed into porous scaffolds,
non-woven meshes, or felts, which allow numerous possibilities for scaffold shape and architec-
ture. Poly-glycolic acid (PGA), perhaps the most commonly used synthetic polymer in cartilage
engineering, is an alpha polyester that degrades by hydrolytic scission. Total degradation can occur
within four to twelve months, which is brief compared to other implanted polyesters [351]. Loss of
mechanical properties occurs prior to this, sometimes as early as a few weeks. Since the degradation
products of PGA are naturally resorbed into the body, it is attractive for many medical applications
requiring biocompatibility. PGA can be formed into a porous scaffold by applying a salt-leaching
process. The porosity and interconnectivity of the pores can be controlled by adjusting the amount
of salt included during fabrication. PGA is often extruded as thin strands (∼13 μm in diameter)
that can be used for making sutures and threads or weaving three-dimensional structures [352].
For cartilage engineering purposes, however, PGA is more commonly used in non-woven mesh or
felt forms. The porosity in mesh scaffolds is high, allowing good nutrient transfer throughout the
construct. Furthermore, the interconnectivity of the pores increases seeding efficiency since cells can
infiltrate throughout the scaffold. One major drawback to these mesh scaffolds is their mechanical
functionality. The initial scaffold structure is too weak to be immediately used in loading-bearing
environments. However, growth of neocartilage in the scaffold pores is hypothesized to compen-
sate for the mechanical deficiencies of the scaffold itself. Over time, secreted matrix should fill the
void space, giving the construct sufficient mechanical integrity to withstand the joint environment.
Consistently good extracellular matrix production has been observed using PGA scaffolds, which,
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along with predictable degradation rates, makes PGA attractive for cartilage engineering experi-
ments [352–354]. Past studies have also shown that PGA promotes more proteoglycan synthesis
than other materials like collagen or poly-glycolide/lactide copolymers [355]. While the predictable
degradation profile of PGA is often seen as a positive trait, it can also cause problems for tissue engi-
neering applications that require scaffold integrity longer than a few months. For these applications,
other polymers have been investigated.

Another alpha polyester polymer used extensively in the medical field is poly-lactic acid (PLA),
which like PGA,has been approved by the FDA for implantation in humans.PLA generally degrades
slower than PGA with a total degradation time ranging from twelve months to over two years [356].
Again, the loss of mechanical properties and scaffold integrity occurs prior to this, which could
cause an engineered construct to fail prematurely. As with PGA, the degradation products of PLA
are resorbable, making it an attractive, biocompatible material for implantation. PLA exists in two
stereoisometric forms, giving rise to four different types of PLA: poly-D-lactide, poly-L-lactide,
poly-D,L-lactide, and poly-meso-lactide [357]. Applications of the PLA isomers range from drug
delivery to suture materials. However, the D and L monomers polymerize to form semicrystalline
structures that have been investigated as possible scaffolds for cartilage engineering. PLA scaffolds
are primarily made as non-woven meshes due to the previous success of this structure for neocartilage
formation. Studies have shown that chondrocytes might not have as great of an affinity for PLA
surfaces as PGA surfaces, but, over time, total cell numbers on the two materials are similar [358].
Due to its slower degradation rate, PLA scaffolds allow more time for matrix formation before
catastrophic loss of mechanical integrity. This is important for applications where the scaffold has
to bear loads for a significant period after implantation.

Poly-lactic-co-glycolic acid (PLGA) is a copolymer composed of PGA and PLA monomers.
The material properties of PLGA are dependent on the ratio of each monomer included in the
macromolecule. For example, a formulation with a large fraction of PLA will degrade slower than
one with a large fraction of PGA. Characterization of a 75/25 (PLA/PGA) copolymer of showed
a degradation time of 4-5 months, whereas a 50/50 copolymer degraded in only 1-2 months [356].
As with its base components, PLGA degrades into molecules that naturally resorb in the body.
General biocompatibility has been investigated in large and small animal models, as well as in clinical
trials [346,359]. PLGA has been used extensively as a suture material due to its high tensile strength
and controllable degradation rates. It can be fabricated in forms similar to PGA and PLA [360], with
the non-woven mesh being among the more preferred structures for recent cartilage engineering
studies.

Another popular synthetic polymer for cartilage engineering is poly-caprolactone (PCL).
This polymer possesses longer degradation times than PGA/PLA/PLGA and is generally stronger,
making it attractive for many orthopaedic applications [351]. PCL can be extruded into threads for
meshes/felts or formed into porous scaffolds through a salt-leaching process.As with other polyesters,
PCL degrades through hydrolytic scission, but this process can take one or two years to completely
degrade the material [356]. While this means the scaffold remains at the implant site, it can also help
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with the mechanical integrity of the construct during early time periods. The resistance of PCL to
rapid hydrolysis is an attractive trait for some applications. Copolymers including PCL incorporate
the strength and elasticity of the material while allowing slightly faster degradation times [358].Poly-
L-lactide-epsilon-caprolactone implanted into mice showed formation of cartilage-like structures
after four weeks, with minimal degradation [361].

A more recent trend for synthetic polymers is to fabricate materials that can control the
attachment of cells and proteins to the scaffold. The most common method to accomplish this
is to modify the hydrophilicity/hydrophobicity of the material. Poly-ethylene glycol (PEG) is a
polymer that prevents adsorption of proteins and cells due to its high hydrophilicity. PEG can be
incorporated into copolymers and thereby modify the cell attachment characteristics of a material.
This property can be used to allow cell attachment on only certain portions of an implant or no
cell attachment at all. The latter is one reason PEG is often used in copolymers – to improve
biocompatibility [362]. The incorporation of PEG molecules increases hydrophilicity, which helps
to prevent adsorption of antibodies and other proteins, thereby lessening any immune response.
PEG by itself has similar mechanical properties in compression to cartilage, with higher modulus
values corresponding to higher molecular weights [363]. It has been copolymerized with a number of
different materials to take advantage of its biocompatibility traits to create materials for a variety of
applications [317,362,364–370]. Copolymerization is also necessary since PEG does not naturally
degrade in the body, an attribute necessary for long-term success of an implanted construct. For
articular cartilage engineering, degradation of the scaffold is necessary to provide space for new
tissue to form.

An alternative approach to synthetic polymers is the creation of macromolecules that imitate
natural biomaterials. Researchers have successfully synthesized genetically engineered molecules,
such as elastin-like polypeptide (ELP), that are similar to natural proteins found in the body [371].
Chondrocytes cultured in the gelled form of ELP maintained their phenotype, secreting matrix
molecules such as sulfated glycosaminoglycans and collagen.

3.3.3 COMPOSITE SCAFFOLDS
This could include a fiber scaffold formed from several different natural and synthetic threads or a
naturally derived hydrogel infused throughout a synthetic mesh. Composite scaffolds consist of two
or more of the previously discussed materials incorporated into a single scaffold. This could include
a fiber scaffold formed from several different natural and synthetic threads or a naturally derived
hydrogel infused throughout a synthetic mesh. For example, the void fraction of PLGA meshes can
be filled with chondrocytes encapsulated in fibrin glue, which allows for a rounded cell phenotype,
good cell distribution throughout the scaffold, as well as tunable degradation characteristics. This
approach produced 2.6 times more GAG after 4 weeks than PLGA alone [372]. The inclusion of
fibrin glue might have helped retain GAG molecules in the construct, whereas GAG simply diffused
out of the bare PLGA scaffolds.
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Infiltrating a fiber-based scaffold with a hydrogel is a popular form of composite scaffold.
However, the cell-material interactions are critically important to the overall success of the construct.
In previous studies, chondrocytes encapsulated in alginate were combined with either PLGA or
demineralized bone matrix (DBM) before implantation into mice for eight weeks [373].The PLGA-
alginate composite produced collagen type II, a positive indicator of cartilage formation.The DBM-
alginate composite, however, did not produce collagen type II. The cell response could be modified
by substituting other hydrogels or including growth factors, but the base scaffold materials will still
play a major role in the type of matrix deposited in the construct.

Another approach to composite materials is to reinforce solid scaffolds with fibers oriented in
specific directions. By embedding fibers in a scaffold, the mechanical properties can be modified to
improve strength in preferred directions. This is particularly important for anisotropic tissues such
as articular cartilage. Fiber reinforced scaffolds can be fabricated using any combination of materials.
Past studies have investigated PGA fiber-reinforced PLGA and found that the compressive modulus
and yield strength improved by up to 20% [374]. Carbon fibers, while seemingly unadvisable for joint
implantation, have been used with satisfactory clinical results for filling defects in vivo [375,376].
Success rates of 70-80% were achieved based on qualitative measures of pain several years after
implantation.

Composite scaffolds that incorporate several different types of materials can help replicate
the complex structure necessary for providing functional properties appropriate to load-bearing tis-
sues [377]. One approach that shows promise is to fabricate three-dimensional structures that exhibit
mechanical properties similar to articular cartilage immediately after implantation. Woven scaffolds,
such as alginate-filled PCL meshes [292], can provide both mechanical strength, anisotropy, and a
beneficial growth environment.

3.3.4 SCAFFOLDLESS
Though scaffolds can serve as an additional tool in controlling tissue development (e.g., with the
slow release of growth factors or pre-patterned to influence organization), they also bring with
them issues such as degradation toxicity, stress shielding, and cell signaling hindrance. Techniques
have also been developed using chondrocytes to create scaffoldless constructs [312,378–381]. Via
centrifugation, chondrocyte pellets can be formed and grown in culture. With gentle or no fluid
movement (e.g., rotational culture [382] or low density seeding on agarose [383]), larger aggregates
have also been formed. It was proposed that the formation of numerous aggregates may serve as a
3-D culture methodology for chondrocyte expansion [382] while aggregates of limb bud cells have
been used to examine parallels in development [383].

Emerging from the developmental studies, scaffoldless culture has been proposed as a method
to engineer functional articular cartilage of sufficient dimensions. For instance, a self-assembly
method has been developed based on the differential adhesion hypothesis to produce robust car-
tilage constructs that contained two thirds more GAG than native tissue, and collagen levels that
reached one third the amount of native tissue. Neocartilage thus formed contain collagen type II and
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chondrocytes in lacunae (Figure 3.1). More importantly, the compressive stiffness of self-assembled
cartilage reached more than one third of native tissue values [313].

Figure 3.1: Gross appearance of 6 mm self-assembled discs punched from 15 mm constructs (left
panel). Each mark is 1 mm. Constructs stain throughout for collagen type II, with zonal morphological
appearance, and chondrocytes residing in lacunae (right panel).

Within a scaffoldless system, increased N-cadherin expression during neotissue formation
suggested that differential adhesion mediated self-assembly [314] while another study has shown
that chondrocytes assemble via β1 integrins [384].The mechanical properties of scaffoldless cartilage
has been studied [385,386], and, within scaffoldless cartilage, several biochemical properties have
recapitulated cartilage development. Increased proportion of collagen type II, decreased proportion
of collagen type VI, decreased chondroitin 6- to 4- sulfate ratio, and localization of collagen type VI
to the pericellular matrix (Figure 3.2) [314] are all evidence of maturation in scaffoldless cartilage
constructs. These studies showed that the self-assembly method mimicked tissue development and
maturation, suggesting that a set of exogenous stimuli could then be applied to augment tissue
functional properties.

Various growth factors have been applied individually and in combination to self-assembled
constructs, with TGF-β1 showing the greatest potency, inducing 1-fold increases in both aggre-
gate modulus and tensile modulus, and increasing GAG and collagen content [387]. Scaffoldless
constructs have also been cultured under various mechanical forces. Hydrostatic pressure stimula-
tion [388], shear and compression [389], and other forms of bioreactor culture [382] have shown to
be advantageous for scaffoldless constructs. Combined regimens of different classes of stimuli (bio-
chemical and mechanical) have also been examined to show additive and synergistic effects on the
functional properties of scaffoldless cartilage [390]. Scaffoldless cartilage has also been implanted in
goats [391] to demonstrate articular cartilage resurfacing when used in combination with a periosteal
flap.
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Figure 3.2: Milestones in the self-assembly of differentiated articular chondrocytes mimic those seen
during cartilage development. (Used under the Creative Commons Attribution License, from Ofek et
al., PLoS ONE, 2008 [314].)

3.4 BIOACTIVE MOLECULES

Growth and development of cartilage tissue relies heavily on biochemical signals. The sequence,
duration, and intensity of stimulation can all play roles in how cells secrete matrix in a regenerating
environment. Bioactive molecules can include growth factors, adhesion proteins, peptide sequences,
or any other entity that binds to cells to create a biological response. There are more bioactive
molecules present in the body than this chapter can easily encompass, so only a few of the more
common growth factors, proteins, and peptides will be highlighted. All have shown proven effects for
cartilage engineering, and future work will certainly make use of them to accelerate regeneration of
functional tissues. Other less often examined factors can encompass those described in Section 2.1,
which discusses cartilage formation during development. The following chapter will focus initially
on growth factors, specifically the transforming growth factor-β (TGF-β) superfamily, followed by
a description of possible scaffold modifications using bioactive molecules.
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3.4.1 GROWTH FACTORS
The inclusion of stimulatory growth factors is one of the most common means to accelerate tissue
growth in engineered constructs. Many growth factors have been shown to be effective at stimulating
cellular proliferation and matrix synthesis in articular cartilage, both in vitro and in vivo. Since
growth factors normally play a role in healing and development, their therapeutic use is intended
to replicate this function to promote rapid regeneration of a tissue. Varying amounts of growth
factors are constantly present throughout the body, so higher concentrations are typically used in
experiments to elicit more dramatic effects. For example, a simple media cocktail with 20% fetal
bovine serum added was shown to have similar effects on proliferation and protein synthesis as
a cocktail that included three different growth factors (TGF-β1, basic fibroblast growth factor
(bFGF), and insulin-like growth factor-1 (IGF-1)) [392]. Lower concentrations of serum in the
media produced poorer results, indicating the importance of growth factors that circulate naturally
in the body. The problem with serum, however, is that its composition and the concentrations of its
components are generally unknown and can vary widely from source to source and batch to batch.
Growth factors are a means to stimulate a response using controlled amounts from an external source,
which is important for safety concerns.

Growth factors can have a synergistic relationship with mechanical loading,which is a boon for
tissues in load-bearing environments such as articular cartilage. In vitro experiments investigating the
effect of both growth factors and mechanical stimulation have shown significant increases in matrix
production compared to either stimulus alone [199, 393, 394]. Notably, such synergism has been
shown to affect functional properties in scaffoldless constructs formed by the self-assembly process.
A 164% increase in the aggregate modulus value (HA), a 231% increase in the Young’s modulus value
(EY ), an 85% increase in glycosaminoglycan/wet weight, and a 173% increase in collagen/wet weight
relative to controls can be achieved when combining growth factors with mechanical stimulus (in this
case, TGF-β1 and hydrostatic pressure) [390]. This relationship extends to the in vivo environment
as well. Implanted, growth factor-laden collagen sponges showed either bone-, cartilage-, or tendon-
like tissue formation depending on the loading environment [395]. Many studies have also been
performed with growth factors alone, without interaction with mechanical stimuli. Dramatic effects
on proliferation,differentiation, and synthesis have been documented, for example, for IGF-1,bFGF,
hepatocyte growth factor (HGF), and platelet-derived growth factor (PDGF) [396]. Of particular
interest is theTGF-β superfamily, which includes bone morphogenetic proteins (BMPs).This group
of bioactive molecules has been shown to significantly affect chondrogenesis and bone growth, both
of which are important for successful regeneration of osteochondral defects [397].

TheTGF-β superfamily is a class of growth factors that is involved in the repair and inflamma-
tion response following injury [398].Numerous studies have shown that these growth factors can also
elicit dramatic changes in articular chondrocytes.TGF-β1 is a popular isoform used in cartilage engi-
neering studies with some indicating stimulation of chondrogenesis and proliferation [394,399,400]
and others showing inhibition of matrix formation [401,402]. These mixed effects could be caused
by various experimental factors in the different studies as the biological response of cell populations
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can be quite complicated. TGF-β1 has been shown to promote collagen formation and increase
construct wet weight after four weeks in vitro [394,399]. However, the effectiveness of the growth
factor could be dependent on the differentiation state of the cells. For example, TGF-β1 stimulated
proliferation and proteoglycan synthesis in chondrocytes that have been cultured for a week in vitro,
but these effects were not apparent for freshly isolated chondrocytes [401]. Additionally, arthritic
chondrocytes experienced a decrease in proteoglycan synthesis when treated with TGF-β1 [402].
In vitro culture and disease have both been shown to affect the normal phenotypic expressions of
chondrocytes, so their response to biochemical stimuli is not surprisingly altered in comparison to
healthy cells in vivo.

BMPs play a major role in endochondral bone formation and show general effects on cellular
proliferation and matrix synthesis. As explained above, they are particularly attractive for cartilage
engineering studies because they affect both chondrogenesis and osteogenesis. Osteochondral inte-
gration is a critical factor in whether implants succeed or fail in vivo, so molecules that can stimulate
this response are desirable [403]. As with TGF-β, BMPs can act synergistically with mechanical
stimuli to accelerate regeneration of joint tissues. Currently, 20 types of BMPs have been identified,
but only a subset has been examined for cartilage regeneration. BMPs generally have the ability
to guide stem cells and immature bone and cartilage cells along the osteochondral pathway [404].
In experimental studies, BMP-1 showed greater stimulation of proteoglycan and collagen synthe-
sis than TGF-β1 [404]. BMP-2 upregulated proteoglycan and collagen expression in chondro-
cytes [403,405,406] while also inducing better healing of defects in vivo [398,403]. BMP-4 showed
an ability to stimulate proteoglycan synthesis, bone formation, and cellular proliferation [403,407].
BMP-7 also showed positive effects on matrix synthesis [403] and proliferation [408] while also
decreasing collagen type I expression and suppressing infiltration of fibroblasts in vivo [409]. Artic-
ular chondrocytes treated with either BMP-12 or -13 synthesized elevated levels of GAG although
these increases were less than that observed for cells treated with BMP-2 [405]. Overall, experimen-
tal results have shown that BMPs have a generally positive effect on cartilage differentiation and
morphogenesis whether alone or in combination with other growth factors. For example, BMP-2
application with IGF-I resulted in over a 1-fold increase in aggregate modulus, accompanied by
increases in GAG production, as compared to controls [387].

The TGF-β superfamily also includes several other groups of growth factors known to af-
fect cartilage growth and differentiation. Cartilage derived morphogenetic proteins (CDMPs), os-
teogenic proteins (OPs), and growth differentiation factors (GDFs) have all been investigated as
possible means to accelerate regeneration of joint tissues in vitro and in vivo. Some of the growth fac-
tors included in these groups are actually the same molecule. For example, the pairs OP-1/BMP-7,
CDMP-1/GDF-5, and CDMP-2/GDF-6 are the same growth factors with alternate designations.
All of these molecules can affect chondrocytes in a manner similar to other TGF-β superfamily
members. OP-1, CDMP-1, and CDMP-2 all increase proteoglycan synthesis and cellular prolif-
eration [410] although OP-1 was found to be the more effective stimulus [411]. GDF-5, which is
naturally present in articular cartilage, also increases proteoglycan synthesis [412].



46 CHAPTER 3. IN VITRO TISSUE ENGINEERING

Growth factors are typically delivered as soluble components in culture media cocktails.While
this is acceptable for in vitro experiments, delivery becomes more complicated once the construct
is implanted. An alternative approach is to include polymeric carriers, such as microspheres, in the
construct so that growth factors are released over time [334]. Early approaches found little success
since most polymer release times lasted only a few days. Once freed, growth factors can degrade
within a week, so long-term treatments using these carriers would be infeasible [413]. However,
current research has indicated that alternative polymers, such as elastin-like polypeptides, have the
capability to extend the release time of drugs to weeks or months [414]. These carriers would allow
long-term stimulation of the implant with a local source of growth factors, further stimulating matrix
growth and possibly helping integration with the surrounding tissue.

Another alternative to long-term growth factor stimulation is to modify the gene expression
of implanted cells using either transfection or other forms of genetic modification [415, 416]. In
this case, growth factors are secreted by cells within the defect site. Local stimulation means that
implant growth and integration do not rely on externally provided drugs. Many different approaches
can be used to apply this technique. For example, all implanted cells could be modified or only a
fraction.Alternatively, the modified gene could be conditionally active,which would be advantageous
if stimulation is only desired for certain periods during regeneration. While this approach seems
attractive, the practicality of genetic modification creates a large barrier to its current success. Total
control of how the gene is expressed is not currently feasible,which creates a safety issue.Furthermore,
the long-term effects of elevated growth factor levels are not known, especially on neighboring tissues
that are not involved with the cartilage repair process.

