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Abstract

ABSTRACT
Articular cartilage represents a primary target for tissue engineering strategies as it does
not functionally regenerate within the joint. Many tissue engineering approaches have
focused on the in vitro generation of neo-cartilage using chondrocyte-seeded scaffolds.
Several studies have reported the morphological appearance of native cartilage,
although its functional competence has not been demonstrated. Accordingly,
mechanical conditioning has often been introduced to enhance biosynthetic activity of
chondrocytes within 3D constructs. However although this strategy has significantly upregulated proteoglycan synthesis, its effects on the synthesis of the other mayor solid
constituent, type II collagen, has been modest. Analyses of normal joint activities reveal
that cartilage is subjected to shear superimposed on uniaxial compression. This complex
mechanical state has motivated the design of a biaxial loading system intended for use
in vitro to stimulate bovine chondrocytes seeded in agarose constructs. This necessitated
the redesign of the construct from cylindrical morphology to accommodate shear
loading. The experimental approach was complemented with the development of
computational models, which permitted prediction of both cell distortion under biaxial
loading regimens and nutrient diffusion within the 3D constructs.

An initial study established the profile of proteoglycan and collagen synthesis in free
swelling cultures up to day 12. The introduction of dynamic compression (15% strain, 1
Hz for 48 h) enhanced proteoglycan synthesis significantly. In addition, when dynamic
shear (10%, 1 Hz) was superimposed on dynamic compression, total collagen synthesis
was also up-regulated, within 3 days of culture, without compromising proteoglycan
synthesis. Histological analysis revealed marked collagen deposition around individual
chondrocytes. However, a significant proportion (50%) of collagen was released into
the culture medium, suggesting that it was not fully processed. The overall biosynthetic
activity was enhanced more when the biaxial stimulation was applied in a continuous
mode as opposed to intermittent loading.

The present work offers the potential for a more effective preconditioning of cell-seeded
constructs with functional integrity intended for use to resolve defects in joint cartilage.
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material and s is its solubility in the base material

xxix

Chapter 1

ARTICULAR CARTILAGE

Chapter 1: Articular Cartilage

1.1 Preface
Cartilage is an aneural, avascular, alymphatic connective tissue. Different types of
cartilage tissue are present at various body sites. They are classified histologically into
hyaline, elastic, and fibrocartilaginous cartilage depending on their molecular
composition (Naumann et al. 2002). Hyaline cartilage is the predominant form of
cartilage and is commonly associated with the skeletal system typically in large loadbearing articulating joints, such as the knee, hip, and shoulder. Glass-like in appearance,
hyaline articular cartilage appears as a layer anywhere from 1.5 mm to 6 mm thick on
the bony articulating ends of a diarthrodial join (Bader and Lee 2000; Mankin et al.
2000). The primary role of articular cartilage is to provide a low-friction, wear-resistant
bearing surface that can withstand large loads, permitting movement between the bones
over many decades of constant use. The biochemical and mechanical characteristics of
articular cartilage directly affect how it performs in the joint (Mauck et al. 2000).
Articular cartilage is unlike most other tissues in the body because it presents a low
density of cells, termed chondrocytes, it is highly hydrated (65 to 80% wet weight is
water), and contains primarily type II collagen (15 to 20% wet weight) and
proteoglycans (3 to 15% wet weight). Other components of articular cartilage include
minor protein molecules (1% wet weight) (Bader and Lee 2000; Darling and
Athanasiou 2003; Guilak and Hung. 2005).
Collagen-proteoglycan and proteoglycan-proteoglycan interactions are very important
in the mechanical behaviour of cartilage (Lu et al. 2010; Langelier and Buschmann
2003; Mow et al. 1999). These interactions are, in part, dictated by the fixed-charged
density of the solid constituents in ionic solution. These extracellular matrix (ECM)
constituents also play a role in mediating cell interactions.
The chondrocytes are specialized cells, which differentiate from mesenchymal stem
cells of the bone marrow, and are responsible for the production, maintenance and
remodelling the ECM of cartilage. The cells are also responsible for the turnover of the
tissue, synthesising both the ECM and the enzymes which break it down (Huang et al.
2010). This turnover, however, is relatively slow in adult articular cartilage, with the
collagen turnover estimated to be approximately 100 years (Silver et al., 2002; Fraser et
al., 2003).
Chondrocytes are embedded in the extracellular matrix so tightly that cell migration
within the tissue is minimal. Chondrocytes are linked to the ECM through proteins, such
as integrins, located on the cell surface which allow them to sense, and respond to,
2