Growth factors do not necessarily need to be available as unbound molecules to induce a
response from resident cells. Modifying the scaffold material itself with growth factors is a possible
means to stimulate cells growing in the construct. Proteins such as TGF-β, IGF, PDGF, HGF,
and FGF have all been used in such modifications. The benefit of scaffold-bound growth factors
for in vivo experiments is clear, but even in vitro experiments could be enhanced since bioactive
molecules would be distributed evenly throughout the scaffold, affecting all regions equally. With-
out restriction of the growth factors, diffusion could result in loss of bioactive molecules to the
surrounding environment.

There are two primary methods for including growth factors in engineered constructs. The
first, encapsulation, was mentioned previously and involves sequestering stimulatory proteins in
polymeric materials that have controllable release characteristics. Alternatively, a growth factor can
be encapsulated in the bulk scaffold material, assuming that the scaffold has characteristics that can
restrict the diffusion of certain molecules out of the construct. For example, hydrogels can restrict the
diffusion of growth factors for short periods of time in comparison to meshes or felts. Incorporating
multiple types of materials in a scaffold is another means to allow drug release over time. A two-
phase PLGA implant loaded with TGF-β showed good results when implanted into osteochondral
defects [346]. Microparticles are the most common methodology for including growth factors in
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scaffolds with high porosity and large pore sizes such as meshes and felts [417]. Since the degradation
characteristics of the carrier polymer can be customized, protein concentrations are more predictable.

The second method for incorporating growth factors is to bond the bioactive proteins to
the surface of the scaffold material. Covalent bonding is one approach that has been used for
cartilage engineering. The major drawback to this methodology is that immobilizing proteins often
decreases their effectiveness. The active regions of a molecule can be obstructed once bound to a
surface although this is dependent on the protein being bound and the chemical reaction used to
form the covalent bond. Past studies have proven it is possible, though, with one group showing
significant stimulation of cells cultured in a PEG hydrogel that included covalently bound TGF-
β1 molecules [418]. Tethering of growth factors to the scaffold material is a promising means of
retaining activity of the protein while still restricting its movement within a scaffold [419]. With
this approach, the growth factor is attached to a molecular chain that extends away from the surface,
allowing greater access while still restricting its diffusion in the construct.

The dramatic stimulation provided by growth factors in cartilage engineering studies suggests
that their inclusion may be required for successful regeneration of the tissue. However, the most
effective means to apply them is still to be determined. Furthermore, the wide variety of growth
factors available creates myriad combinations that could accelerate the growth process, but this
must be tempered by knowledge of what additional effects each growth factor has on the construct
and the surrounding tissues. Cocktails of multiple growth factors might be the best approach to
creating a functional tissue. For example, IGF-1 has been used to increase GAG synthesis, TGF-
β1 for improving collagen content, and interleukin-4 for minimizing GAG-depleted regions in an
engineered construct [394]. Whether growth factors are applied as a soluble mediator, encapsulated
in polymeric carriers, or chemically bound to a scaffold surface, they are an integral part of the
cartilage engineering process and will continue to be a major area of focus for tissue regeneration
therapies in the future.

3.4.2 PROTEIN COATING AND PEPTIDE INCLUSION
Beside attaching growth factors, scaffold materials can be modified via protein coating, peptide
incorporation, or micropatterning to alter cell attachment characteristics. The first two of these ap-
proaches capitalize on integrin-receptor relationships between cells and extracellular matrix proteins
to direct cell attachment in a controlled manner. Chondrocytes express specific integrins that will
bind with corresponding proteins, so by coating any material with the correct protein, cells can be
made to adhere to almost any bulk structure [420]. Integrins identified on chondrocytes include
α1β1, α2β1, α5β1, αV β5, αV β3, and α3β1, with the latter two being more prevalent on superficial
zone chondrocytes than deep zone chondrocytes [421, 422]. Biomaterials can be modified with
proteins that express one or more of these integrins to control cell attachment to different regions
of the scaffold. While binding between cells and proteins is not permanent, it can at least provide
anchorage points for cells within the construct.
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In addition to cell adhesion, extracellular matrix proteins can also promote the haptotactic
and chemotactic motility of chondrocytes. By modifying the adhesion characteristics of a bioma-
terial, cellular migration into a scaffold can be increased or decreased [422]. Simple adsorption of
fibronectin onto a polymer scaffold showed an increase in cell attachment and ingrowth compared
to uncoated controls [423]. The benefits of increased cell migration have also been observed for in
vivo experiments. Hyaluronan scaffolds coated with fibronectin showed increased tissue ingrowth
after implantation into osteochondral defects [424].This ingrowth helped improve integration with
the surrounding bone and cartilage, which is very important for the long-term success of an implant.

One of the more common methods to modify the attachment characteristics of a surface is to
coat it with proteins.The hydrophobicity or hydrophilicity of a material determines the degree of in-
teraction. Hydrophobic materials, in particular, allow proteins to readily adsorb to their surfaces, with
more hydrophobic materials forming a stronger interaction than less hydrophobic materials [425].
Following adsorption, cells can then bind to those proteins that coat the bulk scaffold material.
Altering the types of proteins adsorbed to a surface can affect which cells can attach. More generally,
controlling whether proteins can adsorb helps with the biocompatibility of an implant. Some of the
more common adhesion proteins present in the body include collagen, thrombospondin, osteopon-
tin, bone sialoprotein, fibronectin, vitronectin, fibrinogen, von Willebrand factor, laminin, entactin,
and tenascin [420,426]. Based on the integrin receptors present on chondrocytes, all of the before
mentioned proteins promote adhesion except osteopontin, entactin, and tenascin [427]. Typically,
collagen and fibronectin are used for cartilage applications although a wide variety of cell types, not
just chondrocytes, have shown an affinity for these ubiquitous proteins. In native tissues, extracellular
matrix molecules help transmit mechanical and chemical stimuli to cells. Replicating this function
in an engineered construct is one of the hopes associated with protein coating. Naturally secreted
proteins will likely play a more dominant role as the engineered construct develops, but the initial
stages could be assisted by the inclusion of supplementary proteins.

Collagen has been investigated extensively as a bulk scaffold material for tissue engineering
and less so as a protein coating. However, monolayer studies have shown that chondrocytes readily
attach to collagen surfaces [428], making it a logical choice as a coating on materials that otherwise
prevent cell attachment. The type of collagen used could play an important role since the primary
collagen in articular cartilage is type II, not type I. Past studies have shown that chondrocytes have
a preference for collagen type II fragments over a type I collagen-coated surface, possibly due to
the integrin receptors expressed by articular chondrocytes [429]. While beneficial to cell adhesion,
collagen alone does not appear to retain chondrocyte gene expression when cells are cultured in
monolayer [97]. In general, collagen has shown good results as a matrix material, so its use as a
coating has been limited.

Vitronectin is another protein that has been investigated as a scaffold coating for tissue en-
gineering. Past results showed that vitronectin controls osteoblast attachment and spreading, as
opposed to a more ubiquitous protein like fibronectin, when used as a coating in vitro [430]. This
finding was determined by using culture media without fibronectin or without vitronectin. Samples
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in the prior group showed no effect on cell attachment while the latter group had markedly reduced
attachment and spreading. While these findings are not directly applicable to chondrocytes, vit-
ronectin could still be important in modulating the attachment of cells in osteochondral constructs.
Other experimental studies investigating vitronectin have shown that it competes better than most
proteins when adsorbing to surfaces in the presence of serum [431]. Additionally, good adhesion
between vitronectin and chondrocytes has been observed, possibly through the α5β1, αV β5, and
αV β3 integrins.

Cartilage matrix protein (CMP), not to be confused with cartilage oligomeric matrix protein
(COMP), is a less extensively studied molecule that is expressed almost exclusively in cartilage [432].
CMP binds to aggrecan and collagen type II, and chondrocytes attach to it via the α1β1 integrin dur-
ing adhesion. When used as a coating material, CMP enhanced both cell attachment and spreading
on surfaces [433]. The addition of collagen type II to the CMP coating showed even more im-
provement in these characteristics. Because CMP is specific to cartilage tissue, it might be a more
appropriate protein to target for coating purposes although issues such as ease of production and
cost would certainly be important factors.

Functional cartilage constructs will have to be designed as three-dimensional structures, but
preliminary experiments can still be conducted in monolayer to investigate areas such as cell-surface
interactions. Micro- and nano-technologies now allow for precise control on protein placement on
a variety of surfaces. Technologies such as soft lithography and self-assembled monolayers allow
protein stamping on materials that restrict the attachment of cells to specific regions [434]. Custom
designs incorporating multiple types of proteins are feasible using these techniques, making possible
a wide variety of experiments at the cellular level. Many researchers are investigating cell-surface in-
teractions using these patterning techniques, which are hoped to be translatable to three-dimensions
in the future.

A major difficulty with using proteins to facilitate adhesion and migration of cells within
scaffolds is that the protein-surface interaction is typically transient. Unless the protein is cross-
linked to the material, a state that can dramatically affect its biological activity,proteins will eventually
disassociate from the scaffold. For short-term applications such as cell seeding, this is not a problem.
For longer-term needs, the base scaffold material should be hydrophobic, which increases the affinity
proteins have for the surface. While two-dimensional surfaces can be rigidly designed to control
where cells attach, three-dimensional scaffolds are more difficult. Choosing an appropriate base
material is the best starting point if the experiment relies on protein coating over longer time frames.

An attractive alternative to protein coating is to use only the amino acid sequences, or peptides,
involved in cell-surface binding.This approach allows for permanent modification of a scaffold since
the peptides are chemically bonded to the material rather than just adsorbed.The number of binding
sites and their location can be controlled during fabrication, and these parameters do not change,
provided the scaffold does not degrade or otherwise alter its structure dramatically. Cells attach to
protein-coated surfaces through amino acid recognition sequences located in the macromolecular
structure. Peptides are simply short amino acid sequences derived from the larger protein. After
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modification, materials that are otherwise unattractive to cells can now be successfully seeded and
used in tissue engineering applications. Peptide sequences are also proposed as a means to modify
cellular gene expression and protein synthesis, not just for controlling cell attachment. For example,
if only the functional sequence associated with a growth factor binds to a cell, then the resulting
response is expected to be similar to binding the entire molecule since the same pathways are activated
in both cases.

Peptides are typically grafted to a material by covalent bonding, which securely attaches the
sequence to a location and prevents diffusion through the construct or disassociation from the
surface. However, as noted previously, chemical bonding can have the negative effect of reducing
the biological activity of attached peptides. Tethering the molecules via a linker chain can help
prevent this by moving the peptide away from the surface, allowing more flexibility in its binding
configuration with cells [420]. Because some base scaffold materials can sterically hinder biological
reactions, the linker chain must be long enough to allow cell integrin-peptide binding away from the
surface.Typically, peptides are grafted to biomaterials that otherwise prevent the attachment of cells
and proteins. Therefore, scaffolds can be designed that exhibit attachment characteristics entirely
dependent on the types, concentration, and location of peptides bound to their surface.

The peptide density on a material controls not only cell attachment, but also cell motility.
While increasing the concentration of peptides can increase cellular attachment, it can also decrease
the ability of cells to migrate since they are adhered to the surface at numerous binding sites [420].
Balancing these two parameters is difficult and is highly dependent on cell type and application. If
migration of cells into a scaffold is desired, then high densities of peptides cannot be used. While
this could reduce cell attachment during seeding, other parameters such as the duration of seeding
or total cell numbers used might compensate for the lower seeding efficiency. Alternatively, integrin
clustering can be used to help facilitate migration without totally restricting cell motility [422].
This approach is especially important for applications that require ingrowth of surrounding cell
populations into the construct.

The most common peptide sequence used for cell attachment is Arg-Gly-Asp (RGD), which
was originally identified as a recognition sequence located on the larger fibronectin molecule [420].
Further investigation has shown that it is a ubiquitous peptide found in many species of both plants
and animals, indicating its importance and longevity in evolution [435]. RGD exhibits an ability
to bind with 8-12 integrins (out of 20+ currently identified), making it incredibly useful for tissue
engineering applications [426]. In chondrocytes, RGD binds strongly to α5β1, αV β5, and αV β3 and
weakly to α3β1, making it an attractive sequence for cartilage engineering studies.

Many different peptides have been investigated for their use in tissue engineering and drug
delivery applications. Peptide binding is associated with cellular integrins, so some sequences are
only useful for specific cell types. Besides RGD, other peptides that have known activities are:
KGD (αIIbβ3), PECAM (αV β3), KQAGDV (αIIbβ3), LDV (α4β1 and α4β7), YGYYGDALR and
FYFDLR (α2β1), and RLD/KRLDGS (αV β3 and αMβ2) [426,435,436]. Other sequences have also
shown functionality although researchers are still investigating the binding relationships involved in
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each case. Chondrocytes have shown a strong binding affinity for RGD, PECAM, YGYYGDALR,
FYFDLR, and RLD/KRLDGS with weak binding for KQAGDV and LDV [426].

Functional peptides are not restricted to a set number of amino acids. Long sequences corre-
sponding to specific attachment proteins have been used successfully to modify scaffold materials.
However, the key sequence (e.g., RGD) must be accessible to cellular integrins to allow binding.
Sequences such as GRGD [437], GRGDSP [438], and CGGNGEPRGDTYRAY [439] all use
the RGD sequence to facilitate cell binding, but the peptides are modeled on different proteins
(the latter is from bone sialoprotein). Shorter peptide sequences are often preferred because of their
versatility. For example, GRGD can be synthesized onto the end of hydrophilic linker chains that are
attached to an underlying bulk material, thereby allowing cell seeding on scaffolds that are otherwise
unattractive [437].

While most studies involving peptides have been conducted in monolayer, their use is not
restricted to two-dimensions. A number of researchers have been investigating how peptides can be
incorporated into three-dimensional scaffolds for use in tissue engineering [440–442]. Peptides can
be incorporated into hydrogel scaffolds or grafted onto the exposed surfaces of porous scaffolds. As
in monolayer, cells are expected to bind to available peptides, thereby altering cellular proliferation,
migration, and differentiation. Alginate modified with RGD has been shown to promote cell adhe-
sion, spreading, and chondrocytic differentiation [443]. However, alternative studies using adhesion
peptides and PEG hydrogels showed a reduction in proliferation and protein synthesis [444,445].
These discrepancies could be caused by differences in peptide densities, which are more difficult to
control in three-dimensions than in two-dimensions.

As with full proteins, micropatterning techniques can be applied using peptide sequences to
create specific designs on material surfaces [446–449]. These experiments typically focus on the
attachment properties of cells since only a small portion of the protein structure is actually present.
Integrin binding reactions can be investigated in a controlled environment using this experimental
setup. Additionally, micropatterning can be used to control the geometry of single cells, allowing
investigations of cytoskeletal structures. Interactions between different cell populations have also
been studied using monolayer micropatterning [450].Similar to protein stamping,peptide-patterned
regions allow cell attachment whereas the rest of the surface does not. Theoretically, if different
peptides are patterned in specific regions, then only cells expressing matching integrins will be able
to bind, creating a surface with segregated populations based on cell phenotype.This approach would
be interesting for co-culture experiments, assuming the populations are different enough to possess
distinct integrin profiles.

Micropatterning can control cell morphology by restricting the available surface binding sites.
Cell shape has been shown to influence whether a cell will proliferate, die, or differentiate [449]. For
some cell types, a spread/flat morphology promotes proliferation while a severely restricted, rounded
morphology promotes apoptosis and cell death. However, patterned surfaces that fall in between and
promote neither growth or death have been shown to induce cell differentiation [448]. This state is
different for each cell type and possibly each individual cell since peptide spacing would be largely
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dependent on cell size. If binding sites are distributed evenly across a surface at an average density,
then cells should spread, proliferate, and migrate on the material with ease. If high densities of
binding sites are placed in small areas, then a rounded morphology will result instead. Both systems
can be used to study different aspects of cell-biomaterial interactions.

Micropatterning is not limited to stamping peptides and proteins. It can also alter the to-
pography of a surface, which in turn, can affect cell attachment, proliferation, and gene/protein
expression [451]. By controlling how strongly a cell is bound to the surface, micropatterning affects
the migration and proliferation of attached cells. In general, rough surfaces at the sub-micron scale
allow for weak cell attachment but inhibit extensive spreading whereas smooth surfaces promote
strong attachment and spreading as well as proliferation and migration. Aligned topographies have
also been shown to affect cell morphology and differentiation [452].

3.4.3 CATABOLIC AND OTHER STRUCTURE MODIFYING FACTORS
While it is counterintuitive to apply catabolic factors to fabricate a piece of tissue, the enzyme
chondroitinase-ABC (C-ABC) has been applied to deplete GAG content to subsequently improve
biomechanical properties. C-ABC increased tensile properties of self-assembled articular cartilage
without compromising compressive properties as GAG levels return post-treatment [453]. Multiple
C-ABC treatments further increased tensile properties, reaching values of 3.4 and 1.4 MPa for the
tensile modulus and ultimate tensile strength, respectively [454]. C-ABC represents an exciting
method for engineering functional articular cartilage by departing from conventional anabolic ap-
proaches. Another structure modifying agent is lysyl oxidase, which acts to crosslink collagen [455].
Attempts to affect collagen crosslinking (and thus mechanical properties) have targeted this enzyme
with an inhibitor, beta- aminopropionitrile [456–458].

3.5 MECHANICAL STIMULATION

Bioreactors are a critical component for growing a mechanically functional tissue. For articular
cartilage,compressive, tensile,and frictional properties are of the utmost importance,as are the tissue’s
general wear characteristics, so an in vitro tissue engineering approach should focus on improving
these properties before implantation. Direct compression and, especially, hydrostatic pressure have
been shown to help stimulate the secretion of proteins that are necessary for compressive strength.
Low- and high-shear bioreactors also have shown promise in growing functional constructs, perhaps
due to the increased nutrient transfer during stimulation. While mentioned here, these bioreactors
are discussed in more detail in the next chapter.

3.6 CHAPTER CONCEPTS

• While the in vivo environment has been thought to contain all the necessary factors (though
not necessarily the cells) in effecting cartilage repair, in vitro tissue engineering is gaining
popularity due to the well-controlled environment it offers.
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• The use of cells, from differentiated chondrocytes to expanded cells and various adult and
embryonic stem cells, for in vitro cartilage tissue engineering seeks to improve upon or replace
the function of injured cartilage tissue.

• Desirable characteristics for cartilage repair scaffolds include biocompatibility, the capacity to
bear load, cell attachment, proliferation, and metabolism, and a degradation rate that matches
tissue formation.

• Scaffolds can come in several natural or synthetic forms.

• Natural scaffolds that have been studied for cartilage engineering include collagen, alginate,
agarose, chitosan, fibrin glue, hyaluronic acid-based materials, and reconstituted tissue matri-
ces.

• Synthetic materials include poly-glycolides, poly-lactides, poly-caprolactone, poly-ethylene
glycol, and many others.

• Natural and synthetic materials can be combined to form composite scaffolds, such as infil-
trating a fibrous mesh with a hydrogel to form one construct.

• Cartilage tissue engineering has also been attempted without the use of scaffolds in combina-
tion with biochemical and biomechanical stimuli.

• Self-assembly, a scaffoldless tissue engineering approach, has recently been demonstrated to
result in neocartilage of clinically relevant dimensions and with functional properties approach-
ing those of native tissue.

• Bioactive molecules can be soluble or tethered,with intended effects being anabolic or catabolic,
or even structural, in improving the functional properties of engineered cartilage.

• TGF-β, BMP, IGF, bFGF, and many other growth factors in their soluble forms have been
applied in different concentrations,dosage frequencies, and combinations to engineer cartilage.

• Proteins and peptide coatings and modifications have been used to improve chondrocyte
response to biomaterials. These include collagen, vitronectin, CMP, and many amino acid
sequences such as RGD.

• Micropatterning can apply proteins and peptides to effect phenotypical and morphological
changes in chondrocytes and other cells.
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C H A P T E R 4

Bioreactors
Articular cartilage is a mechanically-sensitive tissue that can respond favorably or unfavorably to
biomechanical stimuli.The results from experimental studies included in this section combine many
different approaches for enhancing cartilage regeneration. However, direct comparisons are difficult
due to the variety of cell sources, media cocktails, and general laboratory practices used from study
to study. In general, cell-seeded scaffolds, or “constructs,” are cultured in vitro to help produce a
neo-tissue that has sufficient mechanical and/or biochemical properties for implantation.

Although the precise signaling pathways involved in the mediation of mechanostimuli are
not completely understood, evidence suggests that certain types of forces are desirable for cartilage
synthesis and modeling. Under static conditions, chondrocytes synthesize a material that has poor
tissue organization [459]. Since static culture conditions appear to be inadequate, dynamic culture
conditions have been studied extensively for their beneficial effects on cartilage synthesis and orga-
nization. The creation of cartilaginous material in bioreactors has proven to be successful and is a
promising means to obtain reproducible tissue constructs [353,459]. In general, the composition,
morphology, and mechanical properties of cartilage synthesized in a bioreactor appear better than
cartilage grown under static conditions [460].

This section includes descriptions of past and current bioreactors used for stimulating cartilage
explants or engineered constructs (Figure 4.1). The categories included in this chapter’s review of
biomechanical stimulation include:

• Direct compression.

• Hydrostatic pressure.

• Shear bioreactors (surface/fluid-surface shearing, direct flow and fluid perfusion, low-shear
“microgravity” bioreactors).

• “Low-shear” systems (enhanced nutrient transport, “microgravity” bioreactors).

• Hybrid bioreactors incorporating multiple loading regimes.

4.1 DIRECT COMPRESSION
Compressive loading is a major component of normal mechanical stimulation within diarthrodial
joints. The points of contact between the femoral condyle and the tibial plateau (and intervening
menisci) cause compression within the cartilage tissue that is separate from other types of mechanical
stimulation. Studies focusing on direct compression typically use platens that physically touch the
construct surface. Static or dynamic loading with these devices mechanically deforms the sample.
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Figure 4.1: Low shear bioreactors (top), hydrostatic pressure (bottom, left), and direct compression
(bottom, right) bioreactors.

Direct compression has been used successfully to stimulate the chondrocytic phenotype of cells in
vitro. The mechanism for this positive response is not fully known. While the actual mechanical
stimulation is undoubtedly a major factor, enhanced nutrient transfer and removal of waste products
could also contribute to increases in cartilaginous matrix secretion.

Proteoglycan synthesis has often been used in studies as an indicator that a mechanical stimu-
lation is beneficial although some studies also use DNA synthesis, collagen synthesis, or mechanical
properties as gauges. Synthesis is not necessarily a measure of composition, though, and indicates
only which molecules are made and not whether they are integrated into the tissue. The incorpora-
tion of radioisotopes is another measure of macromolecule formation and is an indirect indication
of synthesis. Using the reported values of proteoglycan synthesis, a qualitative comparison can be
made among different loading regimens in different experiments.

The culturing procedure for direct compression is normally a two-step process; the cell-
seeded scaffold is left in medium under normal conditions and, subsequently, moved to a machine
for mechanical stimulation. Alternatively, a media perfusion setup can be implemented that removes
the need for manual feeding, allowing the samples to remain in the bioreactor for the study’s duration,
decreasing the possibility for contamination [461,462]. Since native cartilage responds negatively to
static loading, devices have often been designed to load a construct dynamically [463]. However, for
static loading, it has been postulated that it is not necessarily the mechanical load that is detrimental
but the limited diffusion of wastes and nutrients under such conditions, as well as possibly a decrease
in the local environment’s pH [464]. Whether this is the mechanism or not, static compression has
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been shown to inhibit matrix secretion [199,321,464–467]. Most studies cite limited mass transport
as the main problem with static loading.

Dynamic compression, in which the loading is cyclical, has been shown to a beneficial stimulus
when compared to static compression. Individual experiments have used a variety of methods and
devices to apply compression, and the results for these studies vary widely, even under the same
testing conditions. The main parameters that should be considered for dynamic compression are
the frequency of the applied load, the duty cycle, the strain or force used, and the duration of the
experiment. Past studies have looked at frequencies ranging from 0.0001 to 3 Hz, strains from 0.1
to 25%, loads from 0.1 to 24 MPa, and durations lasting hours to weeks [199,322,465,468–477].
Some researchers have been constrained in their range of parameters by equipment capabilities; for
example, many older devices were unable to produce frequencies above 0.1 Hz. Others problems can
exist, such as lift-off of the compression platen from the cartilage sample, making the actual applied
strain difficult to measure. Despite these limitations, many informative results have been obtained
using a variety of approaches. The combined results give a good view of the benefits of dynamic
compression for a wide range of loads and frequencies.

Dynamic, direct compression applied to cartilage explants and/or cell-seeded constructs can
induce increases in proteoglycan and collagen synthesis, as well as more robust mechanical proper-
ties. Past studies showed that dynamic loading increased 35S-sulfate and 3H-proline incorporation,
indicators of proteoglycan and collagen synthesis, respectively, by 15-40% [465,470]. More dramatic
results were obtained when dynamic compression was applied in conjunction with a growth factor.
For example, proteoglycan and collagen synthesis was increased 180% and 290%, respectively, when
the growth factor IGF-I was included during a 0.1 Hz, 3% compression regimen [199]. However,
chondrocytes in the tissue were shown to respond differently based on their depth in the tissue. Cells
from the deep zone of cartilage explants produced 50% more GAG than static controls under a 1 Hz,
15% strain stimulation, while superficial cells had no significant change. Superficial cells, though,
had 40% more 3H-thymidine incorporation than controls, this time with deep cells having no sig-
nificant change [469]. Direct compression can also affect the magnitude of the aggregate modulus,
likely caused by the accumulation of matrix molecules. One such study used a simple, peak-to-peak
compressive strain amplitude of 10% at a frequency of 1 Hz with three consecutive 1 hour on/1 hour
off cycles per day, 5 days per week for 4 weeks [322]. Using this setup, GAG composition was 33%
higher than free-swelling controls. Furthermore, the aggregate modulus was recorded as 100 kPa
which is on the same order of magnitude as native articular cartilage (500-800 kPa) [50] after only
a month in culture.

Recent studies using dynamic direct compression and TGF-β3 have attained physiolog-
ical levels for mechanical properties (HA = 1.3 MPa) and proteoglycan concentrations (8.7% wet
weight) [478].Additionally, these characteristics seem to be uniform throughout the constructs [479].
The latest approaches to direct compression culture take advantage of the synergistic effects between
physical and biochemical stimuli, with attention paid to the timing of the application [480–482]. For
example, the physiological levels previously mentioned were attained using growth factor treatment
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for a period of two weeks, followed by dynamic compression for four weeks. The applied strain
amplitude was also gradually decreased as matrix was accumulated in the construct. Future work
should incorporate knowledge of these time-dependent aspects of the cell response to accelerate the
creation of a functional tissue engineered construct.

Mass transfer conditions for a construct under direct compression are slightly better than
under static culture. As with other culture systems, construct thickness is limited by the diffusional
properties associated with porous scaffolds. Dynamic compression helps alleviate these diffusion
limitations through pressure gradients within the construct as well as a secondary mixing effect
on the surrounding media. The cells still receive their nutrients through diffusion from the culture
media, but transport during compression is enhanced by a dynamic pressure gradient created at
the construct’s surface [483]. Compression of the scaffold creates a higher hydrostatic pressure at
the center of the construct than at the surface, which causes variation in fluid velocities within
the construct as the applied load changes. While diffusion of smaller molecules is not affected by
the pressure differences created within the scaffold, the movement of larger macromolecules might
be hindered [464]. However, recent work has shown that dynamic compression might have the
capability to increase the concentration of large solutes within the construct by way of convective
transport [484].

4.2 HYDROSTATIC PRESSURE

Chondrocytes in articular cartilage experience hydrostatic pressure during compressive loading of the
tissue. The solid matrix of cartilage has a small effective pore size, preventing the rapid flow of fluid
out of the cartilage and into the joint space. Therefore, pressure within the tissue cyclically increases
during each instance of compressive loading. While it has been shown that this fluid pressurization
has a critical role in bearing loads and decreasing surface friction, the effect on chondrocytes within
the tissue is less clear. The synovial fluid within the joint capsule transmits pressure to the water
trapped within the cartilage’s matrix, producing a uniform load on chondrocytes in the tissue. Under
physiological levels of hydrostatic pressure (7-10 MPa) [35,485], cartilage is incompressible, resulting
in minimal tissue deformation [486]. Loading in this manner is relatively safe for the structural
integrity of the tissue since it is a pure hydrostatic pressure that does not stretch or shear the tissue
matrix. Early attempts at hydrostatic stimulation used very low pressure changes in a gas phase [487,
488], whose effects may be questionable since the fluid phase may experience no pressure change
at all; more recent experiments pressurize the fluid itself which allows much higher magnitudes.
Application of hydrostatic pressure has thus far resulted in tissue engineered constructs with aggregate
modulus values approaching 300 kPa [386], and its combination with growth factors has shown both
additive and synergistic effects in improving construct properties [390].

As with direct compression stimulation, researchers can use either a two-step process for
culturing (alternating hydrostatic pressure and non-loaded culture conditions) [489–492] or incor-
porate a continuous media perfusion approach to minimize handling. For the former, samples are
cultured primarily in control, non-loaded conditions but, at prescribed times, are moved to a hydro-
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static chamber to undergo loading at the researcher’s discretion. This process is repeated throughout
the culturing period. The second option incorporates a media perfusion system into a hydrostatic
pressure device [493, 494]. This approach has several advantages over the two-step process. The
samples do not have to be moved as much, which reduces the possibility of contamination, and the
process can be automated to run for long periods of time without any need for human manipula-
tion. Mass transfer is still limited in this setup since fresh media cannot enter the chamber during
pressurization [495], but pressurization cycles are usually short enough that this break in perfusion
does not affect the nutrient levels significantly.

Constant hydrostatic pressure applied for long periods has been shown to have a negative
impact on matrix secretions and cell viability [492,496,497]. As seen with other mechanical stimuli,
static loads over long periods are not usually beneficial to tissue formation. Even low frequency
loading can induce a negative response. Application of a 0.0167 Hz stimulus inhibited sulfate
incorporation over short and long durations [492]. It is possible that low frequency stimulation is
experienced by cells in a similar manner to static loading. However, a number of studies have also
shown positive effects from constant hydrostatic pressure applied for short durations. An increase of
32% in glycosaminoglycan synthesis was observed when a constant pressure of 10 MPa was applied to
a high density chondrocyte monolayer for four hours [489]. Recent studies using static pressurization
have achieved physiological levels of mechanical and biochemical properties for tissue engineered
cartilage constructs [386,390]. Young bovine chondrocytes formed using the self-assembly process
were exposed to 10 MPa of pressure for 1 hr/day for five days, starting at day 10 of a 28 day study.
The aggregate and Young’s moduli of the constructs were 0.273 and 1.6 MPa, respectively, and
glycosaminoglycan and collagen compositions were 6.1% and 10.6% (wet weight), respectively [386].

It has been shown that a window of pressures and frequencies exists between 0.1 and 15 MPa
and 0.05 and 1 Hz,respectively, that produces positive results when culturing chondrocytes [489–491,
493,494,498,499]. If hydrostatic pressure exceeds the physiological range,negative changes can occur
in the cell, such as decreased matrix synthesis and increased expression of inflammatory cytokines and
heat shock proteins [496,497,499–504]. High-density chondrocyte monolayers exposed to 10 MPa
at 1 Hz for 4 hours a day showed a nine-fold increase in type II collagen mRNA, a 20-fold increase in
aggrecan mRNA, and a 65% increase in GAG synthesis [489,490]. In cell-seeded scaffolds exposed
to a 3.5 MPa, intermittent force (5/15 s on/off for 20 min every 4 hr), concentrations of sulfated
proteoglycans were twice as high as controls [493]. While intermittent hydrostatic pressure, which
mimics physiological conditions (often 1 Hz), has been shown to be beneficial, studies are now
emerging where statically applied hydrostatic pressure can also increase construct properties. For
example, when comparing the effects of 1, 5, and 10 MPa under static, 0.1 Hz, and 1 Hz conditions,
it was found that 10 MPa static HP significantly increased both construct compressive and tensile
properties while 10 MPa, 1 Hz treatment only resulted in a significant increase in compressive
properties [390].

Not all studies using dynamic hydrostatic pressure induce an increase in the expression of
extracellular matrix molecules. In two studies using a 345 kPa, 5/30-sec on/off regimen, sulfated
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GAG and collagen secretions decreased when compared to non-loaded controls [493,494]. Hydro-
static pressure has also been shown to increase apoptosis in osteoarthritic chondrocytes [505], as well
as cells not surrounded by a pericellular matrix [504]. A protective matrix might be critical to the
success of cells exposed to dynamic hydrostatic pressure. Stem cells differentiated in this environ-
ment show a rapid accumulation of pericellular matrix in comparison to non-loaded controls [506].
Furthermore, chondrocytic gene expression was enhanced, as was cell viability. Early time points
typically show negative results whereas longer culturing times reverse that trend [494,495]. For ex-
ample, cartilage explants exposed to intermittent pressure showed inhibited proteoglycan synthesis
during early loading periods but increased synthesis after 20 hours of loading [492]. This response
could be due to a lack of a pericellular matrix in early cultures and the subsequent formation of the
surrounding tissue over time.

Many of the variations in studies with hydrostatic pressure can be attributed to donor variabil-
ity, animal source, and topographical location in the joint [499]. Significant differences in marker
incorporation rates can exist among donors and across species. The topographical region of the ex-
cised tissue can also affect results because of the varying composition of zonal chondrocytes.However,
when combined these results indicate that hydrostatic pressure is important to the maintenance of
a chondrocytic phenotype, especially when cells are grown in a three-dimensional environment.

Positive effects have been observed when the culturing conditions of the cells under hydro-
static pressure are modified to alter metabolic activity. Culturing cells in a low concentration of 1%
fetal bovine serum at 10 MPa and 1 Hz increased aggrecan expression by 31% and type II colla-
gen expression by 36% [489]. Several recent studies have investigated the effect of oxygen tension
on growth and differentiation of chondrocytes. Alterations in pressure can change the amount of
oxygen dissolved in the culture media. Many gasses dissolve more readily at high pressures, so the
environment in a hydrostatic chamber has to be carefully controlled. Hydrostatic pressure chambers
use either a gas or liquid interface to transmit the load to the cultured cell. Both types of devices
have advantages and disadvantages. A pure-liquid hydrostatic chamber is the simplest option for
keeping dissolved gasses at a known level, and this is the most typical setup currently used. How-
ever, chambers using both gas and liquid phases are able to vary the partial pressures present within
the culture media. Studies have shown that sulfate incorporation is maximized under atmospheric
concentrations (PO2=21%), but proteoglycan aggregation is maximized at reduced concentrations
(PO2=3-5%) [507]. Reduced PO2 also stimulates chondrocyte proliferation and type II collagen
secretion when using a 30/2-minute on/off loading regimen [491,498].

Hydrostatic pressure stimulates the chondrocytic phenotype of cells grown in vitro. Primary
chondrocytes that are expanded in monolayer rapidly lose the chondrocytic phenotype [96].However,
stimulation with hydrostatic pressure can help recover the proper expression profile associated with
these cells [508–510]. For example, dedifferentiated chondrocytes cultured as cell pellets under a
5 MPa, 0.5 Hz pressure regimen showed a 5-fold increase in aggrecan gene expression and a 4-
fold increase in type II collagen gene expression when compared to non-loaded controls [510]. In a
separate study, synthesis of chondrocytic proteins was significantly increased for dedifferentiated cells
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exposed to intermittent hydrostatic pressure [509]. In addition to the biochemical and phenotypical
effects,hydrostatic pressure has been shown to influence mechanical properties critical to the function
of cartilage constructs. At the counterintuitive frequency of 0 Hz (i.e., static), 10 MPa, applied for
1 hour on days 10-14 of a 4 week culture, was shown to significantly increase aggregate modulus
values by 1.4-fold. This regimen also affected functional properties that seem to be difficult to
improve upon, namely tensile modulus and strength along with corresponding collagen content,
which increased over 2-fold [386]. Hydrostatic pressure has also been shown to act synergistically
with growth factors. A combination of 10 MPa static hydrostatic pressure, applied for 1 hour a day
for 5 days, and 30 ng/ml TGF-β1 had an additive effect on the mechanical properties, increasing the
aggregate modulus by 164% and the Young’s modulus by 231%, approaching 300 kPa and 2 MPa,
respectively. Additionally, the combined treatment had a synergistic effect on collagen content,
increasing it by 173% [390].

Since hydrostatic pressure appears to have a positive effect on the chondrocytic phenotype
of cells, recent efforts have used it to help stimulate chondrogenic differentiation in adult stem
cells [506,511–516]. Gene and protein expressions for synovium-derived mesenchymal stem cells
were enhanced by intermittent pressurization, showing upregulation of proteoglycan core protein,
type II collagen, and SOX-9 [514]. Adipose-derived stem cells expressed a chondrocytic phenotype
under hydrostatic pressure and accumulated a pericellular matrix more rapidly than non-loaded
controls [506]. A variety of hydrostatic pressure regimens had chondrogenic effects on bone marrow-
derived mesenchymal stem cells [511–513, 515]. Furthermore, synergistic effects between growth
factors such as TGF-β3 and hydrostatic pressure have been observed for adult stem cells [513]. The
loading regimen still plays an important role, though. Low magnitude stimulation has been found
to favor SOX-9 and aggrecan expression, whereas high magnitudes favor type II collagen expression
and synthesis [512]. These findings might help in determining a more complex loading regimen
that targets certain gene expressions at set times.

As with other mechanical stimuli, hydrostatic pressure might assist in organizing cartilage
matrix molecules into a more functional structure. Past work has shown that chondrocytes cultured
with exogenous chondroitin sulfate formed an abundant cell-associated matrix when exposed to cyclic
pressure. Control samples did not incorporate as much chondroitin sulfate and had a less organized
matrix when examined by transmission electron microscopy [517]. Self-assembling chondrocyte
cultures exhibited higher protein synthesis levels under intermittent pressurization and also showed
formation of lacunae surrounding the cells [312]. This structure is similar to that seen in native
cartilage and could be critical to the protection of cells in a mechanically-loaded tissue.

4.3 SHEAR BIOREACTORS

Four general categories of shear bioreactors have been investigated for tissue engineering studies.
The first is a solid-on-solid, contact shear that attempts to replicate the physiological situation where
cartilage rubs against either cartilage or meniscus.The second type, fluid shear, focuses on using fluid
flow as a source of shear for monolayer cell populations or cell-seeded constructs and is hypothesized
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to increase nutrient and waste transfer to increase cell metabolism during culture. The third type of
shear, direct fluid perfusion, is a stimulus that has less connection to the physiological conditions in
normal joint motion but, instead, was developed primarily to facilitate nutrient transfer through the
bulk of a three-dimensional scaffold.The last category, utilizing low shear “microgravity” bioreactors,
applies minimal loading to constructs floating in a fluid environment that has flow characteristics
that greatly enhance mass transfer to and from the cells.

4.3.1 CONTACT SHEAR
Shear loading is one of several physiological condition that provides mechanical stimulation in
normal joint function. While solid-on-solid shearing is minimal because of fluid pressurization in
cartilage [7], small amounts of contact shear still exist. The rubbing of two solid materials can have
elements of compression and tension that affect the response of cells within the tissue. Bioreactors
that replicate this form of mechanical stimulation often are attempting to induce cells to synthesize
cartilaginous matrix molecules, as well as trying to create a surface that has frictional properties more
akin to the native tissue. As yet, only a few instances of “contact shear” bioreactors have been reported
in the literature, likely due to the non-uniform stimulation that is applied through the depth of a
sheared construct. Future studies might begin to incorporate contact shear stimulus as a later-stage
stimulus once significant matrix has already been deposited in the construct.

Shear bioreactors can be designed to apply translational or rotational strains. In translational
shear devices, the construct typically remains fixed to the bottom surface while the top surface
moves along one axis [518, 519]. Rotational shear devices apply a small amount of compressive
strain and then rotate around the z-axis to produce strains in the construct [520–522]. This is the
same motion as used for torsion tests or rheometry although for purposes of stimulation rather than
characterization. Alternatives to these traditional approaches do exist, one of which tries to replicate
the physiological mechanical environment with a loading shaft that rolls across the tops of fixed
constructs, applying a low level of frictional shear (0.5 N normal force) in a cyclic manner [389].

As with direct compression and hydrostatic pressure, dynamically applied shear strains showed
more promising results than static conditions. Dynamic shear of 2% at 1 Hz produced constructs
with 40% more collagen, 25% more proteoglycan, and 6-fold higher equilibrium modulus [519].
Interestingly, loading duration was minimal – only 6 minutes of shear every other day produced these
increases after four weeks. Another research group showed that dynamic shear of 1-3% at 0.01-1 Hz
could increase protein synthesis 50% and proteoglycan synthesis 25% [522]. The addition of IGF-I
to cultures undergoing shear was found to have a synergistic effect on protein and proteoglycan
synthesis that was independent of any improvement of convective diffusion [521]. Applying an
interface motion i.e., frictional shear) to cell-seeded scaffolds has been shown to increase cartilage
oligomeric matrix protein expression [518]. Future research will investigate the role contact shear
has on matrix organization through the depth of engineered constructs.
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4.3.2 FLUID SHEAR
While the application of fluid shear forces is more typically associated with vascular tissue engineer-
ing, it has been hypothesized that individual chondrocytes might sense shear forces as fluid flows
in and out of the solid matrix during compression. Cone viscometers have been used extensively to
understand the effects of shear on chondrocyte monolayers. More recent work has focused on using
high-shear fluid devices as stimulatory bioreactors or solely as seeding apparatuses.