Chapter 1: Articular Cartilage

mechanical loads (Coates and Fisher, 2010). Interactions between chondrocytes and the
ECM regulate many biological processes important in cartilage homeostasis and
remodelling, including cell attachment, growth and differentiation. Since articular
cartilage is avascular, nutrients are supplied to chondrocytes by diffusion from the joint
space (Mow and Huisker, 2005), which is facilitated by the loading and unloading
cycles to which the tissue is exposed during normal physiological activities.
The specific organization of articular cartilage and the embedded chondrocytes results
from complex developmental processes in which joints are formed during
embryogenesis (Olsen et al. 2000). During embryogenesis there is development of three
germ layers namely the ectoderm, the endoderm and the mesoderm; cartilage develops
from the mesoderm. Throughout embryogenesis cells from the mesoderm condense into
nodules and differentiate into chondrocytes. The chondrocytes divide rapidly and
secrete cartilage-specific matrix. Developmentally, cartilage can serve as a transitional
tissue to bone, and this process has been utilised by a number of tissue engineering
strategies. 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 (Buckwalter et al., 2000). The endochondral
ossification can be divided into four steps (Buckwalter et al., 2000): chondrogenesis
from early mesenchymal condensations, chondrocyte differentiation and hypertrophy,
mineralization of the matrix and invasion of bone cells, and finally, the definitive
formation of bone. The composition of ECM changes during the differentiation of
mesenchymal cells into chondrocytes. While the expression of collagen I decreases,
chondrocytes start producing collagen II, IX, and XI, as well as aggrecan and link
protein. This composition of cartilage is largely retained in adult articular cartilage,
which can be considered a remnant of initial cartilage formation.
The physiological nature of cartilage tissue reveals why it exhibits a very limited
capacity to regenerate and to repair. Indeed, articular cartilage lacks both a blood
supply and direct access to the lymph system; nutrients, and growth factors cannot be
supplied in sufficient amounts to induce a successful healing response. Moreover it
presents a low cell density, with chondrocytes representing 1% to 17% of the tissue
(Stockwell, 1971) which following maturity rarely divide to provide the tissue with a
new cell population. Hence, cartilage defects are rarely able to repair themselves to a
fully functional tissue and, as a result, this can lead to subsequent complications
(Umlauf et al. 2010).
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Accordingly a number of clinical strategies have been proposed to treat partial thickness
defects, each of which are designed to provide additional metabolically active cells to
the damaged site (Carver and Heath 1999). One of the earliest tissue engineering
applications in clinical use was autologous chondrocyte implantation (ACI) (Peterson et
al., 2000; Saris et al., 2008) introduced by Brittberg and Peterson in 1987 specifically
to treat cartilage defects (Brittberg et al., 2003; Nehrer et al., 1998; Harris et al., 2010;
Vasiliadis et al., 2010) in the knee joint. Originally, the method is described as
harvesting chondrocytes from non-weight bearing areas of the cartilage, expanding the
number of chondrocytes in suspension in vitro, and implanting them into a bioactive in
vivo defect created by covering the debrided cartilage defect with a periosteum flap. The
ACI surgical procedure was then modified (Steinwachs et al., 2007) by covering the
cartilage defect using a collagen membrane instead of a periosteal flap.
A modified development is termed the matrix-associated chondrocyte implantation
technique (MACI) (Andereya et al., 2007; Behrens et al., 1999; Behrens et al., 2006;
Ossendorf et al., 2007), which consist of combining propagated chondrocytes with
specialised biomaterials, typically hyaluronic acid scaffolds, collagen membranes or
gels. The cell-seeded matrix is placed in the defect site and fixed by fibrin glue. The
chondrocytes in this technique are isolated out of a cartilage biopsy, mixed with bone
marrow cells and seeded on a scaffold material (Hendriks et al., 2007). A similar
technique, proposed by Lu et al. (Lu et al., 2006), involved seeding minced hyaline
cartilage onto a scaffold material. These cell- or tissue-loaded scaffolds are then placed
into the defect and fixed.
All these techniques have been associated with a number of issues including limited
donor site availability and lack of transplant integration with adjacent host tissue. In
addition, the fibrocartilage repair tissue which results from many of these procedures
are inferior in terms of structure, organization and hence functionality when compared
to the native tissue (Buckwalter et al., 1998).
Extensive cartilage damage, as occurs in osteoarthritis and rheumatoid arthritis, presents
more difficult problems. The treatment of choice is a total joint replacement, which has
proved highly successful particularly for elderly osteoarthritic patients. However, it is
associated with complications involving component wear and loosening, especially in
long term usage. Hence, the applicability such a prosthesis is limited for the younger
population, who would inevitably require a number of revision surgeries during their
lifetime.
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Because of the lack of long-term functional stability of current surgical approaches,
much of the current effort in treating cartilage disease has been directed toward tissue
engineering strategies. These have expanded rapidly as new technologies are made
available that renders possible tissue replacement and regeneration (Darling &
Athanasiou, 2003; Carver et al., 1999). The aim of tissue engineering is to assist the
body in producing a material that closely matches the native tissue. These processes
involve the manipulation of a complex interplay between biomaterials, growth factors,
mechanical stimuli and cell populations to achieve functional restoration of native tissue
(Darling et al., 2003; Bader and Lee, 2000).
Although tissue engineered articular cartilage has been the focus of much research, the
ultimate goal has yet to be achieved. Indeed, cartilage presents a number of challenges
associated with its lack of functional regeneration within the joint and its critical
function of load bearing. Most tissue engineering strategies have been focused on the in
vitro generation of cartilage replacement tissues or implants using chondrocyte-seeded
scaffolds. However, although many studies report neo-tissue, which resemble the
morphological and biochemical appearance of the native cartilage, it is generally
mechanically inferior and requires a considerable culture period to develop (Johnstone
et al., 2013). In addition, detection methods for early signs of cartilage damage need to
be developed, as it will be much easier to repair a small-localized defect in the cartilage
surface using a tissue engineered construct than a more extensive area of damage.
The goal of fabricating a mechanically functional tissue engineered cartilage has been
approached by manipulating and optimizing a combination of four main factors namely
cells, scaffolds, chemical factors (growth factors), and mechanical loads. It is well
known that articular cartilage is highly responsive to mechanical stimulation.
Accordingly, several in vivo and in vitro studies have been detailed in which cyclic
loads at physiological frequency and magnitude have been applied to cartilage in
various forms e.g. explants and constructs (Pingguan-Murphy et al., 2005; PingguanMurphy et al., 2006; Chowdhury et al., 2008; Knight et al., 2006; Goldberg et al., 2005;
Buschmann et al., 1995; Buschmann et al., 1996; Lee and Bader, 1997; Bonassar et al.,
2001; Mauck et al., 2000). Constructs made of biomaterial scaffolds are used to provide
a three-dimensional environment, which is desirable for the production of cartilaginous
matrix, and a means to apply prescribed mechanical loading. It is desirable for the
scaffold
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•