One of the simplest “bioreactors” is the spinner flask, which uses an impeller to mix oxygen
and nutrients throughout the media. Cell-seeded scaffolds are fixed firmly inside the flask away from
the impeller. The samples benefit from increased nutrient and waste transfer, as well as experience
controllable levels of shear. The container shape and mixing rate can both affect the shear patterns
throughout the culture environment, leading some groups to investigate close alternatives to the
spinner flask, such as the wavy-walled bioreactor [523,524]. In all of these fluid shear bioreactors,
cells can either be seeded onto scaffolds before they are inserted into the flask or inoculated directly
into the media, gradually attaching to scaffolds already in the flask [525]. Much work has gone
into optimizing cell seeding of scaffolds using this technique, which will be discussed later in this
chapter. Another variation of the mechanically-stirred environment is the orbital shaker/rotating
plate, which can slowly mix media in a culture without much turbulence [526].

Cell-seeded scaffolds cultured in spinner flasks have shown both positive and negative results,
depending on the level of shear seen by the cells. In one study, cartilage constructs from fluid-
sheared cultures (at 50 rpm) were more regular in shape and contained up to 70% more cells,
60% more sulfated glycosaminoglycan, and 125% more total collagen [527]. The increase in matrix
constituents is likely due to the larger number of cells in the constructs compared to controls. While
the improved matrix composition is a plus, there are also undesirable side effects associated with
high shear systems. Cell damage has been observed at 150-300 rpm in microcarrier cultures [528],
and although there is no apparent physical cell damage at 50 rpm, a fibrous capsule does form on
the construct surface [527]. While fibrous encapsulation does occur in most systems because of
increased nutrient availability at the construct surface, its presence could also indicate a protective
response to shear forces. The local shear force experienced by the cells is produced by eddies created
by the turbulent flow of the impeller. Cell flattening, proliferation, and formation of an outer capsule
is caused by the pressure and velocity fluctuations associated with turbulent mixing [527]. Other
experiments have also seen increases in total collagen content for constructs cultured in spinner
flasks [529]. However, a large percentage is likely type I collagen since that is what composes the
capsule surrounding the construct. The mixing rate has a limited effect on the amount of proteins
secreted by cells but does affect what types of proteins are made and whether they are incorporated
into the construct.Cell-seeded scaffolds exposed to any intensity of mixing (80-160 rpm) synthesized
more collagen and GAG than controls but actually retained lower fractions of GAG within the
scaffold [523]. This loss of GAG from the construct is caused by the continual convective flow in
the spinner flask.
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Spinner flasks and other impeller-based bioreactors are popular because they increase the
mass transfer rate to the cells. However, forming hyaline tissue via an impeller bioreactor is difficult.
Non-uniform mass transfer rates, nutrient and pH gradients, and shear gradients, which cause a non-
uniform mechanical stimulus over the sample, all contribute to inferior tissue formation compared to
other bioreactors [354]. Shear force at the surface of the impeller is ten times higher than anywhere
else within the bioreactor [530]. Because of this, samples closer to the impeller could experience
injurious levels of shear while samples further away might not be stimulated at all. If positioned
correctly, fibrous capsulation of the construct will be minimal, and the cells will still benefit from
enhanced nutrient transfer. However, low mixing rates or large distances from the shear source
could decrease mass transfer, creating a stagnant environment with increased pH caused by lessened
mixing. For successful use of a stirring bioreactor, a balance has to be obtained between the level of
shear force and the extent of nutrient and oxygen transfer in the media.

Some of the limitations mentioned above have been remedied by modifying the fluid shear
devices to lessen the magnitude of shear and create a more homogenous flow environment.The cone
viscometer, which consists of a small-angled cone that rotates in media above a flat surface seeded
with cells, can achieve a uniform shear distribution with values ranging from 10−3 to 10 Pa [531].
This type of device has been attractive to researchers because it can apply a laminar shear force at a
constant, controllable level. High-density chondrocyte monolayers exposed to a 1.6 Pa shear force
showed a 2-fold increase in GAG synthesis but also a 10- to 20-fold increase in prostaglandin E2

release and 9-fold increase in tissue inhibitor of metalloproteinase mRNA, both of which indicate
an inflammatory response to the fluid shear [252]. Additionally, interleukin-6 and nitric oxide levels,
which are reliable indicators of osteoarthritis, increased due to this type of mechanical stimulation,
and chondrocytic gene expression (aggrecan, type II collagen) decreased significantly [532, 533].
These results show that fluid shear, at least when applied to chondrocytes not in a scaffold, might
not be beneficial to chondrogenesis.

Mechanically stirred bioreactors might not be optimal for growing hyaline cartilage, but they
do function well for attaching cells to fibrous mesh scaffolds. Spinner flasks are one of the most
efficient cell-seeding techniques when using pre-formed scaffolds [525]. Mixing provides for rapid,
high yield attachment and a more uniform distribution of cells throughout the scaffold, as well as
inducing better overall matrix production in the construct. Static seeding results in cells located
primarily in the lower half of the construct while dynamic seeding distributes cells more evenly
throughout the scaffold [529]. If the scaffold material is coated with protein (fibronectin, collagen,
etc.), then dynamic seeding can produce an even higher yield of attachment as well as increasing
migration of the cells into the scaffold [423]. Successful tissue engineering results rely heavily on
well-seeded scaffolds, and dynamic seeding provides a relatively simple approach for obtaining high
cell density constructs. However, some polymers, like hydrogels, do not need to be seeded in this
manner and can be distributed evenly at high densities without the use of a mechanically stirred
bioreactor.
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4.3.3 PERFUSION BIOREACTORS
An alternative type of shear bioreactor is one that incorporates fluid perfusion. Devices using this
approach are designed to continuously flow media either around or through (direct flow perfusion)
a porous scaffold populated by cells. The fluid flow can be controlled to apply a range of shear forces
while enhancing the availability of nutrients continually during culture. Direct perfusion systems
have been used extensively for bone tissue engineering applications, and experiments conducted for
cartilage appear promising.

One of the simplest approaches to fluid perfusion is to flow media steadily though a chamber
containing cells or cell-seeded scaffolds. Some bioreactors use this type of perfusion to feed the
cells continuously while applying other mechanical stimuli like direct compression or hydrostatic
pressure. Perfusion bioreactors can have both positive and negative effects on tissue growth. In one
experiment, engineered cartilage constructs in static culture accumulated 300% more sulfated gly-
cosaminoglycans, incorporated 180% more 35S-sulfate, and expressed aggrecan and type II collagen
350% and 240% greater, respectively, than perfused constructs [534]. This result could be caused
by a loss of newly synthesized matrix molecules to convective flow, which is not present in static
conditions. Culture time can also affect the overall response of constructs to direct perfusion. Gly-
cosaminoglycan synthesis and retention are inhibited at early time points. However, with extended
culture, matrix accumulates in the scaffold and total proteoglycan amounts are greater than non-
perfused controls [535]. Another experiment showed that continuous media perfusion to a culture
dish can increase matrix production 50-70%, similar to “through-thickness” perfusion experiments,
which are discussed below [536].This increase in synthesis could be caused by improved mass trans-
port or shear force stimulation. However, if the cells are shielded from the surrounding flow, then
the sole effect is increased nutrient availability. Experiments using this setup have been used for
growing cartilaginous tissue. For example, agarose-encapsulated scaffolds placed in a chamber with
continuous media perfusion provided cells with nutrients via diffusion, similar to the physiological
environment, but also shielded them from shear forces [537]. High flow rates allow for high nutrient
concentrations, but the drawback is increased shear forces that might produce a negative cell response
as discussed previously. The next section will discuss bioreactors that use this perfusion approach in
“low-flow” systems designed to enhance nutrient transfer without any mechanical stimulation.

For three-dimensional constructs, a bioreactor that forces media through the scaffold gives
the most thickness-independent results. This type of system is called a direct perfusion bioreactor.
Cells throughout the construct experience fluid shear as media moves through the scaffold structure.
In response to this stimulation, cells secrete extracellular matrix. It should be noted, however, that
the matrix molecules resulting from this shear effect are not necessarily those characterizing hyaline
cartilage. As seen in previous experiments with high shear, fibrous matrix composed of type I collagen
can dominate the construct.

Direct perfusion bioreactors also effectively align cells in the direction of flow, which can be
advantageous when producing a tissue with specific cellular orientations like articular cartilage [538].
However, not all cells in articular cartilage are aligned in the same direction, so this effect may or
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may not be advantageous for creating a similar structure to the native tissue. Variations exist in
direct perfusion designs, but one commonality is a tight fit between the scaffold and walls of the
media chamber. If the scaffold has space around it, less fluid is forced through the pores and uniform
mechanical effects are not achieved. Basically, the chamber becomes a perfusion system and not a
direct perfusion system. A major benefit of this bioreactor is the continuous influx of fresh media to
cells through the thickness of a scaffold. Additionally, perfusion removes the need for manual media
changes, decreasing labor and reducing the risk of contamination.

Modifications can be made to direct perfusion bioreactors to alter the growth environment
of the samples. For example, media that has run through the system can easily be mixed in various
proportions with fresh media. Recycling some of the culture media keeps beneficial proteins secreted
endogenously by the cells i.e., growth factors, matrix molecules) in the system. Another possible
modification to the system involves controlling gas concentrations in the fluid. By adjusting the
oxygen content of the media, researchers can vary the concentration exposed to the cells [539]. If
the tissue becomes denser, more oxygen and nutrients can be added to compensate for the increased
oxygen usage. Experiments with variable levels of oxygen tension can also be easily controlled in a
perfusion system.

Direct perfusion of tissue engineered constructs can affect cell proliferation and viability,
matrix secretion, and tissue uniformity. Direct perfusion bioreactors with limited levels of shear
(< 0.01 Pa) can stimulate cell proliferation and increase the production of proteoglycans and colla-
gen [540,541]. Cell-seeded scaffolds cultured in a direct perfusion bioreactor running at 1 μm/sec
(flow rate of 7.6 μL/min) for four weeks showed an increase of 184% in glycosaminoglycans, 155%
in 3H-proline incorporation, and 118% in DNA content [538]. These increases are promising al-
though secreted molecules associated with injury response were not measured. Another research
group looked at applying direct perfusion at a higher linear velocity of 10.9 μm/sec (flow rate of
50 μL/min) [459]. The resulting constructs were composed of 25% (dry weight) glycosaminogly-
cans and 15% (dry weight) type II collagen (the balance being non-degraded polymer). While the
collagen composition is still significantly lower than native cartilage levels (50-73%), the absence of
type I collagen indicates that direct perfusion might be a possible option for growing hyaline car-
tilage. Unfortunately, tissue growth in the scaffold was non-uniform, with more matrix deposition
observed for the scaffold side facing fluid flow. Increasing the flow rate could mediate this problem
since the energy of the fluid flow dissipates as it passes through the scaffold, stimulating cells less as
it progresses through the scaffold. However, increased shear is likely to affect the cells at the surface
negatively. Finding a balance between complete perfusion and low shear forces is necessary if direct
perfusion bioreactors are to be used for cartilage tissue engineering. Rotating bioreactors, discussed
later in this chapter, are a possible solution to this problem.

Significant problems exist with using direct perfusion bioreactors for cartilage engineering.
One is that cellular secretions are non-uniform through the thickness of the construct. Since fluid
flows from one side of a scaffold to the other, the front surface experiences greater mechanical stress
due to the oncoming flow. Conversely, the back surface only experiences the shear stress inside its
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pore structure and not on its face.This flow environment results in a construct that has a thick matrix
layer on one side and minimal matrix on the other. Additionally, matrix secretion in the bulk of the
scaffold is non-uniform since the energy associated with fluid flow either dissipates or concentrates in
regions according to the scaffold structure. Another problem is the induction of molecules associated
with injury response rather than matrix formation. Studies have shown that shear levels as low as
0.092 Pa (0.92 dyne/cm2) can have adverse effect on cells [542]. While chondrocytes are considered
robust when exposed to mechanical stress, studies have shown that turbulent flow can produce a
negative effect even on chondrocytes [527–529].The cells might not die, but their protein secretions
do become phenotypically altered, resulting in a deposited matrix that is mechanically inferior to
native cartilage. In this case, chondrocytes produce a thick, fibrous matrix composed mainly of
type I collagen that effectively isolates the cells from the turbulent flow [543]. High-shear direct
perfusion devices induce a fibrous response similar to the capsule formed in some spinner flask
cultures, although it is usually restricted to one side of the construct.

4.3.4 “LOW-SHEAR” BIOREACTORS
Flow-based bioreactors are attractive systems for tissue engineering because they improve mass
transfer rates, effectively increasing nutrient concentrations and decreasing waste levels in the culture
environment. While high-shear perfusion can successfully stimulate matrix production, the resulting
tissue is typically fibrous in nature rather than hyaline.Slower fluid flow rates are hypothesized to have
a general stimulatory effect on matrix synthesis while still allowing cells to express a chondrocytic
phenotype. This is the premise behind low-shear, rotating bioreactors.

Some of the most successful literature reports for cartilage bioreactors come from a modified
version of the clinostat, which was first described in 1872 by Julius von Sachs [544]. Its modern day
representation, the rotating wall bioreactor, provides a culture environment in which constructs are
continuously suspended in media. Sometimes described as a “microgravity” environment, this device
was developed by researchers to investigate the effect of free-fall on cell and tissue growth [545].
Within the past decade, rotating bioreactors have found success as a low-shear, high diffusion biore-
actor for many cell types. The ability of perfusion bioreactors to provide nutrient-rich environments
for cells in a stimulatory environment was carried over into the design of this more sophisticated
device. The original design is comprised of a media-filled, cylindrical vessel that rotates around
a central axis (also capable of rotation) at 15-30 rpm, which keeps constructs or cells floating in
suspension. Rotation speed has to be adjusted throughout the culture period to balance any gravity
effects on the samples. Gas exchange occurs through a gas permeable membrane that forms a hollow,
inner cylinder. Dynamic laminar flow in rotating bioreactors provides efficient oxygen supply and
allows newly synthesized macromolecules to be retained in the developing constructs [546]. Later
versions of the rotating bioreactor have modified the shape of the vessel and the mechanism for gas
and media perfusion. The culture environment present in rotating bioreactors make it attractive for
not only tissue engineering studies, but also more basic studies focusing on cartilage healing and
cell aggregation [547, 548]. The major difference between rotating bioreactors and past perfusion
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systems was a reduction in shear force, since high or even moderate levels of shear are undesirable
in the formation of hyaline cartilage. A rotating fluid environment was found to be the best way to
produce a low-shear, high-mass transfer bioreactor [460,549–552].

The rotating bioreactor is capable of adjusting shear levels associated with fluid/construct
interaction because of its unique design. Shear forces can induce either positive or negative responses
from cultured cells, and a threshold level of 0.092 Pa seems to demarcate that point for rotating
bioreactor systems [542]. Constructs cultured in this environment remain suspended in the media
by two forces: gravity and fluid flow. Samples ‘fall’ through the media while rotating fluid flow acts in
the upward direction, keeping the samples suspended but also exerting a slight shear force. Altering
the rotation rate of the vessel can effect different flow lines and shear environments around the
sample. Low-shear environments are typically produced by slowly rotating both the inner and outer
cylinders at nearly the same rate. Initial experiments used cell-seeded microcarriers to investigate
the effect of “microgravity” on cell growth and development [542,552,553]. Over time in culture,
the microcarriers slowly aggregated to form larger cell-matrix constructs [543, 554]. Subsequent
experiments with larger constructs showed that the samples tended to remain near the ends of the
media chamber, not distributing as widely as smaller particles. Because of this, newer versions of the
rotating bioreactor (Synthecon, Inc.) have altered the aspect ratio of the media chamber, producing
an environment more conducive to culturing large constructs [554]. The culture environment is not
ideal, though, since the flow patterns inside the bioreactor tend to slowly tumble large constructs
through the media; an action that introduces higher shear levels caused by turbulent fluid motion
across the construct surface [553]. Small-amplitude, long-period oscillations in the fluid-wake at
this interface may be the source of mechanical stimuli felt by the cells [549]. Additionally, the
magnitude and direction of shear on the construct constantly changes,which might be good (dynamic
mechanical stimulus) or bad (un-definable forces). The stress exerted on a construct in a bioreactor
rotating at 19 rpm was calculated to be ∼0.15 Pa (1.5 dyne/cm2) [549], which is significantly higher
than the shear level of ∼0.0005 Pa (0.005 dyne/cm2) measured for microcarrier beads in the same
environment [552]. However, this shear stress is still significantly lower than many other fluid flow
bioreactors.

Published results show wide use of rotating bioreactors for cartilage tissue engineering. Past
findings have shown that rotating bioreactors produce higher fractions of glycosaminoglycans and
collagen than mixed flasks or static culture [353,551]. Constructs cultured for six weeks produced tis-
sue that had glycosaminoglycan and total collagen compositions that were 68% and 33%, respectively,
of native cartilage levels [353]. Similar results were obtained in a subsequent study, with engineered
constructs accumulating 75% of native glycosaminoglycan and 39% of native type II collagen compo-
sitions [551]. Additionally, extending culture to seven months increased glycosaminoglycan content
beyond physiological levels although collagen remained at 39%. The accumulation of matrix also
affected the mechanical properties, with equilibrium moduli (950 kPa) and hydraulic permeability
(5 × 10−15 m4/N-s) reaching values comparable to healthy cartilage.
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Improvements to the engineered tissue are not limited to increased matrix production. The
morphology of the constructs shows more uniform deposition of matrix than in other bioreac-
tors [353,550]. Collagen and proteoglycan accumulation occurs in both the peripheral and central
regions of the scaffold, and fibrous encapsulation is minimal or even non-existent [555]. These re-
sults indicate that oxygen and nutrients reach the construct center in sufficient amounts, which is
important for growing large tissues. While low oxygen concentrations are more representative of
the physiological environment in articular cartilage, anaerobic conditions have been shown to cause
poor matrix production [556,557]. The mass transfer enhancements of the rotating bioreactor are,
therefore, critical to its success. Oxygen and nutrients move further into the scaffold, facilitating the
growth of constructs as thick as 5 mm after 40 days of in vitro culture [353]. The culture system has
also been shown to increase cell proliferation/viability and decrease nitric oxide production, both of
which indicate a good growth environment [558].

Bioreactors for cartilage tissue engineering should provide an environment that is conducive
to retaining the chondrocytic phenotype. A number of studies have investigated rotating bioreactors,
or modified versions of these devices, for their capability to re-differentiate chondrocytes that have
non-ideal expression patterns [559–562]. De-differentiated chondrocytes transfected with BMP-2
were cultured in a “rotating shaft” bioreactor to induce chondrogenic changes in gene and protein
expressions, as well as stimulate rapid matrix accumulation [559]. Results in static culture were
inferior to those in the bioreactor as were results using non-transfected cells. This indicates that a
synergistic relationship exists between biochemical and mechanical stimuli, which can be facilitated
for cartilage growth by the rotating bioreactor. Constructs grown for three weeks in vitro and then
implanted in vivo for eight weeks showed good histological characteristics and integration with
surrounding tissue [560]. Another research group also found the rotating bioreactor conducive to
stimulating the chondrocytic phenotype [561,562]. Cells from aged subjects (∼84 years old) were
inoculated into the bioreactor without a scaffold and analyzed after twelve weeks in culture. The
resulting constructs formed a cartilaginous matrix that was rich in collagen type II and proteoglycans.

The preferred cell type for early cartilage tissue engineering studies was the chondrocyte.
However, difficulty with obtaining healthy chondrocytes from patients has driven interest towards
other cell types, like stem/progenitor cells (See Chapter 5). Many different types of cells have
been used in the rotating bioreactor because of its apparent conduciveness to the chondrocytic
phenotype. Bone marrow-derived mesenchymal cells have been used successfully to create cartilage
and osteochondral constructs exhibiting good protein accumulation over weeks culture [563–565].
These cells have been characterized as being more metabolically active than either static or simple
perfusion environments [566]. Another progenitor cell type, synovium-derived stem cells, has shown
an ability to secrete matrix rich in glycosaminoglycans and collagen type II after a month in the
rotating bioreactor [567,568]. Several other cell types including amniotic mesenchymal cells [569],
umbilical cord blood cells [570], and embryonic stem cells [571] have all successfully differentiated
down the chondrogenic lineage when cultured in the rotating bioreactor. Numerous researchers are
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actively investigating how the unique conditions of this culture environment can be used to exploit
the multi-potentiality of stem/progenitor cells.

Not all bioreactors can accommodate the wide variety of scaffold materials that are present in
the field of tissue engineering. The physical, mechanical, and material characteristics of a scaffold
can prevent its use in devices that apply large forces or require excessive handling. Rotating biore-
actors, however, provide a gentle culture environment that is conducive to many different carriers.
Mesh scaffolds, hydrogels, and microcarrier beads can all be cultured with the same ease. Cells can
even be cultured without a scaffold, with aggregation occurring within days to weeks. This is not
to say that the scaffold-bioreactor compatibility can be totally ignored. In fact, this interaction is
incredibly important when determining the shear forces and nutrient diffusion present in the culture
environment [572]. Furthermore, the rotating bioreactor cannot overcome disadvantages associated
with certain scaffold types or culture parameters, such as low initial cell densities [573]. How-
ever, successful experiments have been carried out with a variety of scaffolds. Chondrocyte-seeded
poly(DL-lactic-co-glycolic acid) sponges showed formation of hyaline-like tissue when cultured in
a chondrogenic media for four weeks [574]. Chitosan scaffolds have also been used in the rotating
bioreactor although tissue growth was shown to be strongly influenced by the microstructure of
the scaffold [575, 576]. More recently, a chitosan-hyaluronan hybrid scaffold was investigated in
this culture environment with results showing near-physiological levels for matrix composition and
mechanical properties [577].

A major concern with rotating bioreactors is the random motion of scaffolds in the culture
vessel. Researchers typically put multiple constructs in a single bioreactor, which results in groups
of tumbling samples that can hit one another or the walls containing them. These unpredictable
contacts can kill cells in localized areas or damage the scaffold during early culture periods. Another
difficulty is identifying the flow patterns within a bioreactor filled with constructs. One attempt to
localize the nutrient flow and keep a more stable culturing environment is the hydrodynamic focusing
bioreactor (HFB), which was created by NASA for use in no-gravity cell culturing [543,553,554].
As with other rotating bioreactors, the inner and outer walls rotate to produce a range of shear forces.
However, instead of having a cylindrical shape, the HFB is a dome.This modification is proposed to
focus cells and nutrients together to enhance mass transfer. Another version of the rotating bioreactor
is the “rotating shaft” bioreactor [578]. This device uses the motion of the inner cylinder to move
attached samples in a continual rotary motion around the central axis. However, the culture vessel is
only half-filled with media, so samples move in and out of liquid and fluid phases. This is proposed
to increase oxygenation as well as provided slightly higher levels of shear. As with other studies
involving rotating bioreactors, experimental results with this device were generally successful for
cartilage tissue engineering [559,560].

4.4 HYBRID BIOREACTORS

As the field of tissue engineering matures, more complex bioreactors have been developed to more
faithfully replicate the native environment of target tissues. Each bioreactor reviewed in the previ-
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ous sections has advantages and disadvantages to its design. Some systems appear to have greater
effects on collagen production i.e., direct compression) while others enhance proteoglycan synthesis
i.e., hydrostatic pressure). More information is continually being accrued that helps elucidate the
complicated relationship between mechanical stimuli and cell response. Successfully applying me-
chanical stimulation can be difficult because each bioreactor has to be optimized to take advantage
of its benefits while minimizing its deficiencies. One possible solution is to combine two or more
bioreactors that complement each other’s strengths and weaknesses.

Researchers have already begun integrating different mechanical stimuli into single, hybrid
bioreactors to elicit a better response from cells. Initial experiments investigating the combination
of small axial compression with rotational shear has shown a stimulatory effect on protein and
proteoglycan synthesis [520–522]. More complicated experiments involving larger axial strains and
sequential periods of stimulation have yet to be performed. An alternative to this approach is an
innovative device that dynamically rolls a cylinder across fixed samples to apply both compressive and
frictional shear loading [389].This stimulus upregulated chondrocytic gene expressions and increased
protein synthesis in explants after four days of culture. The only other hybrid bioreactor reported for
cartilage engineering is one that combines hydrostatic pressure and direct fluid perfusion [579,580].
This device functions by pressurizing the media as it flows through the interstitial spaces of a cultured
construct. Future work will investigate the combined effects of these stimuli on matrix production
and tissue organization.

Bioreactors do not necessarily need to be combined into one device to be effective. One of
the more promising approaches in cartilage engineering is to use a dynamic seeding environment
initially, followed by a different type of mechanical bioreactor for the duration of culture. For ex-
ample, scaffolds can be seeded and stabilized for a short period in a spinner flask. Then they can be
transferred to another bioreactor, such as intermittent pressurization, to facilitate tissue growth.This
approach has been found to achieve better results than either mechanical stimulus alone [581].When
cell-seeded scaffolds were cultured for two weeks in a spinner flask and four weeks in hydrostatic
pressure, constructs had 3.5 times more GAG and seven times more collagen than static controls.
A large field of study is currently open that requires investigation of which specific combinations
of mechanical stimuli, as well as their sequences and durations, can produce the best response from
cultured constructs.

New bioreactors can be developed that combine the beneficial aspects of several devices into
one package. For example, hydrostatic pressure could be combined with a rotating bioreactor to
create a stimulating environment that is self-contained. Since the scaffolds are already cultured in
a fluid medium, hydrostatic pressure could be applied without removing anything from the sterile
environment.This reduces the chance of contamination as well as limiting the amount of man-hours
needed to transfer the scaffolds between a stimulation device and a culturing environment. Another
possible device would combine direct compression and direct fluid perfusion. This bioreactor could
enhance mass transfer while also applying a physiologically-relevant strain with cyclic compression.
The difficulty with bioreactor design is the extensive testing and validation required before wide-
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spread adaptation. While combining two or more established mechanical stimuli seems straight-
forward, the biological response of an engineered construct could be totally unpredictable.

4.5 CHAPTER CONCEPTS
• Bioreactors can be used to apply chemical and nutrient gradients in the culture of articular

cartilage constructs; it can also be used to apply mechanical forces to the developing cartilage.

• Direct compression, hydrostatic pressure, high and low shear, and hybrid bioreactors have all
been examined, oftentimes in an effort to replicate physiological loading regimens.

• Cyclic direct compression has been shown to be more beneficial than static compression. For
hydrostatic pressure, however, it has been shown that both static and dynamic applications can
result in functional improvements.

• For hydrostatic pressure, it has also been shown that an optimal window in time exists in the
application of this force.

• In self-assembly of articular cartilage, 10 MPa of hydrostatic pressure, applied statically for
one hour a day, five days total, has been shown to increase functional properties, both com-
pressive and tensile.

• Direct compression and hydrostatic pressure have both been applied in combination with
growth factors to show enhanced effects.

• Shear can be applied as either contact or as fluid shear in bioreactors. Translation or rotation
shear can be applied directly to constructs. It is hypothesized that chondrocytes experience
shear as the tissue is deformed during loading.

• Direct fluid perfusion is another way to apply shear to chondrocytes while increasing nutri-
ent/waste transport.

• As proinflammatory mediators have been seen with the application of shear on chondro-
cytes, low shear bioreactors have been developed to aid in nutrient transfer without eliciting
inflammatory and catabolic factors.

• Several bioreactors can be used at once and at different times. For instance, a spinner flask
bioreactor can be used for seeding cells onto a scaffold, and then the construct can be trans-
ferred to a rotating wall bioreactor to experience minimal fluid shear with increased nutrient
transportation, and, finally, the construct can experience direct compression or hydrostatic
pressure in separate bioreactors.
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Future Directions
Much progress has been made in the areas of understanding cartilage physiology, development, and
pathology, and tissue engineering efforts have made significant strides in employing biomaterials,
biochemical agents, and bioreactors. Engineered cartilage as clinical therapy is still seldom seen due
to several challenges. Autologous, differentiated chondrocytes represent a limited donor source while
allogeneic and xenogeneic sources can have issues associated with disease transmission or immuno-
genicity. Researchers are also developing methods to integrate new cartilage to existing cartilage and
bone. While there is a set of assays often seen in the literature in evaluating cartilage, there is not
yet a collection of standard methods that allow cross-platform comparison of the tissue engineered
cartilages. Finally, the translation of cartilage therapies to the bedside will require extensive testing
for their efficacy and safety. A brief presentation on how the FDA approval process can inform the
types of cartilage therapies a company chooses to develop will conclude this chapter.

5.1 CELL SOURCES FOR THE FUTURE

Tissue engineering studies of cartilage have been initiated with differentiated cells specific to articular
cartilage. For patients with already diseased or missing tissues, alternative cell sources must be
considered.This section gives an overview on the many cell sources currently available: differentiated
chondrocytes (of auto, allo-, and xenogeneic in nature), autologous progenitor/stem cell populations,
such as mesenchymal, adipose, and skin derived stem cells [299–301,582,583], and adult cells of other
differentiated lineages that have also been investigated [301,582]. Other stem cells with potential
for cartilage tissue engineering include embryonic and induced pluripotent stem cells.

5.1.1 A NEED FOR ALTERNATIVE CELL SOURCES
A major problem with in vitro approaches to cartilage tissue engineering is that the use of native
chondrocytes is not currently a practical solution for patient therapies [584]. There are simply too
few chondrocytes in the body that can be reasonably harvested to support the generation of tissue
constructs that can effectively treat clinically relevant cartilage pathology. Although expansion of
these cells is possible, the expanded cells lose their phenotype with each passage [96,585,586]. Stem
cells have emerged as a possible solution. Particularly attractive in using these cells is the fact that
they can be expanded in vitro to the required number of cells and subsequently differentiated into
the desired cell type. Stem cells can be found in many parts of the body and at many stages of
development. Pertaining to cartilage, a vast amount of work has focused on mesenchymal stem cells
(MSCs), adult stem cells that can be found in the bone marrow. Other stem cells also have been
investigated for their chondrogenic potential, such as adipose derived stem cells [587], embryonic
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stem (ES) cells [588–593], embryonic germ cells [594], progenitor cells from the placenta [595],
and umbilical cord blood stem cells [570].

When considering which class of stem cells to use for therapeutic applications, it is important
to understand their basic differences.The first major difference is the differentiation capacity of each.
Embryonic stem cells are termed pluripotent, as they hold the ability to become any of the three
germ layers. This has been demonstrated with each of the NIH-approved hESC lines, including
H9 [596] and BG01V [597, 598]. Efforts into the directed differentiation of each of these cell
lines into cells or tissues with therapeutic potential have been pursued for musculoskeletal [599]
and neural tissues [598], among others. The pluripotency of these stem cells largely embodies the
excitement and danger of using these cells as a therapy. While they can theoretically differentiate
into any cell in the body, they also may form tumors called teratomas. Other stem cells, such as
MSCs, adipose-derived stem cells, embryonic germ cells, and umbilical cord blood stem cells do not
form tumors, but they also do not have the differentiation potential of ESC. Each of these classes of
stem cells has been shown to have the capacity to differentiate into cells that produce cartilaginous
matrix [570,587,594]. In contrast to other stem cells, it appears that ESC are immortal, meaning
that theoretically they can be expanded without losing their phenotype. However, the culture of
hESCs remains an issue because of the use of feeder layers, such as mouse embryonic fibroblasts
(MEFs). These feeders or media conditioned by the feeder cells have been generally used for the
culture of hESCs in an undifferentiated state. This co-culture system involving human and animal
cells presents practical problems for future therapies since animal products or pathogens can be
transmitted. Efforts are underway to address this [600–603] although no alternative to MEFs has
been universally adopted. As indicated in their nomenclature, the source of the stem cells is also a
major difference, and the successful isolation of each type of stem cell varies. For example, MSCs
constitute a low proportion of bone marrow stromal cells and, additionally, may contain genetic
abnormalities, caused by exposure to metabolic toxins and errors in DNA replication accumulated
during the course of a lifetime [584]. ESC, on the other hand, have been shown to be homogenous
and genetically stable in culture.

5.1.2 CHONDROGENIC DIFFERENTIATION OF MSCS AND OTHER ADULT
CELL SOURCES

Regarding the chondrogenic differentiation of stem cells, most information gathered centers around
MSCs. In addition to cartilage, these are the progenitors of multiple other tissue lineages, including
bone, muscle, and fat. In the design of composite structures, such as the articular condyle, MSCs
have been used to engineer osteochondral constructs [604–606]. For in vitro work such as this, as
well as in vivo work with stem cells, investigations into their ability to chondrogenically differentiate
is commonly defined as a process that results in cells with the ability to produce both collagen type II
and glycosaminoglycans [588,591,607,608]. Differentiation factors, such as TGF-β1, BMP-2, and
IGF-I, have been used to direct the differentiation of MSCs to a lineage of cells that can secrete
cartilaginous proteins [607, 609–611]. Genetic manipulation has been used to induce MSCs to



5.1. CELL SOURCES FOR THE FUTURE 75

produce growth factors [610]. Others have genetically modified MSCs to express key signaling
and transcription factors of cartilage to investigate their ability to help regenerate cartilage [612,
613]. Recently, mechanical stimulation has also been used in directing MSCs to a chondrogenic
linage [475,513]. Despite this progress, it remains to be seen whether the pursuits with MSCs will
demonstrate the generation of tissue that has the biomechanical wherewithal of native cartilage, or
that MSC-derived cartilage can provide long-term solutions to cartilage pathology [614].

Knowledge gleaned from the differentiation of MSCs has been applied to other adult stem
cells. Similar chondrogenic differentiation of adipose derived stem cells [615] have been performed
with TGF-β1 and BMP-2 [616], and, recently, the role of hydrostatic pressure has also been im-
plicated [506]. Hydrostatic pressure applied at 0-0.5 MPa and 0.5 Hz resulted in a higher rate of
matrix accumulation than controls. Adipose stem cells are attractive because they are relatively easier
to obtain than MSCs. An even less invasive cell source would be the derivation of multipotent der-
mal precursors [617,618]. Chondrodifferentiation of dermis-derived cells has been seen by seeding
these cells onto demineralized bone matrix [619] and in combination with growth factors [620], as
well as using a surface coated with aggrecan [582]. Subsequent purification of the starting skin cell
population has yielded tissue engineered constructs that stain throughout for collagen type II with
absence of collagen type I staining [301] and improved collagen type II expression over un-purified
cells.

5.1.3 CHONDROGENIC DIFFERENTIATION OF ESC
The evidence remains scarce regarding the use of ESC for cartilage tissue engineering strategies.
Much of the evidence supporting the use of ESC for cartilage tissue engineering comes from work
with mouse ESC [608]. The chondrogenic differentiation of these cells has been demonstrated in
vitro using BMP-2 (2 ng/ml; 10 ng/ml) and BMP-4 (10 ng/ml) [591]. Their phenotypic stability
in a differentiated state has also been investigated [591,593]. Others have also been able to differ-
entiate ESC into a chondrogenic lineage with the use of special culture conditions with growth fac-
tors [588,590], without growth factors [592], and in co-culture with limb bud progenitor cells [589].
An example is the use of hydrogels with mouse ESC that were chondrogenically differentiated with
TGF-β1 or BMP-2 [621]. Recently, hESCs were differentiated into mesenchymal precursors, which
can be subsequently chondrogenically differentiated with TGF-β3 (10 ng/ml) [599]. For instance,
ESC can be exposed to TGF-β3 (10 ng/ml) to form hyaline-like cartilage through a mesodermal
lineage [588]. Recently, the use of differentiated hESCs for tissue engineering has been pursued in
a modular approach. That is, cells are differentiated as a first step and then, after dissociation and/or
purification, assembled into tissue engineered constructs [308]. Since past studies have shown that
culturing stem cells under serum-free conditions may result in a lower mitotic index for cells, apop-
tosis, and poor adhesion [622,623], these studies are particularly notable since the differentiation
is performed in serum-free conditions. Another study has demonstrated the musculoskeletal differ-
entiation of human embryonic germ cells; here, a chemically defined chondrogenic differentiation
medium with 1% serum and with one of two differentiation factors, BMP-2 and TGF-β3, was
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used [594]. Aside from the use of growth factors, another tool that has been shown to improve
hESC differentiation to a chondrogenic phenotype includes hypoxia [309].

The use of ESC brings about their own challenges. The introduction of serum for in vitro
applications increases the variability of components in the culture media. However, there are many
interactions between individual growth factors and serum components that cannot be ignored. Due
to the interrelated mechanisms of growth factor action, in order to study the effect of differentiation
factors, it may be necessary for serum (which includes several types of growth factors) to be present.
Chondrogenic effects of individual growth factors were demonstrated with levels as high as 20%
serum [591, 593]. One has to be cognizant, however, that when serum is used, there is a risk of
saturating the experiment with growth factors, yielding results that suggest the growth factor of
interest has had no effect compared to controls. This limitation can perhaps be addressed by using a
minimal amount of serum [624]. Nonetheless, for clinical applications of stem cells, it is important
that protocols exclude the use of animal or human products, like MEFs or serum, that may carry
pathogens or potentially increase the antigenicity of the transplanted cells [584]. The elimination of
serum, as noted above, has been pursued, and the elimination of murine feeder cells in the media is
also being considered [600–603].

5.1.4 IPSCS AND CARTILAGE TISSUE ENGINEERING
Induced pluripotent stem cells (iPSCs) are somatic cells reprogrammed into an ESC-like state
through the ectopic expression of the transcription factors Oct4, Sox2 and either c-Myc and Klf4
or Lin28 and Nanog [625, 626]. These cells exhibit the same morphology, proliferation, normal
karyotypes, telomerase activity, surface markers, expression of pluripotency genes, and teratoma
formation as ESCs. However, given the emerging evidence for variation in differentiation potential
between hESC lines [627], understanding the nuanced differences between ESCs and iPSCs proves
particularly important. Much work continues to be done to probe the depth of similarity between
ESCs and iPSCs [628]. Moreover, since direct reprogramming of somatic cells into iPSCs involves
viral-mediated delivery of the requisite genes, efforts are under way to develop nonviral approaches
to reprogramming [629, 630]. While these and a number of other basic questions remain to be
answered about the nature of iPSC pluripotency and the developmental mechanisms underlying
the reprogramming process, it is important to pursue avenues of inquiry involving differentiation
and lineage-specific manipulation to better elucidate a role for iPSCs in cartilage tissue engineering
applications. Indeed, because iPSCs can be derived from adult tissues, their use in future patient-
specific therapies circumvents issues of immunogenicity associated with allogeneic cell sources and
thus improves their potential for wide clinical adoption.

5.2 ASSESSMENT AND DESIGN STANDARDS FOR TISSUE
ENGINEERING

A plethora of histological, ultrastructural, biochemical, and biomechanical assessments are avail-
able to evaluate engineered cartilage, with additional methods continuously being developed. Stains
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such as alcian blue, safranin O (often used together with fast green), and sirius red are regularly
employed, along with combinations such as Movat’s pentachrome and hematoxylin/eosin to his-
tologically demonstrate the location of glycosaminoglycan, collagen, and other ECM. Distribution
of specific collagens and glycosaminoglycans can be discerned using immunohistochemistry, and of
great interest is whether collagen type I or II is seen as only the latter should be present in articular
cartilage. Immunosorbent assays can also achieve a similar purpose by quantifying the amount of
biochemical components present as opposed to showing their distribution. For implanted constructs,
non-invasive methods such as MRI [631–634] and ultrasound [635–637] can be applied.

The restoration or improvement of joint function will largely result from utilizing the biome-
chanical properties of the engineered cartilage. This primary design standard has inspired many
mechanical tests, along with mathematical models, to assist in describing both native tissue function
as well the function of engineered constructs. In addition to design standards, evaluation standards
are important for both researchers and for companies seeking approval from the FDA for the mar-
keting of engineered cartilage products. As will be discussed in another section, in order to ensure
safety and efficacy, the FDA evaluates scientific data generated by testing potential implants and
engineered products. These data may be preclinical or clinical. Preclinical data can include specific
testing protocols such as mechanical and wear testing. Certain consensus technical standards, such
as those developed by ASTM International (ASTM), are recognized by the FDA, and companies
can use these standard test methods in lieu of developing their own. The FDA also encourages the
development and validation of computer models to be used as preclinical data in the approval process.
No consensus standards exist for the evaluation of articular cartilage. Instead, this section focuses
on the established procedures for evaluating the mechanical properties of the tissue, including a de-
scription of common modeling approaches used for extracting material properties from these tests.
As can be seen, the models differ in both their assumptions and outputs, and it can be difficult to
compare the various metrics that have been developed.