to exhibit a direct and controlled degradation profile that is coordinated with the
production of ECM,

•

to promote cell viability, differentiation and proliferation,

•

to permit the diffusion of nutrients and waste products,

•

to adhere and integrate with the surrounding native tissue,

•

to fill the defect,

•

to provide mechanical integrity congruent with the defect site.

To create articular cartilage in vitro, the physiology of the tissue must be understood to
determine its biological appearance and organisation, secretions, function, and
mechanical properties. In such applications it is also essential to understand the normal
and failure properties of the native tissues under all conditions likely to be experienced
in vivo. This includes physiological rates of loading during normal walking and
excessive rates predicted in episodes of rigorous physical activities and trauma.

1.2 Biochemical Composition
Articular cartilage is a relatively low metabolically active tissue that maintains its
extracellular matrix in a state of constant turnover (Guilak 2004). However, the
molecular components are not reconstituted at the same rate and differences exist based
on the spatial location within the tissue. Degradation and synthesis are concentrated in
the regions immediately surrounding chondrocytes.

1.2.1 Articular Chondrocytes
The chondrocytes, as the sole cell type resident within hyaline cartilage, are the basic
metabolic unit of the tissue, maintaining its extracellular matrix (Bader and Lee, 2000).
At the light microscopic level, the chondrocytes appear to be located within spaces or
compartments, called lacunae (Choi et al., 2007). Chondrocytes reside within a low
oxygen environment (1-8% O 2 ) (Grimshaw et al., 2000; Heywood et al., 2006) and
obtain nutrients such as glucose by diffusion from the synovial fluid, facilitated during
periodic joint loading and movement (O'Hara et al., 1990; Holm et al., 1981). As a
result, the majority of ATP in chondrocytes is produced by glycolysis and the
conversion of pyruvate to lactate, which lowers the local pH around the chondrocytes
(Lee and Urban, 1997). The mechanical environment is known to influence the
phenotypic expression and activity of the chondrocytes within the matrix. The
6
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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, as well as other small molecules.
Under normal conditions, chondrocytes are able to balance their synthetic and catabolic
activities to maintain the integrity of articular cartilage (Umlauf et al., 2010; Mauck et
al., 2000).
Although chondrocytes can be regarded as representing a single phenotype, transient
metabolic differences among chondrocytes of different sizes and zonal affiliations have
been recently proposed (Umlauf et al., 2010). The chondrocytes are arranged in a zonal
stratification and embedded in the arcade-like network of collagen fibrils intermingled
with proteoglycans (Poole et al. 2001; Poole et al., 1986). Articular chondrocytes from
the superficial, middle, and deep zones have morphologies and expression profiles
specific to their regions within the tissue (Figure 1.1).
Cell diameters range from 10-20 μm, with superficial zone cells being smaller than
middle/deep zone cells (Bader and Lee, 2000). Chondrocytes near to the surface of the
tissue exhibit flattened, discoidal shapes that are oriented parallel to the articulating
surface with long axes of between 10-12 µm, whereas in the middle zone the cells are
more rounded and, in the deep zone, the rounded cells are organized in columns
perpendicular to the surface (Bader and Lee, 2000). In general, middle/deep zone cells
have a higher volume ratio of cytoplasm : nucleus and hence exhibit an enhanced
synthetic capacity compared with superficial cells.