5.2.1 BIOMECHANICAL TECHNIQUES
The mechanical properties of articular cartilage can be evaluated using a variety of techniques,
most of which involve monitoring the stress and strain in the tissue either over time or at different
frequencies of oscillation [638]. The most common analysis techniques consider a material to be
elastic, viscoelastic,or multi-phasic.These in vitro tests require precise experimental setups to account
for boundary conditions or edge/depth-dependent effects.

Though only a few instruments are commercially available for this purpose, in vivo testing
instruments have also been developed to evaluate cartilage stiffness. The Actaeon probe [639,640]
and the Artscan [641] are both hand-held devices that can be used arthroscopically. Using the
Actaeon, the stiffness of cartilage can be measured in a fraction of a second. This instrument was
verified to output data that is independent of cartilage thickness, and studies on degenerated tissue
have correlated probe readings to biochemical content [639, 640]. These devices are particularly
useful in combination with other monitors of a patient’s health. For example, as was discussed in the
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Cartilage Pathology section, changes in cartilage material properties can occur with diabetes and hor-
monal and steroidal levels. For patients undergoing menopause or injected with anti-inflammatory
steroids, the condition of their cartilage may not be the first thing on their minds, and the availability
of these hand-held devices may aide in promoting better joint health and awareness. However, most
mechanical testing is performed in vitro, as discussed below.

For elastic measurements, the relationship between stress and strain is analyzed and then fit
with a suitable mathematical model. Models are often derived that take into account the geometries
of the contact region, allowing for a simpler analysis (e.g., force vs. indentation displacement data,
directly obtained from the testing device).

Viscoelastic measurements are conducted using time or frequency responses. For time-based
tests, the stress or strain is monitored over a set period, and mathematical models are fit to the
resulting data. Stress relaxation tests observe the change in stress/force over time in response to an
applied constant strain.Creep indentation tests, in contrast,observe the change in strain/deformation
due to an applied constant stress. Frequency-dependent tests analyze the relationship between an
applied oscillation and its signal response, thereby obtaining the storage and loss moduli, as well as
the loss angle.

More complicated models of cartilage can be applied to experimental data to account for
the different phases present in the tissue. These models are typically fit to data obtained from
time- or frequency-dependent responses. This section focuses on the most common techniques for
evaluating the compressive, tensile, shear, frictional, and fatigue properties of articular cartilage and
tissue engineered cartilage constructs.

5.2.1.1 Compression Testing
A common technique for measuring the compressive properties of cartilage is through indenta-
tion [8, 642]. For this procedure, a probe of specified geometry (cylindrical, spherical, pyramidal,
etc.) is indented into a material. Elastic and viscoelastic properties can be obtained using standard
testing approaches (i.e., indentation and creep or stress relaxation). The indentation site should not
violate any assumptions in the models. For example, models usually dictate that regions have surface
characteristics allowing smooth contact and sites that are sufficiently thick.

Compressive properties can also be determined using a confined compression test [58]. In
this case, the sample geometry is typically a cylindrical disk with parallel surfaces to ensure even load
distributions and flush contact. The sample is tested in a confined geometry to prevent any radial
expansion, thus reducing it to a one-dimensional problem. A porous platen is used to compress the
sample, which allows for fluid exuded from the sample to flow through the platen-sample interface.
The Young’s modulus is calculated from the linear region of the equilibrium stress-strain curve, while
other material parameters, such as aggregate modulus and permeability, are calculated by fitting an
appropriate model to either creep or stress relaxation curves.

Unconfined compression testing follows similar procedures as with confined compres-
sion [181, 643]. However, since the sample is now free to expand radially during compression,
additional parameters have to be determined to describe this two-dimensional problem. Typically,
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models include the Poisson’s ratio as a determinant of this change. Samples are compressed using
solid platens, with nothing in the radial direction except fluid, and the stress and/or strain response
over time is collected.

5.2.1.2 Tensile Testing
The tensile properties of a sample can be determined from both equilibrium stress-strain measure-
ments, as well as time-varying data (i.e., creep and stress relaxation) [644]. As with compression data,
the Young’s modulus can be determined from the linear region of the equilibrium stress-strain curve.
The sample should be fixed firmly at the grips such that failure occurs within the working length (i.e.,
near the center of the sample). Specimen lengths should be significantly greater than their widths to
ensure uniform strain through the working length. Extensometers or optical techniques are used to
monitor the strain in the region of interest, which is plotted alongside the applied stress for analysis.

5.2.1.3 Shear Testing
Typically, shear tests are conducted on cylindrical samples in a setup similar to unconfined compres-
sion tests. A flat platen is placed on the sample, and a small tare load is applied to assure uniform
contact. Shear tests can use either rotational [520, 645] or translational [70, 646] displacement
strategies. As with the compressive and tensile properties, it is important to characterize both the
equilibrium and dynamic responses of the sample under shear. The equilibrium shear modulus, G,
is calculated from the linear region of the stress-strain curve. The dynamic complex shear modulus,
G*, is calculated using the applied and signal response to a series of oscillatory stimuli.

5.2.1.4 Friction Testing
While many theories exist describing how cartilage exhibits the frictional properties it does, most
testing approaches focus on quantifying the forces present as two surfaces slide across one another.
Biotribology studies of articular cartilage have focused on lubrication mechanisms at the whole joint
level [647] as well as at the cartilage tissue level [648]. A variety of experimental configurations
have been used, including pendulums [30,649], oscillating arthrotripsometers [79,650,651], atomic
force microscopy [77,652], and plug-on-plate configurations. The latter technique is currently the
most common approach. This method involves moving a sample translationally or rotationally with
respect to a fixed surface or plate. Normal and frictional forces are measured, allowing calculation of
the coefficient of friction. Frictional properties are sensitive to variations in bathing solution, sliding
rate, and fluid pressurization within the tissue [78,81].

5.2.1.5 Fatigue Testing
The durability of cartilage or a tissue engineered construct is perhaps the most important pa-
rameter associated with its overall functionality. Unlike the previous mechanical tests which are
non-destructive, fatigue testing applies repeated loading until the sample fails [70,653]. Usually a
specific type of loading is focused on, such as compression, tension, or shear, and repeated cycles
are applied until the sample is noticeably affected (cracks, fissures, tears, etc.). Fatigue life is defined
as the number of cycles necessary till failure, which can depend on the applied stress, strain, and
frequency.
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Wear is another measure of fatigue and is defined as the removal of material from a contact
surface due to mechanical effects [648]. Techniques for quantifying wear include characterizing
released debris, evaluating surface topography, and imaging the bulk tissue. The severity of a dam-
aging abrasion can be determined by measuring the size of released debris as well as the depth of
penetration at the surface [654]. Cartilage roughness, as determined using a variety of scanning mi-
croscope techniques, can indicate how well the material will perform under shear or friction. Other
imaging techniques that look at the tissue as a whole can be used to evaluate not only the surface
characteristics but also any breakdown of the tissue below the surface.

5.2.1.6 Mathematical Models of Articular Cartilage
Mathematical models are used to interpret results obtained from carefully designed evaluation tests,
such as those described in the previous section. By fitting a model to experimental data, a quan-
tification of the mechanical properties can be achieved. Numerical representations of mechanical
characteristics are of critical importance for comparison among studies, and researchers typically use
similar testing techniques to facilitate this. Properties such as the Young’s modulus, coefficient of
friction, and streaming potential are just a few of the characteristics that can be used to describe the
natural function of articular cartilage.

Some mathematical models are very basic in their description of cartilage while others are
extremely complex. It is important to remember, however, that they are all only representations of
how the tissue might function and do not replicate every possible intricacy. Even simple models can
provide valuable information, though, and can serve a purpose in evaluating a subset of properties.
For example, the elastic components of a material can be described by:

E=σ

ε

where E is the Young’s modulus, σ is the stress, and ε is the strain. Modeling cartilage just as an
elastic material can provide a measure of its elastic response, but it might not correspond as accurately
with experimental data as more complex models. Combinations of elastic and viscous elements can
help to describe a material with time- or frequency-dependent responses. The viscous components
can be modeled by:

η= σ

dε
dt

where η is the viscosity coefficient and dε/dt is the time derivative of strain. By using elastic and
viscous elements, viscoelastic models can be derived.

Biological materials are typically considered to be viscoelastic since their deformation charac-
teristics vary with respect to time and/or frequency. While perhaps also not technically appropriate,
articular cartilage can be modeled as a viscoelastic material. By fitting to either stress relaxation
or creep data, parameters can be extracted that describe the time-dependent response of a mate-
rial. Simple models of viscoelasticity include Maxwell (spring-dashpot in series) and Kelvin-Voigt
(spring-dashpot in parallel).An extension of these models is the Kelvin model,or standard linear solid
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(spring in parallel with a spring-dashpot), whose deformation response during a creep/relaxation
test is represented by: (

1+τε

d

dt

)
σ=ER

(
1+τσ

d

dt

)
ε

where ER is the relaxed modulus, τε is the relaxation time for constant strain, and τσ is the relaxation
time for constant stress. The spring elements in the model describe the stiffness of the tissue while
the dashpot helps describe the time-dependent deformation. When fit to experimental data, these
can be used to calculate the instantaneous modulus and apparent viscosity of the material:

E0=ER

(
1+τσ−τε

τε

)
μ=ER (τσ−τε) .

While viscoelastic models are useful for providing a basic description of biological tissue deforma-
tion, they are not particularly representative of the actual mechanical characteristics associated with
articular cartilage. As discussed previously, cartilage can be described as having two phases: one
solid, one fluid. More complex mathematical models of the tissue, such as the biphasic/poroelastic
model [58,655], take into account this composition, providing parameters that describe the stiff-
ness, fluid flow, and deformation characteristics of the tissue. One example of this is the following
equation that describes confined creep compression of cartilage using the biphasic solution [58]:

εzz (t) = F0

HA
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where εzz is the observed strain, F0 is the applied constant load,HA is the aggregate modulus, k is the
permeability, h is the sample thickness, and α0 is the solid content ratio. When fit to experimental
data, values for HA and k can be extracted. Other equations exist in the literature for the various
geometries and device configurations that are possible for cartilage testing.

More complex models of articular cartilage exist and are useful for identifying particular
parameters that might be of interest. For example, an alternative to the biphasic model of cartilage
is the poroviscoelastic model, which accounts for the different phases of the tissue and well as their
short and long time responses to loading [46]. Articular cartilage can be modeled in even more
complexity than as just a two-phased tissue. A third phase, the ionic phase, can significantly affect
the motion of fluid through the solid matrix, and hence, the deformation characteristics of the
tissue. The triphasic model accounts for contributions from the solid, fluid, and ionic phases of the
tissue but results in the same parameters as the biphasic solution, with the addition of fixed charge
density [656].

Other characteristics that might be of interest include the frictional and torsional properties
of the tissue. The coefficient of friction, μ, can be determined using a simple relationship between
the normal, N , and friction, Ff , forces measured during friction tests:

μ=Ff

N
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Friction tests are applied by sliding a probe across the cartilage surface and collecting data for the two
forces of interest.This can be done at the macroscale level of the joint [657] or the microscale [77] to
determine the frictional characteristics of the sample. An alternative approach is to measure friction
using a rheometer, which moves two surfaces rotationally. This device can also measure both the
simple and dynamic shear properties of cartilage. Simple shear testing can provide a measure of the
shear modulus, G:

τ=Gγ

where τ is the shear stress and γ is the shear strain. Oscillatory measurements are used to determine
the storage and loss moduli, as well as the complex shear modulus, G*, which is simply the sum of
the two.

5.2.2 DESIGN STANDARDS - FUNCTIONAL IMPROVEMENT VERSUS
REGENERATION

The determination of design standards for articular cartilage tissue engineering largely depends on
the type of restoration sought after. It appears obvious that long-term, fully functional restoration is
desirable, but whether this is to be achieved immediately or some amount of time post-implantation
will alter the design standards. Using non-terminally differentiated chondrocytes will also result in
additional considerations. Nonetheless, of prominence are (1) mechanical properties, (2) biochemical
properties, (3) integration, (4) construct size, (5) contour, and (6) ease of implantation.

The biomechanical properties of native tissue has long been well-characterized in different
anatomical locations, at various ages, diseased states, and under various hormonal and drug con-
centrations to provide ample direction for tissue engineered constructs to emulate. As it has been
identified that cartilages of different anatomical locations can have different properties [50–52],
should a cartilage product be tailored specifically for the talus and another for the knee, and at
what point does stiffness mismatch result in ill-borne stresses that can lead to articular damage?
If the engineered cartilage is softer than native tissue, can functional improvement nonetheless be
achieved, or will the construct break down like the mechanically inferior fibrocartilage? These are
all questions that should be considered.

There are other issues that complicate articular cartilage regeneration when using implanted
grafts or cells. Integration between the implanted construct and the surrounding tissue is of crucial
importance for mechanical function since the cartilage surface acts as one entity to distribute applied
loads.The interface between new and old tissues is often weak, especially on the surface, and failure is
probable unless sufficient healing takes place that helps to integrate the two tissues. Ideally, implanted
constructs should account for the tissue microstructure and create a replacement that has correctly
aligned collagen fibers and regional variations [658]. The alternative is complete remodeling of the
tissue in vivo, which may never occur in an environment that has only a limited repair capacity.
Various studies have been performed to examine the integration of cartilage to cartilage or tissue-
engineered constructs to cartilage, and the general consensus regarding the main factors that hinder
integration are the following:
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• Cell death at the wound edge, even in surgically prepared defects, results in metabolically
inactive tissue with antiadhesive properties that prevent cell adhesion and migration to the
injury site [659–663].

• Insufficient numbers of viable cells do not synthesize integrative matrix between the two
surfaces to be joined [661–666].

• Cell migration across metabolically inactive tissue is hindered by dense collagen [659–663].

• Insufficient construct and tissue collagen crosslinks do not allow integration [457,667,668].

Proposed solutions to these obstacles include implanting less mature (and, therefore, softer) con-
structs that contain a large number of cells at the construct edge, using enzymes to partially de-
grade the collagen [659, 661, 669–671] and glycosaminoglycans [659, 661, 662, 664, 672–674] of
the tissue, and applying agents with the aim of promoting native-to-transplant collagen crosslink-
ing [457,667,668,675–677].

With the generation of a sufficiently large construct comes the requirement of a sufficient
number of cells or time in culture to expand them. As discussed in the previous section, research is
currently being conducted with MSCs, ADSCs, ESCs, iPSCs, and DIAS to examine their suitability
for cartilage resurfacing.Whereas the design standard for construct size is simple (the construct needs
to be thick enough or plentiful enough to fill the lesion volume), desirable characteristics for cell
sources are more complex. It is desirable for the cell source to have a short time in culture, be
cost effective to expand, be homogeneously differentiated, and be effective in producing functional
constructs. Lastly, the proper geometry and contour, ease of implantation, shelf-life, and the pathway
to regulatory approval and to the market are additional issues to be considered in designing a viable
process for articular cartilage repair.

5.3 CURRENT AND EMERGING THERAPIES
In this section, current therapies that involve biological products for cartilage repair are described.
It is important to note that treatment may include the cartilage, bone, synovium, and muscles, as it
is unclear at this time whether any one component is the primary cause for OA progression [678].
As the last treatment option, total joint replacement, or arthroplasty, will only be briefly mentioned
here. Improvements in the design of arthroplasty implants have significantly lengthened their usable
lifespan, though failure can still occur due to a variety of reasons. Aside from the wear of the
articular surface and the failure of the implant itself, failure can result from the mechanical differences
between the implant and the surrounding bone. As the stiffer implant is capable of bearing more
load, shielding of the surrounding bone occurs, and osteolysis, instability, and implant loosening can
occur. The difference in stiffness between the artificial and natural materials can also result in peri-
prosthetic fracture. As outlined in Chapter 2, children and adolescents are not good candidates for
these procedures,both due to their developing skeletons and to the fact that their age requires a longer
solution. In addition, arthroplasty is not the best solution for cases where focal lesions are concerned,
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as often caused by sports injuries.Thus, this section discusses non-arthroplasty therapies,divided into
non-surgical and surgical techniques. Surgical transplantation of allogeneic or xenogeneic materials
is discussed in the next section with cartilage immunology, as the outcome of these transplants relies
heavily on whether the implant is accepted by the body.

5.3.1 NON-SURGICAL METHODS
Articular cartilage injuries can be caused by a variety of reasons, as reviewed in Chapter 2. Since
sports or improper loading are implicated, activity modification, weight and/or body fat loss, physical
therapy, or the use of a cane to lessen the load applied on the problematic joint are all non-surgical
methods in addressing discomfort. For instance, weight reduction in combination with strength
exercises have been shown to significantly reduce knee pain in overweight and obese individuals [679].
The reduction of body fat independent of weight loss has also been shown to be beneficial [680,681].
Injections include visco-supplementation (e.g., hyaluronan) and corticosteroids (though it has been
shown that some injections can soften the remaining cartilage [162]). Aspirin, ibuprofen, and a
variety of COX-2 inhibitors are medications that are also often used, as well as dietary supplements.
It has long been believed by many that items such as copper bracelets can alleviate joint pain caused by
arthritis. Whereas it has already been determined that the placebo effect is at work in this case [682],
the efficacy of other devices, such as magnetic bracelets [683], is still undergoing investigation.

The popularity of copper and magnetic bracelets stems from several desirable characteristics,
namely, the ease of use, non-invasiveness, the presence of few or no side effects, and the percep-
tion that these items are more “natural” than other therapies. Over-the-counter medication such
as aspirin and ibuprofen share many of these desirable characteristics, as do dietary supplements
such as glucosamine and chondroitin. The latter two are of particular interest due to their recent
surge in popularity. These products have been recommended by both OsteoArthritis Research So-
ciety International in 2007 [684] and the European League Against Rheumatism in 2003 [685]
while being the subject of conflicting results and heated debates. Questions have been raised about
study results with regard to design, sample sizes, publication bias, and the choices of controls, all
complicated by the overwhelming variety of formulations and derivatives available on the market.
The Glucosamine/Chondroitin Arthritis Intervention Trial (GAIT) [686], funded by the National
Institutes of Health and published in 2008, showed that these supplements did not significantly
reduce pain as compared with a placebo, though this study has itself received similar criticism as
listed above. Efficacy is still under investigation, and these supplements have shown benefits in a
recent meta-analysis [687].

5.3.2 SURGICAL METHODS
Though it may be ideal to not have to compromise the joint by introducing foreign matter, surgical
methods also provide ways to alleviate pain and to restore function.
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5.3.2.1 Debridement
Arthroscopic abrasion arthroplasty is a procedure where the cartilage defect is smoothed and re-
shaped. Burrs, diseased tissue, delaminated cartilage, and flaps can be removed to improve the gliding
motion and to provide temporary relief. Osteochondral defects can also be treated by removing the
dead bone or sclerotic lesions to result in fibrocartilage production. The fibrocartilage repair tissue
has been reported to last up to six years [688]. Reports have shown that, for chondromalacia patellae,
75% of the patients were satisfied with the procedure when followed up [689]. Even for athletes, the
procedure has shown quick success, with resumption of sports activities on an average of 10.8 weeks
following the procedure [690]. Cartilage debridement has been applied to various joints, including
the knee [691,692], elbow [693,694], ankle [695], and shoulder [696], oftentimes in combination
with other procedures.

5.3.2.2 Microfracture
As articular cartilage possesses little intrinsic healing response, the introduction of mesenchymal stem
cells and growth factors via microfracture from the subchondral bone has been widely employed for
isolated chondral defects of the knee [697, 698], shoulder [699], and ankle [700]. The damaged
cartilage is first removed down to the calcified zone to expose healthy adjacent tissue. The calcified
cartilage is then removed,and evenly spaced microfractures into the subchondral bone are introduced.
Blood then fills the defect, resulting in a fibrin clot that initiates a healing response as described
in Chapter 2 The repair tissue is thus fibrocartilaginous in nature, with inferior material properties
as compared to healthy articular cartilage. Insufficient repair tissue (i.e., too thin) can also result in
altered biomechanics that lead to degeneration. To improve upon this, microfracture has been used
in combination with coverings, such as a periosteal flap [699] or natural (chitosan [701] and collagen
scaffolds [702,703]) and synthetic materials (e.g., PGA and hyaluronan [704]). Other improvements
to the technique include the addition of a BMP-4 carrier, which showed more rapid repair [705].
BMP-7 has been shown to increase the volume of repair tissue generated [706]. A recent systematic
review of 28 studies describing 3,122 patients has shown that the procedure is effective within the
first 24 months in improving knee function [707].Subsequently, the effectiveness wears off, especially
for patients forty years and older [707,708], as the fibrocartilage formed can eventually degenerate,
resulting in recurred loss of function.