Superficial zone

Deep zone
Middle zone

Figure 1.1 Microscope images of single optical sections labelled with Picrosirius red stain
illustrating chondrocytes morphology and organization in superficial, middle and deep zone of
bovine cartilage (scale bar 100μm).
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1.2.2 Collagens
Collagen is a protein composed of repeating amino acid sequences [gly-X-Y] n with the
smallest amino acid, glycine, occurring at every third amino acid, and X and Y often
present as proline and hydroxyproline. Each collagen molecule is coiled into a lefthanded helix, 300 nm long and 1.5 nm wide, with three identical polypeptides alpha
helixes coiling around each other into a right-handed helix to form a tropocollagen
molecule of molecular weight ~300 kDa (Mow et al. 2005). Each α chain, which
contains around 1000 amino acid residues, presents at its extremity a non-helical
sequence of about 25 amino acid residues, defined as telopeptides (Prockop and
Kivirikko, 1995). In the endoplasmic reticulum the α-chains are assembled from the Cterminal pro-peptide (COOH) towards the N-terminal pro-peptide (NH 2 ), to form a
triple-helix structure and are then secreted outside the chondrocyte (Figure 1.2). The
hydroxyproline stabilizes the triple helix by covalent intermolecular cross-links and the
hydroxylysine allows collagen to bind covalently to carbohydrates.
In the extracellular space, the C- and N-terminal peptides of the procollagen molecules
are cleaved and the resulting tropocollagen molecules self-assembled and connect
through intermolecular crosslinks into collagen fibrils (Bank et al., 1998). The
tropocollagen molecules are organised parallel and staggered along the fibre axis with a
periodicity of 67 nm as detailed in Figure 1.2. The collagen fibres are linked by strong
covalent bonds and provide much of the tensile stiffness and strength of the tissue
(Mollenhauer, 2008; Bader and Lee, 2000). Fibril-forming collagen molecules are
packed into quarter-staggered arrays that have been modeled to contain alternating
flexible and rigid domains (Silver et al., 2002). The flexible domains have been
proposed as the sites of elastic energy storage, while the rigid domains prevent
unfolding of the collagen triple helix during mechanical loading (Silver et al., 2002,
Hulmes, 2008, Umlauf et al., 2010). Different collagen types are termed accordingly to
the genetic type and the arrangement of the α-chains forming the collagen structure.
For example collagen type II, the predominant collagen type in articular cartilage is
composed of three identical α1(II) chains (Hulmes, 2008). Collagen type
II represents more than half of the dry weight of articular cartilage (Bader and Lee
2000; Maroudas et al. 1980; Poole et al. 2001; Eyre et al., 1991; Eyre, 2002) and it is
characterized by a high content of bound carbohydrates (Mendler et al. 1989; Schmidt et
al. 1990; Wu et al. 1992). Its fibril thickness is affected by other collagen types and
varies throughout the depth of cartilage.
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In addition to type II collagen there are also small amounts of collagen types VI, IX, X,
XI, XII, and XIV in healthy adult cartilage (Bader and Lee, 2000). The types of
collagen found in articular cartilage can be divided into fibril-forming and non-fibrilforming. Types II and XI form fibrils, whereas types VI, IX, and X do not, but still
contribute to the integrity of the ECM structure. While the definitive roles of these
minor collagen types have not been fully characterized, each can be considered to play a
role in intermolecular interactions (Wu et al., 1992; Guilak, 2004).

Amino acid

- Gly – X – Y – Gly – X – Y – Gly -

Alpha
Procollagene molecule
N-terminal pro-peptide
H2N

C-terminal pro-peptide
COOH

1.4 nm

INTRACELLULAR
EXTRACELLULAR

Tropocollagene molecule
N-terminal end

C-terminal end
Mature collagen

Collagen fibril

300 nm

Collagen

67 nm

Figure 1.2 Schematic of the collagen fibril structure and formation (Adapted from Cummings,
2000).

As an example, collagen type VI is found primarily close to the cell and may contribute
to the mechanical function of the chondron, the functional unit representing the
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chondrocyte and its associated pericellular matrix, and/or regulate interactions between
the chondrocyte and extracellular matrix (Choi et al, 2007; Guilak, 2004; Bader and
Lee, 2000). By contrast, collagen type X, found primarily in the zone of calcified
cartilage, appears to play a role in cartilage mineralization at the interface between the
cartilage and the subchondral bone. Type XI collagen is thought to be important in
controlling type II fibre diameters. Type IX collagen is classified as a fibril-associated
collagen with interrupted triple helices, and may function to act as a bridge between
collagen fibrils and proteoglycans (Mann et al., 2004; Budde et al., 2005; Chen et al.,
2004).
Collagen fibre orientation varies through the depth of articular cartilage, as illustrated in
Figure 1.3. Indeed scanning electron microscopy of cartilage shows that in the
superficial zone, the collagen fibrils run parallel to the surface and are able to reorientate to the direction of joint loading (Bader and Lee 2000; Poole et al. 2001;
Jeffrey et al., 1991). In the intermediate or middle zone the collagen fibres appear to be
in a more random orientation, while in the deep zone the fibres are orientated
perpendicular to the articular surface (Figure 1.3).

Articular
surface
Collagen
fibres

Proteoglycan

Superficial zone
Middle zone

Deep zone

Figure 1.3 Diagrammatic representation of the general structure of human adult articular
cartilage. Both cells (right) and collagen fibres (left), which present an heterogeneous
anisotropic alignment, are organized within cartilage into superficial, middle, and deep zones
(Adapted from Bell et al., 2009).

While the collagen content per weight does not change significantly with depth its
number of crosslinks is depth dependent (Bader and Lee, 2000). The number of lysyl
pyridinoline crosslinks decreases with depth in mature cartilage, while the number of
hydroxylysine and hydroxylysylpyridinoline crosslinks increases with depth. It is
hypothesized that these features, along with collagen fibre orientation, account for the
10
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reduction in both tensile stiffness and strength with depth from the articular surface
(Fraser et al., 2003).