5.3.2.3 Autologous Implants
Though limited in source, autologous implants enjoy several advantages as transplant materials such
as not eliciting immune responses and having functionality close to the tissues they are replacing.
Taken from non-load bearing regions, autologous implants may be less stiff but contain live, autol-
ogous cells to potentially allow for continued remodeling. Unlike allogeneic tissue, the concern for
disease transmission is greatly mitigated in this case. However, the scarcity of source material, donor
site morbidity, differences in shape between the implant and the recipient site, and, significantly, the
need for multiple invasive surgeries (first to retrieve the implant, then to insert it), limit the use of
autologous implants. Chondral implants face the significant problem of integration, and autologous
implants typically fall into two forms, osteochondral plugs and autologous cells.
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Osteochondral plugs are harvested from non-weight bearing regions and have shown efficacy
for as long as ten years [709]. To better fit the differences in curvature between the donor and
recipient surfaces, mosaicplasty [710] has been shown to have better results than Pridie drilling,
abrasion arthroplasty, microfracture repair, and autologous chondrocytes implantation [710–712],
as evaluated by radiography, MRI, biopsy analysis, and other techniques to generate scores from a
variety of systems, including the International Cartilage Repair Society scoring system. Good to
excellent scores have been demonstrated for resurfacing the femoral condyle (92%), tibia (87 %),
patella and/or trochlea (79%), and talus (94%) using mosaicplasty [713].

Attempts have been made to use less tissue to reduce donor site morbidity and to increase the
amount of usable grafts. For example, 6 mm diameter osteochondral plugs have been placed into
10 mm diameter defects in the sheep model to examine whether the resulting 2 mm band around
the plug can be filled with repair tissue [714]. Tissue ingrowth in this ring was observed, but it
consisted of fibrocartilage. Since a 6 mm diameter is below the 7 mm “critical defect” size [215], a
donor site defect of this size or below is expected to recover. However, it has been shown that the
repair tissues at the donor sites consist of fibrocartilage, and approximately 3% of the sites exhibit
morbidity [713].

Though osteochondral plugs are taken from non-weight bearing locations, the material prop-
erties of adjacent repair fibrocartilage can still nonetheless be inadequate for long-term use. For
instance, fibrocartilage repair tissue (and osteoarthritic tissue) has been shown to lack the extent
of collagen organization and alignment [715]. Even under low loading conditions, the shear that
is an integral aspect of articulation still may prove challenging to the relatively unorganized repair
tissue. Without proper organization and material properties, the repair tissue from the donor site can
degenerate. For this reason, osteochondral autografts are typically employed after other techniques
have been excluded due to their complexity or inadequacy.

Currently, the only FDA-approved autologous cultured chondrocyte product is Carticel®,
developed by Genzyme Corporation [716,717]. Cartilage is first harvested from low-weight bearing
regions of the knee and sent to Genzyme for enzymatic digestion. The released chondrocytes are
expanded in vitro for several weeks and sent back to the surgeon. Prior to the implantation of these
cells, the defect must first be debrided and cleaned, and a periosteal flap must also be harvested.This
flap is stitched over the defect to form a pocket, into which the expanded cells are injected [718].The
tissue that forms from these cells can be hyaline or fibrocartilage, with as little as 15% of the cases
reporting hyaline cartilage [719, 720]. Collagen type II that does form in this case is not aligned
like native tissue [721]. As a result, the stiffness of the repair tissue has ranged from 62% [722] to
90% [723] of the values of the surrounding cartilage.

Autologous cell implantation (ACI) has been shown to yield better results for femoral cartilage
defects than patella or tibial defects, with the location within each region also affecting clinical
outcomes [724, 725]. It has been shown that, four years after ACI, 75% of patients were mostly
satisfied with the surgical outcome [726].When comparing to microfracture, conflicting studies exist.
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Better clinical results have been seen for ACI than microfracture although both show satisfactory
outcomes at medium-term follow-ups [727].

Clinical studies involving joint repair have long established that immobilization inhibits long-
term healing in articular cartilage [728–731]. Motion is needed to induce movement of fluid and
nutrients throughout the joint spaces, as well as providing mechanical cues that can stimulate the
chondrocytic phenotype. However, the rigorous mechanical environment of the joint is too challeng-
ing for newly formed tissues, often resulting in rapid failure of the implanted constructs. Continuous
passive motion is commonly used for the first two weeks after surgery to facilitate the transport of
fluid, nutrients, and solutes within the joint, thereby stimulating chondrocyte metabolism [731].
Passive motion alone may be insufficient for cartilage healing, though, since it does not allow any
significant loading of the tissue [730]. Active motion, including incremental strength and weight
bearing exercises, may be necessary to stimulate repair processes during rehabilitation. As in many
in vitro experiments, chondrocytes respond best when suitable mechanical forces are present.

As discussed previously, cartilage resurfacing alone may be insufficient in completely address-
ing lesions as other problems may underlie the lesions’ formation. The same can be said of therapies
using either mosaicplasty or ACI. As joint malalignment can result in lesions, the post-operative
joint alignment can affect ACI outcomes [732]. Other factors include concomitant treatments,
such as different rehabilitation regimens [733,734], and, of course, patient age [735] and surgical
history [736].

5.3.2.4 Osteotomy
The surgical procedures described thus far are oftentimes required due to lesions that result from
improper mechanics. In the cases of malalignment,contact pressures of the defect area may be reduced
to physiological levels by osteotomy. In this case, methods include anteromedial transfer of the tibial
tubercle to decrease the contact forces on the lateral facet of the patella [737], as anteromedialization
of the tibial tubercle has been shown to lower contact pressures in the lateral trochlea in a cadaver
model [738]. This, in combination with other surgical techniques such as ACI, can be beneficial
to patients with multiple knee disorders [739]. Currently, the combined consideration of alignment
with autologous osteochondral grafting are associated with traumatic reconstruction case studies
and are thus difficult to compare [740]. Nonetheless, in order to prevent relapse, future cartilage
resurfacing methods may consider the accompaniment of additional orthopaedic adjustments.

5.3.2.5 Other Treatments and Emerging Techniques
An alternative to in vitro tissue engineering is to implant a scaffold in vivo, with or without cells, and
allow regeneration to occur with minimal additional manipulation. Regeneration of hyaline cartilage
within the body is complicated by the rigorous mechanical environment present in active joints.
However, researchers are currently investigating means to accomplish this goal since overall healing
time is anticipated to be less for in vivo versus in vitro tissue engineering approaches. Furthermore,
the complex mixture of biochemical and biomechanical cues present in the body can accelerate tissue
growth that is difficult to produce otherwise. Most of the factors previously discussed for in vitro
tissue engineering are applicable to in vivo tissue engineering, except for some types of mechanical
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stimulation. However, loading is applied naturally by the normal physiological environment, which
could be termed the ideal cartilage bioreactor.

The in vivo growth of cartilage tissue depends on many different factors that cannot be
modeled well in vitro. For example, many cytokines and bioactive molecules exist in living bodies
that cannot be easily included in a laboratory experiment, either because they are still unknown, or
more practically, their sheer numbers are unreasonable for controlled studies. Using serum in the
culture media is intended to replicate these conditions somewhat, but results can be dramatically
different when the growth environment is an active, living body which can endogenously produce
bioactive molecules in response to the implanted construct.Even in an isolated tissue such as cartilage,
chemical and mechanical signals can impact the development of the tissue whether it is an empty
defect or an implanted construct.

Researchers investigating in vivo cartilage engineering have focused on repairing defect sites
with transplanted cartilage/cells, synthetic materials, and cell-seeded cross-linkable scaffolds. The
first includes autologous and allogeneic cartilage/cell implantation, in which cells or minced tissue are
inserted into a defect site and then kept in place with a covering, such as a periosteal flap [718]. The
second approach is primarily a stop-gap measure that would provide a mechanically functional insert
but does not allow regeneration of the tissue [741–743]. The third repair technique includes several
different types of synthesized polymers that can transition from a fluid to a stiff gel using either light
or heat as an initiator [417,744]. The mentioned in vivo repair techniques all have advantages and
disadvantages although none have resulted in long-term, functional repair of articular cartilage that
is comparable to healthy tissue.

ACI has been modified in various ways in animal studies. Instead of a cell slurry, expanded
chondrocytes have been condensed into spheroids first and then implanted into SCID mice [745].
Attempts have also been made by embedding cells in an alginate-gelatin hydrogel with subsequent
implantation in sheep. Hyaline-like repair tissue formed in both cases although better histological
scores resulted when chondrocytes were included [746]. Attempts have also been made at replacing
the periosteum flap with other materials, such as collagen sheets with embedded cells [747,748], and
it has been shown that symptomatic hypertrophy, disturbed fusion, delamination, and graft failure
observed with periosteum use can be subsequently reduced [749].

A possible approach to in vivo articular cartilage replacement is to insert synthetic constructs,
which would fill a defect and provide mechanical support and a low-friction surface. These cell-
less constructs would be non-resorbable and could likely find a niche as a stop-gap measure for
patients wanting to delay full arthroscopy procedures [742]. While not technically considered tissue
engineering, synthetic replacements do represent an attractive option due to their ease of handling
and modification. Synthetic replacements can provide structural support for limited periods of time,
but eventually more drastic procedures will be necessary as the conditions in the joint continue
to degrade. A scaffold that would not necessarily bear weight initially but would instead offer
ease in implantation would be photopolymerizable hydrogels. These allow for minimally invasive
implantations of the cell/polymer constructs [744].
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Several cell-scaffold combinations have been examined for resurfacing. BioSeed-C, a fibrin
and polymer-based scaffold (PGLA/polydioxanone), has been able to mitigate pain and improve
knee-related quality of life measures after one-half, one, and four years [750]. A collagen type I/III
mesh with chondrocyte implantation has shown good or excellent outcomes two years post-operation
in 82% of patients that underwent the procedure although 75% of the defects showed fibrous tissue
formation rather than hyaline [751]. Hyaff-11, by Fidia Advanced Biopolymers, is an esterified
hyaluronic acid scaffold that could be implanted using an arthroscopic technique to yield formation
of hyaline-like cartilage tissue [752]. Outcomes for these products and procedures can depend on the
patient population. For instance, young, highly-active patients had better outcomes than less-active
counterparts after treatment with Hyalograft C [753,754].

Future work could take advantage of in vivo tissue engineered constructs using the scaffolds
described above. Alternatively, the scaffoldless self-assembly of chondrocytes may be employed. In
this case, researchers rely only on cells and the biological/mechanical signals that are necessary to
induce a chondrogenic response. Foreign scaffold materials would be unnecessary, and one of the
advantages of in vitro tissue engineering is that a construct with sufficient mechanical properties
would be delivered using such an approach to withstand physiological loading.

5.4 IMMUNE RESPONSE, IMMUNOGENICITY,
TRANSPLANTS

Being alymphatic and avascular, the tough, hyaline matrix of articular cartilage prevents easy access
to cells embedded within, regardless of the origin of these cells.Taking advantage of these character-
istics, proposals have been made to use cartilage matrix as a barrier to protect transplanted cells [755].
For the same reason, the joint is considered by some to be “immune-privileged” due to the body’s
limited ability to detect and reject implanted tissue [756]. However, cartilage matrix is not itself
without rejection issues [756, 757]. Collagens type II, IX, and XI and proteoglycan core proteins
all have antigenic properties [758–762]. The chondrocytes, too, have been found to contain major
histocompatibility complex (MHC) Class II antigens, which can elicit a cell-mediated immune
response as described below [763,764]. Natural killer cells can also attack chondrocytes [765–767].

This section deals with additional therapies and possibilities that follow from the previous sec-
tion. Future clinically applicable treatments may not deal solely with this tissue but the subchondral
bone as well. The rationale for cartilage immuno-privilege will be discussed, and studies involving
cartilage or osteochondral transplantation will also be presented. The difference is that, in this case,
the materials are of a foreign nature whether allogeneic or xenogeneic. These include both cells and
tissues transplanted into the joint, and to understand the body’s reaction, we must first have a basic
understanding of the rejection process. First, the mechanism of rejection will be presented in stages.
From this perspective, the reactions to the introduced cartilage grafts will be discussed.
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5.4.1 CELLULAR AND HUMORAL RESPONSES
Both cellular and humoral responses can be directed against implanted cartilage from genetically-
disparate donors. For a cellular response, which is mediated by T lymphocytes, a sensitization phase
occurs when an antigen (ex. Virus or implant) is recognized by a macrophage and presented to
the T helper 1 cells (both CD4+ and CD8+). The transplant may contain antigen presenting cells
(APCs) that express appropriate antigenic ligands on their MHC receptors, and this, in addition
to a required co-stimulator signal, activates the T cells. The immune system is also stimulated as
nonlymphoid passenger leukocytes migrate from the graft tissue to the lymphoid organs. Cytokines
then initiate the proliferation phase, where cytotoxic T cells multiply against the antigen. Passenger
leukocytes undergo maturation from immature dendritic cells to mature APCs that activate an array
of T lymphocytes, including CD4+, CD8+, and naïve T cells during migration. Effector immune
responses then proceed to defeat the antigen. Activated T cells secrete various cytokines (i.e., IL-2,
IFN-γ , TNF-β, etc.) to recruit a variety of other host immune cells, inducing increased expression
of MHC Class I and Class II molecules by donor cells. For instance, the autocrine response of IL-2
results in cytotoxic T lympothocytes that attack the APCs; macrophages are recruited to the graft
site by IFN-γ , and TNF-β has a direct, cytotoxic effect on graft cells. With the antigen defeated,
the response is then downregulated by T suppressor cells, and memory T cells mature for future
recurrences [768–771].

The humoral response is generally directed against bacteria, though implant rejection can also
occur via this response and is mediated by B lymphocytes. The naïve B cell recognizes the bacteria
and presents it to T helper 2 cells. Cytokines then induce B cells to produce antibodies, which can
work in several ways in neutralizing the antigen. With the antigen defeated, the response is then
downregulated, and memory B cells form. The antibody can prevent the bacteria from adhering by
surrounding it. Antibodies can also promote opsonization, whereby the antibody promotes phago-
cytosis. Compliment, which enhances opsonization and can lyse some bacteria, may also be activated
by antibodies [770].

5.4.2 ALLOGENEIC TRANSPLANTS
As mentioned previously, techniques exist that use autologous chondrocytes and osteochondral plugs,
and two of the major limitations of these techniques are repeated surgeries and limited donor tissue.
Allogeneic sources have thus been considered to circumvent these two issues. The use of allogeneic
tissue does present an elevated risk of disease transmission, and testing for diseases such as HIV,
hepatitis, and syphilis must first be performed. Immune responses against the cells and tissues are
also problematic.

Allogeneic chondrocyte transplantation has proven to be difficult due to the humoral response
mounted against these cells [772]. Allogeneic chondrocytes implanted into posterior tibial muscles
formed nodules that immediately attracted macrophages, and natural killer and cytotoxic/suppressor
T cells were also recruited to destroy the nascent cartilage over time [763]. This slow destruction
of the repair tissue has been shown in several other studies [773–776]. Cells embedded in matrix,
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however, were relatively safe. Implantation of chondrocytes versus chondrocytes allowed to first
produce matrix has shown that the immune response was greatly diminished in the latter case [777].

In animal models, when allogeneic chondrocytes are implanted with their ECM into rat,
rabbits, or dogs, neither significant leukocyte migration nor cytotoxic humoral antibodies were ob-
served for several studies [772,778,779] while others have shown increased presence of inflammatory
mononuclear cells and less repair cartilage in defects filled with antigen-mismatched transplants in
dogs [780]. Due to the potential for immune responses, and due to the lack of availability of fresh
cadaveric donor tissue, frozen or pressure washed osteochondral allografts have been examined. In
these cases, the cells are likely dead, thus reducing the immunogenic response [781,782], but the
grafts are biochemically and histologically inferior to fresh grafts. Cryopreservation does allow for
tissues to be banked, giving greater time for screening of diseases in the tissue [783,784].

Allografts have shown considerable success; long-term follow-ups of up to fifteen years of
patients receiving fresh osteochondral allografts revealed allograft survival rates of 75%-95% at
five years, 64%-80% at ten years, and greater than 60% during fourteen and fifteen years [785,786].
However, compared to unipolar repairs, clinical trials have demonstrated that allograft implantation
is unsuitable for bipolar lesion repairs, with 50% of grafts failing at six years (as compared to 84%
in unipolar repairs) [787,788]. Cryopreserved and frozen allografts have yielded good to excellent
scores following transplantation in roughly 70% of patients up to four years. It is worth noting
that, while success has been demonstrated in the treatment of condylar lesions using allografts, the
procedure is still considered to be a salvage operation and is currently only suited for young, active
patients with isolated patellofemoral articular cartilage disease, for whom previous procedures have
failed.

Though currently not available as therapies, emerging technologies employing in vitro tissue
engineering has shown much success when allogeneic cells are combined with scaffolds. Implantation
of allogeneic chondrocytes embedded in collagen [789–791], agarose [792], and PGA [352,793],
among others, have been examined in various animal models. In general, the hyaline histological
appearances were found with little to no sign of immunologic reactions. Similarly, the implantation
of allogeneic MSCs in a hyaluronic acid-based gel in a caprine model has shown only mild immuno-
logic rejection [794]. As seen with the contrast between chondrocytes alone and chondrocytes with
associated matrix, in vitro seeding and culture of these tissue engineered constructs allow for the
formation of a protective, hyaline-like matrix around the cells prior to implantation, boding well for
the future of tissue engineering therapies utilizing allogeneic cells.

5.4.3 XENOGENEIC TRANSPLANTS
While allogeneic tissues are more easily procured than autologous tissues, xenogeneic tissues are of
even greater abundance. In this case, the source is of a different species, and immunological concerns
are further heightened. No cartilage product using live xenogenic cells currently exists though the
methodology is being examined in several animal models. Rat chondrocytes implanted in rabbit
muscle resulted in the complete destruction of the implant by macrophages and giant foreign body
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cells [795]. However, since cartilage is immune privileged, xeno-implantation into an articular de-
fect yields better though sometimes mixed results. Using fibrin glue as a matrix, rabbit chondrocytes
transplanted into goats resulted in mild synovitis and the formation of fibrous repair tissue [297].
Implantation of pig chondrocytes into osteochondral defects of adult rabbits resulted in the pro-
duction of hyaline-like tissue with the absence of inflammatory cells [796]. The immunogenicity of
chondrocytes from transgenic pigs has also been examined in vitro. Chondrocytes isolated from H-
transferase transgenic pigs have been shown to have lower expression of the Galalpha1,3Gal antigen
(alphaGal) that humans reject [797], and as a result, experience lowered compliment deposition and
monoblast adhesion [798]. Aside from chondrocytes, no immune reaction was found when human
MSCs were implanted into a swine model to restore the articular surface [799]. This may be in
part because MSCs have been shown to display immunosupression properties when combined with
IFNγ , TNF, IL-1α , or IL-1β via nitric oxide production [800].

In addition to cells, xeneogeneic tissues have also been examined. It is believed that decel-
lularizing xenogenic tissue will be a viable option for the generation of replacement tissue as the
antigenic intracellular proteins and nucleic acids are eliminated while preserving the functional
properties of the tissue’s extracellular matrix [801]. Ideally, the biomechanical properties of the tis-
sue will also be preserved. For instance, an acellular dermal matrix [802] has seen successful clinical
use as the FDA-approved Alloderm product or the porcine derived Strattice product. Additionally,
acellular xenogenic tissues have been created for many musculoskeletal applications, including re-
placements for the knee meniscus [803], temporomandibular joint disc [804], tendon [805], and
ACL [806], as well as in other tissues including heart valves [807–813], bladder [814], artery [815],
and small intestinal submucosa [816, 817]. Previously, a photo-oxidation approach was used for
bovine xenograft decellularization, followed by implantation in vivo into a sheep model [818]. The
photo-oxidation approach, which resulted in nonviable chondrocytes without elimination of DNA
or antigen reduction, resulted in a reduced monocyte and plasma cell infiltration in the implant
after 6 months. Various other chemical treatments have been developed, such as 1% sodium dodecyl
sulfate (SDS), 2% SDS, 2% tributyl phosphate (TnBP), 2% Triton X-100, and hypotonic followed
by hypertonic solution [803–813,816,817]. These methods were applied to self-assembled tissue-
engineered cartilage constructs and cartilage explants [819, 820]. All SDS treatments resulted in
cell removal histologically, but 2% SDS for 1 h decreased DNA content by 33% while maintain-
ing biochemical and biomechanical properties. Additionally, 2% SDS for 8 h resulted in complete
histological decellularization and a 46% reduction in DNA content, although compressive stiffness
and glycosaminoglycan (GAG) content were significantly compromised. As these are the only in-
vestigations of decellularized cartilage, clearly there is a dearth of studies demonstrating the effects
of tissue decellularization on cartilage as well as engineered cartilage constructs.

In a decellularization process, epitope removal must be considered in addition to removal
of cell and nuclear materials. In general, the implantation of xenograft tissue results in hyperacute
rejection of the implant, in which pre-existing host antibodies bind to endothelial cells, leading to
vascular collapse of the xenograft [821,822]. Typically, joint tissues such as cartilage are not subject
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to hyperacute rejection due to the avascularity of the tissue; thus, cartilage is considered to be rel-
atively non-immunogenic [823,824] . However, the cartilage matrix, particularly the α-galactosyl
carbohydrate structure, or epitope, is a source of immunogenicity that leads to tissue destruction
with xenograft implantation, but only in humans and primates [825–828]. For instance, implanted
porcine and bovine articular cartilage in cynomolgus monkeys elicited extensive humoral response to
the xenografts, leading to chronic graft rejection with fibrous encapsulation and peripheral leukocyte
infiltration [829]. In a follow-up study, implanted porcine or bovine articular cartilage in cynomol-
gus monkeys resulted in the increase of anti-α-galactosyl IgG by up to 100-fold, accompanied by
increased complement-mediated cytotoxicity; thus indicating a chronic rejection response to the
tissue [830]. Finally, porcine articular cartilage pre-treated with α-galactosidase to remove the α-
galactosyl epitope resulted in a significant reduction in the inflammatory response to the xenograft
and decreased T lymphocyte infiltration into the tissue in the cynomolgus monkey [831].

As only humans and primates do not express the α-galactosyl epitope and, therefore, produce
anti-α-galactosyl antibodies, an α-1,3-galactosyltransferase knockout mouse has been developed as a
small animal model to study the immune response to this epitope [832]. These mice mimic humans
and primates in that they do not produce the α-galactosyl epitope as the α-galactosyl epitope is
formed by α-1,3-galactosyltransferase. This model has been used to assess in vivo immunogenicity
and response to α-galactosyl production of a decellularized vascular graft [833] and may be employed
to examine xenogeneic cartilage in the future.

5.5 BUSINESS ASPECTS AND REGULATORY AFFAIRS
IN CARTILAGE TISSUE ENGINEERING

A bulk of this text has thus far been concerned with how tissue engineered constructs can be produced.
Growth factors and bioreactors, used in combination with a variety of cells and scaffolds, are intended
to result in functional cartilage implants. Current therapies, including autologous, allogeneic, and
xenogeneic transplants have been presented, as well as other emerging technologies that do not
employ cells or tissues at all. Depending on the indication, successful articular resurfacing may
eventually be achieved using a variety of products and methods. These products might also include
glues and fixatives specifically developed to adhere a piece of engineered cartilage to the native tissue,
as well as tools and enzymes that prepare the osteochondral or chondral defect to receive an implant.
The above are but a short, categorical list of the treatment possibilities that can come to market. Most
of the cartilage tissue engineering technologies described in this text are still in their experimental
stages, and their safety and efficacy are yet to be verified. The pathway potential products can take
in demonstrating safety and efficacy will depend on the nature of the product and its intended use.
This is an important consideration from a business perspective because some routes take longer
and cost more than others. A brief introduction to the regulatory bodies of the US Food and Drug
Administration (FDA) will be presented, and pathways to regulatory approval will be provided in
this section.



94 CHAPTER 5. FUTURE DIRECTIONS

5.5.1 REGULATORY BODIES
In the US, the FDA is charged with protecting the public health by assuring the safety, efficacy,
and security of drugs, biological products, medical devices, radiological products, cosmetics, and
domestically produced and imported foods. There are seven product-oriented Centers within the
FDA to evaluate different classes of products, such as drugs, vaccines, or medical devices. A product
that is a combination of more than one class, e.g., a medical device that releases drugs, is assigned by
The Office of Combination Products to one of the seven Centers where primary jurisdiction over
the product will reside. For cartilage therapies, four out of these seven Centers are typically involved.

Through the regulation of food, cosmetics, and dietary supplements, the Center for Food
Safety and Applied Nutrition (CFSAN) protects the nation’s health by ensuring that these products
are safe, sanitary, wholesome, and honestly labeled. As described previously, a non-surgical method
that may have potential in relieving joint pain is through dietary supplements such as chondroitin
and glucosamine. These products are specifically labeled as “dietary supplements” because the firms
that manufacture or market these products do not claim medical efficacy. Promotional materials
are typically vaguely worded with disclaimers that the purported effects have not been evaluated
by the FDA. These products are not intended to diagnose, treat, cure, or prevent joint disease and
are not drugs. A company that sells glucosamine, chondroitin, and other “nutraceuticals” (dietary
supplements that may exhibit health benefits) may have anecdotal evidence or even peer-reviewed
studies linking these products to certain conditions but may, nonetheless, lack the rigorous scientific
studies required by the FDA to demonstrate significant effects.

As defined by the Federal Food, Drug, and Cosmetic Act [834], drugs are “articles intended
for use in the diagnosis, cure, mitigation, treatment, or prevention of disease” and “articles (other
than food) intended to affect the structure or any function of the body.” The primary mode of drug
effects is via chemical pathways. The Center for Drug Evaluation and Research (CDER) ensures
that the nation’s drugs are safe and effective. This includes over-the-counter, prescription, biolog-
ical therapeutics, and generic drugs, as well as fluoride toothpaste, antiperspirants, and sunscreens.
CDER’s Division of Manufacturing and Product Quality ensures that drug manufacturers follow
current good manufacturing practices (cGMP) as described by 21 CFR Parts 210 and 211 [835,836].
Adverse events are monitored by the Adverse Event Reporting System (AERS), a computerized
information database designed to support the FDA’s post-marketing safety surveillance program for
all approved drug and therapeutic biologic products. While analgesics and COX-2 inhibitors, useful
in relieving joint pain, are regulated by the CDER, the majority of tissue engineered products will
likely not fall under CDER’s jurisdiction.

Biological products, such as blood, vaccines, allergenics, tissues, and cellular and gene therapies
that are derived from living sources (such as humans, animals, and microorganisms), are regulated
by the Center for Biologics Evaluation and Research (CBER). Similar to drugs, manufacturers of
biological products must follow cGMP as described by 21 CFR Part 211 [836] and report adverse
events to AERS. Looking back on the tissue engineering methods described in this volume, many
potential products can fall under this category. All autologous, allogeneic, and xenogeneic products
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are produced by cells and can potentially be regulated by CBER. It is important to note, though,
that the primary mode of the effects of biologics is metabolic. Thus, ACI, a procedure that requires
manipulation of the autologous cells that will metabolize and produce tissue in situ, is regulated by
CBER.

A Biologics License Application (BLA) must be filed for the permission to introduce a bi-
ologic product into the market, and the BLA is regulated under 21 CFR 600 to 680. Applicants
for a license must comply with requirements set forth by Form 356h, which includes the applicant
information, product and manufacturing information, pre-clinical studies, clinical studies, and la-
beling. Of substantial burden are clinical studies, which can be slow and costly. For implants, the
FDA has had a history of classifying most orthopaedic implants as medical devices, which have
their own regulatory Center. In the case of ACI, the resulting implant is expected to generate tissue
through metabolic means and, as a cell slurry, cannot withstand loading as an implant would and,
thus, probably cannot be classified as a device. Applying for approval as a device, e.g., through the
510(k), may be less burdensome as explained in the next section.

Firms that manufacture, repackage, relabel, and/or import medical devices sold in the United
States are subject to regulation by the Center for Devices and Radiological Health (CDRH). (As
an aside, CDRH also regulates radiation-emitting electronic products, including x-ray systems, ul-
trasound equipment, microwave ovens and color televisions.) A medical device is “an instrument,
apparatus, implement, machine, contrivance, implant, in vitro reagent, or other similar or related
article, including any component, part, or accessory, which is intended for use in the diagnosis of
disease or other conditions, or in the cure, mitigation, treatment, or prevention of disease” [834].
Tissue engineered cartilage, as an implant, may be regulated by CDRH even if it contains biologics or
drugs, depending on the assignment by the Office of Combination Products. The primary mode of
effect for devices is mechanical or electrical. Implants whose primary function is to bear mechanical
load (as tissue engineered cartilage is designed to function) may have CDRH as its primary regu-
lator. Devices regulated within the CDRH fall into three classes and have different requirements
that the manufacturer must fulfill prior to introducing a product to market. As CDRH has been
assigned jurisdiction over most orthopaedic implants, pathways to market through this Center will
be described in the next section.

A medical product intended to promote public health must be both safe and effective.Scientific
studies conducted to demonstrate both of these criteria can cost both time and money. The FDA,
charged with reviewing the scientific data, must also devote similar resources. A shorter time-to-
market can potentially result in the earlier realization in benefits to public health or in lack of
adequate data to ensure safety. While excessive burdens in testing can deplete a company’s resources
and stifle product innovation, small clinical studies might not be able to detect rare adverse events
associated with a device.Through its Centers and Offices, the FDA performs a balancing act between
expediency and assurance of public welfare. To ease the regulatory burden of industry, FDA has
established intercenter agreements, e.g., between the CBER and the CDRH, and between the
CDER and the CDRH. Also, in order to ensure that adequate effort is expended in evaluating a
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device, the FDA Modernization Act of 1997 established three classes of devices, each requiring
different degrees of rigor in demonstrating efficacy (all devices must be safe). Firms interested in
obtaining approval for a device can also meet with the Office of Device Evaluation to determine the
“least burdensome” method in showing that a device is effective, through the selection of appropriate
pathways for the application.

5.5.2 DEVICE CLASSIFICATIONS AND PATHWAYS TO MARKET
Class I devices are low risk and pose minimal potential harm. The key regulatory compliance for
a Class I device is that a company must demonstrate that it has implemented “general controls.”
General controls include quality system regulation (QSR), as described by 21 CFR 820 [837], to
ensure adherence to predefined design controls and GMP, label requirements to prevent product
mislabeling, and the use of Medical Device Reporting (MDR), not the AERS, as the mechanism to
maintain records for the reporting of adverse events identified by the user,manufacturer,or distributer
of the device. Hand-held instruments, elastic bandages, exam gloves, and enema kits are examples
of Class I devices. As part of the pathway to market, medical devices must use forms FDA-2891
and FDA-2892 for establishment registration and medical device listing.

Aside from the requirements listed above for Class I devices, Class II devices, which are of
moderate risk, often require a Premarket Notification 510(k) pathway to market. That is, before
proposing to market a device, the manufacturer must notify the FDA 90 days in advance that
the device is substantially equivalent to a predicate device legally in commercial distribution in the
US before May 28, 1976. Substantially equivalent devices will generally be labeled as a Class I
or II device. Applying for a 510(k) starts with the determination of an appropriate product code
for the device and locating a predicate device from there. The FDA provides guidance documents
that a company can review, and either a traditional, special, or abbreviated 510(k) may be filed. A
traditional 510(k) takes about 90 days to review. A special 510(k) can be filed for when a device is
modified. No changes to the intended use of the device can be made and the manufacturer must
declare conformance to design controls. Review for a special 510(k) is faster, generally 30 days. An
abbreviated 510(k) also has a reduced review time but not necessarily down to 30 days. It relies on
use of guidance documents or special controls to provide a summary report that describes adherence
to the relevant guidance document. After a Class II device goes to market, it may require special
controls, such as postmarket surveillance, patient registries, guidances, and standards. Most joint
arthroplasty components are approved as Class II devices, as well as other implanted materials such
as pedicle screws and intramedullary nails.

Class III devices support or sustain human life, are of substantial importance in preventing
impairment of human health, or present a potential, unreasonable risk of illness or injury. Devices for
which substantially equivalent predicates are non-existent are also classified as Class III devices. If a
new device is deemed to be substantially equivalent to a predicate Class III device, then it, too, will
be a Class III device. Lastly, if a new device is determined to be substantially equivalent to a Class I
or II device that was developed after 1976, it also automatically falls into Class III. A company may
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petition to have a new device reclassified to Class I or Class II. For a Class III device, a company
must submit a premarket approval application (PMA) or Product Development Protocol (PDP)
before legal distribution can occur. The PMA process will include both preclinical and clinical data
to demonstrate safety and efficacy. In order to collect clinical data, a new device must first have an
investigational device exemption (IDE) (see 21 CFR 812 [838]) before it can be used in humans.
If the device has significant risk, the FDA and Institutional Review Board (IRB) must approve the
study before initiation. If the device is of non-significant risk, only the IRB needs to approve.

Additional pathways to market include the Humanitarian Device Exemption (HDE) and the
PDP (for Class III devices). HDE devices cannot have a profit margin as this pathway is intended for
the development of devices to treat rare (< 4,000 patients per year) conditions. To speed the time to
approval, regulatory burdens on the manufacturer are lessened for HDE devices as such devices need
not have demonstrated efficacy. However, HDE devices do need to be approved by the IRB where
they are used, and surgeons must be aware that efficacy has not yet been shown for these devices. A
PDP is an alternative to the PMA. To purse this pathway, a company would work with the FDA
in designing preclinical and clinical studies, protocols, assessment methods, and acceptance criteria.
Few products have been approved through this pathway, though it may be speedier than a PMA as
the FDA would be involved in the initial development of the product all the way to market.

Tissue engineered cartilage, though derived from biological sources, may be regulated as an
implant instead and qualify for the shorter and less costly 510(k) pathway to market (instead of a
BLA) if it is shown to be substantially equivalent to a predicate device (e.g., arthroplasty compo-
nents). Due to the combinatorial nature of many tissue repair products, the Office of Combination
Products may assign primary jurisdiction to the CDRH if a product’s primary mode of effect is
not metabolic. For example, Medtronic’s InFuse Bone Graft/LT-Cage, consisting of a collagen scaf-
fold with recombinant human BMP (rhBMP) enclosed within a metallic lumbar fusion device, is
regulated as a medical device. In this case, the rhBMP is derived from a biological source, but the
primary mode of action for the product is for mechanical support. Similarly, biologic products such
as bone void fillers and demineralized bone matrix are classified as Class II devices by the FDA, while
BMPs are classified as Class III devices. Depending on the nature of a tissue engineered product,
whether it will be assigned to CBER or CDRH is something researchers and companies should
consider as they develop the product because the pathways to market are substantially different for
each Center. Furthermore, if a company would like to be regulated under CDRH, it should have a
plan for which class a product falls into and project the time and financial burdens from there. At
present, no tissue engineered implants are on the market, and it is likely for either CBER or CDRH
to be involved. Companies that are traditionally used to pathways required by CDRH might start
acquainting themselves with CBER regulations.

Getting a product approved by the FDA does not mean that it will automatically be approved
for reimbursement by various private and public insurers. As engineered cartilage will be of use for
the elderly, it is relevant to understand how Medicare approves of reimbursement. The Centers for
Medicare & Medicaid Services (CMS) makes a decision based on whether a treatment is “reasonable
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and necessary.” While criteria for “reasonable and necessary” are ill-defined, it is clear that the
FDA’s mandate of “safe and effective” is not sufficient in warranting reimbursement. Criteria for
reimbursement by private insurers differ from company to company. While it is clear that a need for
long-term cartilage resurfacing exists, whether tissue engineering will be a profitable technology in
addressing this void will depend on many factors.

5.5.3 CURRENTLY AVAILABLE PRODUCTS
While articular cartilage tissue engineered products are currently not available in the US, several
products available in Europe and others that are undergoing clinical trials in the US can serve as
models to inform those seeking to develop and market tissue engineered articular cartilage. Regu-
latory processes in Europe are different from the US FDA, and are reviewed elsewhere [839,840].
Engineered cartilage employing allogeneic cells may find commonalities with tissue explant allo-
grafts. For lesions greater than 2 cm, Regeneration Technologies has fresh-stored osteochondral
allografts that are cleaned, processed, and preserved with maintained chondrocyte viability. A pro-
prietary antibiotic soak and 14 days of culture monitoring (with 28 days of fungal culture monitoring)
prepare the allografts for implantation [841].

Several examples of cartilage treatments using only a biomaterial are available as products.
Trufit (Smith & Nephew) is a product based on biodegradable polymers and used world-wide. Other
products in use include Gelrin by Regentis Biomaterials, a fibrin/polyethylene glycol hydrogel that
can be cross-linked in situ for cartilage defects. BioPoly RS, a subsidiary of Schwartz Biomedical,
developed the BioPoly RS (ReSurfacing) device, which is a hydrophilic polymer. SaluMedica has
SaluCartilage, which is a hydrogel that can be used for cartilage damage with CE Mark approval
in Europe but not FDA approval. BST-CarGel, by BioSyntech, is another product with CE Mark
approval and is used for focal cartilage lesions. Results from clinical data on 40 subjects enrolled
in a Canadian-European trial using BST-CarGel are currently being analyzed, and final clinical
results from an 80-patient study using this product are anticipated in 2010. Kensey Nash is in a late
pre-clinical study of an implant, composed of several biomaterials and a biologically active protein,
for osteochondral defects.

Cell seeded scaffolds have also been approved for use in Europe. CaReS (Cartilage Regenera-
tion System) by Arthro Kinetics, uses articular chondrocytes for transplantation. Arthro Kinetics also
developed CartiPlug, which is an acellular collagen matrix for the same indication, and is currently
developing CaReS Plus, which would contain cells for larger cartilage defects. BioTissue Tech-
nologies has BioSeed-C, an autologous 3D chondrocyte graft. Since December 2001 BioSeed-C
started on controlled trials in selected clinics. A four-year follow up study has recently been released
showing stability of the regenerated tissue [750]. CellGenix markets CartiGro, which is autologous
chondrocytes combined with Chondro-Gide collagen membrane (from Geistlick Biomaterials),
and is distributed in Europe by Stryker EMEA. Fidia developed Hyalograft C, which uses Hyaff, a
hyaluronic acid derivative, and autologous chondrocytes. DePuy’s Cartilage Autograft Implantation
System (CAIS) will harvest, seed onto a biomaterial, and implant the product all in one surgical pro-
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cedure. DePuy has recently completed a multi-center randomized pilot study evaluating the safety
and performance of CAIS. Histogenics licensed Angiotech’s ChondroGEL biomaterial to use in
combination with its proprietary Tissue Engineering Support System in growing a product known
as NeoCart, which is currently near completion of Phase II trials. According to the company’s web-
site, Histogenics also has a scaffold product, VeriCart, for cartilage regeneration that was scheduled
to begin Phase 1 clinical trials in late summer of 2008. It is worth noting that the only cell-based
product available in the US does not employ a scaffold. Genzyme Biosurgery’s Carticel consists
of the deliverance of a slurry of expanded autologous chondrocytes. Japan Tissue Engineering has
an autologous cell transplantation method similar to Genzyme’s. Isto Technologies is collaborating
with Zimmer to tissue engineer Neocartilage, which is also not scaffold-based.

5.6 CHAPTER CONCEPTS
• Due to the low availability of differentiated, autologous chondrocytes, alternative cell sources

are investigated as the future of articular cartilage tissue engineering. Isolation, differentiation,
and purification protocols for several stem cell types, both adult (e.g., MSCs, iPSCs, dermis
derived, adipose derived) and embryonic, are developed.

• Parallels and commonalities in the differentiation of various stem cell populations to
chondrocyte-like cells are currently in the discovery and application phase.

• Engineered cartilage can be assessed histologically, immunohistologically, biochemically,
via non-destructive imaging, and biomechanically in determining its functionality pre-
implantation.

• One of the most important properties of engineered cartilage is compressive stiffness, but, with
the existence of a myriad of protocols in determining this property, inter-study comparisons
can sometimes be difficult. Consensus standards in this area, along with tensile, shear, friction,
and fatigue testing will aid in the future development of an engineered cartilage product.

• Integration of the engineered cartilage can be a significant hurdle due to the inherent non-
adhesive nature of the tissue.

• Both surgical and non-surgical methods exist for the management of cartilage injuries. Non-
surgical methods can include supplements and drugs to reduce inflammation, although their
efficacy may include artifacts that result in a placebo effect. Surgical methods include debride-
ment, microfracture, and various transplants and implants.

• Allogeneic cartilage transplants have been applied with substantial clinical success, and im-
mune reactions are often mild or absent.

• Xenogeneic transplants are currently examined in animals. The presence of an α-galactosyl
carbohydrate structure in animals, but not in humans, results in an immune reaction. Elim-
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ination or reduction of the immune reaction is currently sought through the removal of the
α-galactosyl carbohydrate structure and through decellularization of xenogeneic implants.

• The FDA regulates food, drug, and medical device safety through several Centers and Offices.
As compliance requirements differ with each Center, it is important for a tissue engineering
company to consider which pathway to market a product might take.

• Most orthopaedic implants have been classified as devices. Pathways to market for devices
include filing for the 510(k), PMA, PDP, or HDE applications. While several cell and biologic
products are available for cartilage resurfacing in Europe, few have been approved in the US.
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