1.2.3 Proteoglycans
Proteoglycans are large macromolecules composed of a protein core with attached
polysaccharide chains, incorporating glycosaminoglycans. They are associated with the
water content in articular cartilage forming a gel, which is contained within the
organized collagen network (Umlauf et al., 2010; Bader and Lee, 2000).
The main proteoglycan present in cartilage is aggrecan (Figure 1.4). It consists of a
hyaluronan protein core (non-sulphated GAG) of high molecular weight (~250,000),
that contains distinct globular and extended domains, to which are attached laterally
numerous sulphated glycosaminoglycan (GAG) side chains. Hyaluronan binds noncovalently through one such domain and is stabilized by a link protein (Hardingham and
Fosang 1992; Bayliss et al. 1999).

Figure 1.4 Schematic illustrating the aggrecan structure (right) and aggrecan aggregates (left).
The aggregate is made of proteoglycan monomer consisting of a protein core with
glycosaminoglycan side chains, which contain keratan sulphate and chondroitin sulfate.
Proteoglycan monomers bind to a linear filament of hyaluronan via link protein denoted by a
circle (Adapted from Bader and Lee, 2000).

GAGs represent long chains of non-branching polysaccharides, consisting of repeating
disaccharide units. There is usually a sulphated group (SO42–) per disaccharide. Several
GAGs are present in cartilage, notably, chondroitin sulphate, keratin sulphate, heparin
11
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sulphate and dermatan sulphate. Their relative amounts vary with type of cartilage and
with age (Bader and Lee, 2000). Each aggrecan molecule contains ~100 chondroitin
sulphate chains (with a molecular weight of ~20 kDa) and up to 60 keratan sulphate
chains (~5–15 kDa). The conglomeration of many proteoglycans into large
macromolecules is critical for the normal functionality of cartilage (Mankin et al. 2000).
The half-life of aggrecan core protein ranges from 3 to 24 years, while the
glycosaminoglycan components of aggrecan are synthesized more rapidly and present a
higher matrix turnover in the pericellular regions.
The proteoglycans are essential for protecting the collagen mesh. The large size of the
proteoglycan molecules acts to immobilize and restrain the collagen network. Indeed, in
tension proteoglycans matrix retards the rate of stretch and alignment of collagen fibrils.
The biomechanical roles of proteoglycans in cartilage include (Ateshian, 2009; Ateshian
et al., 1997; Ateshian et al., 1998):
•

contributing to the compressive stiffness of cartilage

•

regulating the amount of water in the matrix

•

providing osmotic pressure within articular cartilage

•

contributing to the overall permeability of cartilage.

The GAG chains are densely packed, with an average distance between molecules of
approximately 3-4 nm (Maroudas 1979), which generate a selective permeability barrier
within the tissue. The diffusion rate and concentration within the tissue of some
molecules, such as cytokines and growth factors, are reduced compared to the serum
while solutes with high molecular weight, such as immunoglobulin and albumin, cannot
permeate in the cartilage (Urban, 1994).
The high occurrence of sulphated disaccharides and the presence of carboxyl (COO–)
ionic groups give an overall negative charge to the GAG. This so-called “fixed charge
density” is critical in controlling the hydration of cartilage (Maroudas, 1968).
Accordingly, the charged matrix imbibes fluid, swelling the tissue to maintain
equilibrium. The swelling pressure is balanced against the elastic restraint of the
collagen network and provides resistance to the compressive forces associated with
normal joint loading (Maroudas, 1976; Alexopoulos et al., 2005).
Other smaller proteoglycans (Figure 1.5) are found in cartilage including syndecans,
glypican, decorin, biglycan, fibromodulin, lumican, epiphycan, and perlecan (Knudson
et al., 2001; Maroudas et al. 1980; Poole et al. 2001; Eyre 2002). As with the minor
collagen types present in cartilage, the precise roles of each of these proteoglycans has
12
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still not been fully established. Nonetheless, it is likely that each small proteoglycan
assists in matrix assembly by associating with the collagen structure during
development and repair. In particular, biglycan and decorin represent small
proteoglycans rich in dermatan sulphate (DSPGs) with molecular weights of 105 and
100 kDa, respectively (Knudson et al., 2001; Scott 1996; Xu et al. 1998). The core
proteins of both of these DSPGs have a molecular weight of about 37 kDa. Biglycan
contains two attached glycosaminoglycan chains, whereas decorin contains a single
chain (Knudson et al., 2001; Scott 1996; Xu et al. 1998). Biglycan and decorin bind to
specific regions in collagen fibrils, interacting with transforming growth factor-β and
other macromolecules of the extracellular matrix (Knudson et al., 2001; Scott 1996; Xu
et al. 1998). The core protein of biglycan does not specifically bind to collagen. DSPGs
are believed to inhibit tissue repair processes and therefore may limit the healing
process associated with superficial cartilage lesions (Knudson et al., 2001). Decorin is
mainly found in the superficial and intermediate zones of adult cartilage (Poole et al.,
1986), whereas biglycan is localized in the pericellular region (Knudson et al., 2001).

Perlecan
Aggrecan

Glypican

Hyaluron

Biglycan
Chondrocyte
CD44
Syndecan

Hyaluron

Figure 1.5 Overview of the proteoglycans present in cartilage. Aggrecan binds to cell surface
associated hyaluronan as well as hyaluronan. Several small proteoglycans namely, decorin,
fibromodulin have been shown to form strong associations with cartilage collagen fibrils
(collagens types II, IX and XI). Other proteoglycans such as biglycan and perlecan are also
present within cartilage but their localization and binding partners have not been firmly
identified (Adapted from Huang et al., 2010).

Fibromodulin is another collagen-binding PGs found in cartilage. It inhibits collagen
fibril formation in a manner similar to that of decorin. Small cartilage PGs may function
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as regulators of collagen fibril diameter. Several studies also suggest that small cartilage
PGs play a role in increasing energy storage and dissipation through collagen fibril
stretching and slippage during mechanical deformation (Silver et al., 2002).
Additionally Perlecan has been reported to enhance fibril formation (Naumann et al.,
2002).

1.2.4 Extra Cellular Matrix Molecules
A large number of other molecules are also present in small amounts in the cartilage
matrix. These include fibronectin, the matrilins, thrombospondin, tenascin, matrix-GLA
(glycine-leucine-alanine) protein, chondrocalcin, superficial zone protein (Guilak et al.
2004; Goldring et al., 2009) and cartilage oligomeric matrix protein (COMP). COMP
acts as a catalyst in collagen fibrillogenesis (Halasz et al., 2007). Interactions between
type IX collagen and COMP or matrilin-3 are essential for normal formation and
maintenance of the articular cartilage matrix (Leighton et al., 2007; Pirog-Garcia et al.,
2007). The functions of these molecules are still under investigation. Other matrix
constituents in articular cartilage include lipids, phospholipids, glycoproteins, and
inorganic crystal compounds (Heinegard and Oldberg, 1989).

1.2.5 Synovial Fluid
The synovial fluid that is present in the joint capsule is mainly composed of water, with
appreciable levels of inorganic salts, typically sodium, potassium, calcium and chloride.
Most of the fluid in cartilage tissue is contained in the molecular pores within its
extracellular matrix, but it also can permeate throughout the entire tissue. The interstitial
fluid plays an important role in transporting both nutrients and waste products through
the tissue (O’Hara et al., 1990). The synovial fluid also contains a surfactant molecule,
named proteoglycan 4, a large specialized glycoprotein that aids in the lubrication of the
synovial joints (Khalafi et al., 2007; Krishnan et al., 2004). Proteoglycan 4 (PRG4) is
also commonly referred to as superficial zone protein (SZP) or lubricin, which has been
shown to play an important role in the surface properties of articular cartilage through
either a lubricating or protective mechanism (Flannery et al., 1999; Caterson et al. 2000;
Jones et al., 2007).
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1.3 Structure and Function of Articular Cartilage
Cartilage presents a zonal structure that varies from the surface of the tissue through to
the subchondral bone (Hunziker et al., 1997), which is characterized by variations in
cell morphology, collagen fibre orientation, and biochemical composition with depth.
Additionally, at the microscale, matrix structure and composition varies with respect to
distance from the chondrocyte membrane (Bader and Lee, 2000). These structural
variations are critical when considering the magnitude and distribution of loads placed
on the tissue. As an example, both the tensile stiffness and strength of the tissue are the
highest in superficial zone and decrease in the middle and deep zones (Maroudas et al.
1980; Poole et al. 2001). This reflects the native of the stress distribution, involving
shear, to which the surface zone is exposed.

1.3.1 Zonal Structure
Articular cartilage is composed of four distinct zones (Goldring et al., 2009; Umlauf et
al., 2010). From the superficial to the deep zone, cell density progressively decreases,
whereas the cell volume increases and there is an increase in the relative proportion of
proteoglycans to collagen (Figure 1.1). Variations also exist in the mechanical
characteristics with depth, which match directly with the overall functionality of
cartilage (Coates et al., 2010; Lee et al., 1998).
The surface of articular cartilage is covered by a very thin, proteinaceous layer termed
the lamina splendens. This acellular, primarily non-fibrous region has a thickness
ranging from hundreds of nanometers to a few microns. Although, the precise role of
the lamina splendens is not known, it has been proposed to facilitate low friction and to
protect wear of the cartilage surface and that it may represent a gradual accumulation of
proteins and molecules from the synovial fluid (Darling et al., 2003).
The superficial, or tangential, zone of articular cartilage comprises the upper 10-20% of
the tissue, which contains the articulating surface. It is characterized by small diameter,
densely packed collagen fibres (30 nm diameter) that are oriented parallel to the
articulating surface in tight bundles, accounting for about 85% of the dry weight. As
well as providing tensile stiffness and strength, these fibres are thought to impede
transport of any unwanted molecules from the synovial fluid (Alexopoulos et al., 2005).
The matrix has a relatively low proteoglycan content (15% dry weight), as well as a low
permeability. In particular, the aggrecan content is the lowest compared to middle and
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deep zones. The cells in this layer are densely packed (Bader and Lee, 2000), and are
responsible for producing PRG4.
The middle, or transitional, zone represents approximately 40-60% of the total tissue
thickness. Within this zone there is a narrow band with no vertical or horizontal
collagen fibres, in which collagen fibres intersect predominantly at angles ranging
between 45 and 135 degrees (Xia et al., 1998; Xia et al., 2001). The collagen density is
lower and the collagen fibrils present a greater diameter than in the superficial zone.
Proteoglycan content reaches its maximum in the middle zone, accounting for 25% of
the dry weight. The cell density is much lower in this region than in the superficial
zone, and the cells are spherical in shape (Eggli et al., 1988).
The deep, or radial, zone contains the remaining 30% of tissue depth. Its collagen
structure is characterized by large fibres that form bundles oriented perpendicular to the
articular surface and are anchored in the underlying subchondral bone. In this zone, the
collagen and proteoglycan contents constitute about 67% and 20% of the dry weight,
respectively. The cells, which are present in columns of 3-9 cells, are slightly elongated
and oriented in the direction of collagen fibres, perpendicular to the articular surface
(Eggli et al. 1988). Subjacent to the deep zone is the tidemark, a thin line below which
the tissue becomes calcified and eventually turns into subchondral bone. This calcified
region containing deposits of calcium salts, effectively blocks any molecular diffusion
from the subchondral bone, and anchors the articular cartilage to the bone tissue (Huber
et al., 2000; Hunziker et al., 2002).
The water content decreases with depth within the tissue, with values in the superficial
zone varying between 75 to 80% down to approximately 60% in the deep zone.
Furthermore, as a result of diffusion from the synovial fluid, the oxygen concentration
within the avascular tissue is highest in the superficial zone, with typical vales ranging
from 6-7% and decreases through the middle and deep zones (1-2%) (Bader and Lee,
2000; Arend et al., 2008).
The synthetic activities of the chondrocytes also differ between zones, with
chondrocytes in the superficial zone synthesising more collagen and less proteoglycan.
By contrast, chondrocytes in the middle zone are characterised by higher biosynthetic
activity.
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1.3.2 Territorial Structure
The pericellular matrix (PCM), the region immediately adjacent to chondrocytes (~2 μm
thick) is enriched in hyaluronan (Alexopoulos et al., 2005), proteoglycans (Poole et al.,
1986), fibronectin and collagen type VI (Figure 1.6). 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 (Poole et al., 1986; Poole et al., 1997). Additionally, its presence reduces the
deformation experienced by the chondrocytes, hence the structural unit is important in
terms of mechanotransduction.
Immediately surrounding the pericellular matrix, there is the territorial matrix, which is
composed of a fine network of collagen-like fibrillar material associated with a dense
accumulation of proteoglycans (Poole et al., 1986; Poole et al., 1997). In normal
cartilage, collagen type VI has been shown to be primarily localized in this region. The
territorial matrix (Figure 1.6) exhibits a higher concentration of proteoglycans than the
surrounding extracellular matrix. It also exhibits a finer collagen structure with fibrils
that follow the pericellular outlines close to the cell, but become less organized at
increasing distances from the cell.

A

B

6 μm

C

Figure 1.6 Light microscopy images of chondrons. (a) Toluidine blue staining of a section of
human articular cartilage indicating the presence of a proteoglycan-rich pericellular region.
(b) Differential interference contrast microscopy of an enzymatically isolated chondron from
human articular cartilage. (c) Diagrammatic representation of the microenvironment of a
chondrocyte, showing the chondrocyte (C), pericellular glycocalyx (Pg), pericellular capsule
(Pc), territorial matrix (Tm), and interterritorial matrix (Im). (Adapted from Guilak et al.1995;
Poole, 1997).

The third region, termed the inter-territorial matrix, contains large collagen type II fibres
and varying concentrations of proteoglycans and is characterized by closer collagen
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fibre packing (Poole et al., 1986; Poole et al., 1997). In general, the collagen fibrils are
thicker than those in the territorial matrix. The interterritorial matrix provides the tissue
with its substantive mechanical properties. The loading of articular cartilage involves
transmission through the interterritorial, territorial, and pericellular regions before being
perceived by the individual chondrocytes. Accordingly it is generally accepted that
these regions assist in modulating strains present at the cellular level (Choi et al. 2007).

1.4 Mechanical Properties of Cartilage
Articular cartilage is a highly complex material, exhibiting both anisotropy (dependent
on orientation and depth) and non-linear behaviour. It has been variously described as a
fluid-saturated, fibre-reinforced, porous, permeable composite matrix. (Sun et al., 1999).
Characterization of its mechanical properties has revealed highly viscoelastic behaviour
(Mow et al., 1984), coupled to electromechanical phenomena (Frank & Grodzinsky,
1987). Improvements in the understanding of the ultra-structural, constituents, and their
interactions in cartilage have resulted in improvements in modelling the tissue
behaviour. Authors proposing such models all recognize that the time and strain-rate
dependence of all types of its ECM constituents introduce complexity to the analyses
(Li et al., 2003), characterised by viscoelasticity, poroelasticity, swelling behaviour and
tissue pre-stresses. For example, the fluid expression associated with the viscoelastic
behaviour of cartilage creates issues, while the level of pre-stress existing in the tissue
will inevitably affect its stress–strain behaviour. Indeed, it has long been reported
(McCutchen et al., 1982) that the strain recorded in the tissue lags behind the applied
stress because of fluid flow within cartilage and, for this reason, cartilage can be
considered to be poroelastic in nature. However, other studies have suggested that the
time dependence of cartilage behaviour is not fully explained by its flow dependence
and be reflected, in part, by the viscoelasticity of the solid matrix (Hayes et al., 1972;
Hayes & Bodine, 1978).
In addition, it has been shown that the charged molecules affect the swelling behaviour
of cartilage, and therefore electromechanical forces must also be considered when
studying its mechanical behaviour. As an example, the swelling-induced strains, even in
unloaded cartilage, provide evidence of differences in the stress-strain state of the deep
zone when compared to the middle and superficial zones (Narmoneva et al., 1999).
These authors reported a tensile modulus of 29 MPa for the middle zone, suggesting
that cartilage may be operating in the lower part of its linear region in the stress-strain
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curve. These findings suggest that the swelling may influence the tensile forces existing
in articular cartilage.
Early models considered articular cartilage as a single-phase homogeneous isotropic
elastic material (Hayes et al., 1972). More sophisticated models accounted for timedependent creep (strain increases with time under a fixed load) and stress-relaxation
(stress reduction with time under a constant deformation) behaviour exhibited by
cartilage. Such behaviour is characteristic of viscoelastic materials, representing a
combination of the properties of a viscous liquid and an elastic solid. Considering that
the viscoelastic properties of ECM are strain rate dependent (Li et al., 2003; Quinn et
al., 2001) models usually define the elastic modulus as strain-rate insensitive, and the
viscosity of interfibrillar friction as a function of the strain rate, suggesting that shear
thinning occurs at high strain rates (Silver et al., 2002). The viscoelastic behaviour of
articular cartilage is complicated by the presence of tensile stresses in the parallelaligned collagen fibrils of the superficial layer, which have been generated by
compressive and shear loads at the joint surface (Silver et al., 2002). In the instance of
decreased external compression, resulting in reduced tension, interstitial fluid flow
becomes a dominant factor in the viscoelastic behaviour of articular cartilage and plays
an important role in the compressive behaviour. In the well-established linear biphasic
theory, cartilage has been represented as an incompressible solid phase and a fluid phase
(Mow et al., 1980). The interstitial fluid phase can move through the tissue by a
pressure gradient. The viscous component of the tissue results from the frictional drag
of the interstitial fluid flow through the “porous” permeable collagenous network.
A consolidation approach considers the material to be a porous elastic solid saturated by
a fluid that flows relative to the deforming solid (Bell et al., 2009). Consideration of ion
transport through the matrix leads to more complicated models (Lai et al., 1991). As an
example, the triphasic model accommodates an additional ion phase, representing
cations and anions within cartilage, to describe the deformation and stress fields for
cartilage under chemical and/or mechanical loads (Lai et al., 1991). This triphasic
theory combines the physico-chemical theory for ionic and polyionic (proteoglycan)
solutions with the biphasic theory for cartilage. In a quadriphasic mixture model, the
four phases, including both cations and ions, interact with each other (Huyghe and
Janssen, 1997; Frijns et al., 1997).
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1.5 Physiological Mechanical Loads in Articular Cartilage
Within the body, cartilage functions to facilitate load support and load transfer, while
allowing for both translation and movement between bone ends within a synovial joint.
The degree of loading in an articulating joint is dependent on its location in the body.
For example, the forces during walking exerted on the hip and knee joints have been
estimated to be 3.3 and 3.5 times bodyweight, respectively (English et al. 1979;
Crownshield et al., 1978; Davy et al., 1988). Experimentally compressive stresses in the
hip have been shown to vary between 0.1–4.0 MPa during everyday activities, such as
walking, and have been estimated to increase up to 18 MPa during activities such as
vigorous sport (Urban et al., 1994; Freeman, 1973; Hodge et al., 1989; Hodge et al.,
1986).
The deformation characteristics of articular cartilage play an important role in its
mechanical functionality. The time and rate dependent behaviour of articular cartilage
derives from interstitial fluid flow through the solid matrix (Setton et al., 1993). Sudden
loading is initially borne by the fluid phase of the cartilage, helping to absorb the energy
of impact that would otherwise be directly transmitted to the solid phase. The contact
stress experienced by articular cartilage effectively decreases as the tissue deforms upon
loading in association with an increase in the area of contact between surfaces.
Deformation during joint movement is essential for the maintenance of articular
connective tissues. Deformation and stresses maintain healthy cartilage by regulating
tissue remodelling, in the form of the balance between both catabolic and anabolic
processes (Martel-Pelletier et al., 2008; Raveenthiran et al., 2009). However, if the
deformations stresses are outside the normal range, either below representing underuse
or above representing overuse, there will be an imbalance between catabolic and
anabolic signaling pathways, which may lead to cartilage degeneration ultimately
leading to osteoarthritis (Hui et al., 2010). This behaviour has been examined in both
animal and human studies. An example of the former was a reported reduction in
articular cartilage thickness in the absence of mechanical loading (Helminen et al.,
1992). In a more recent MRI examination involving athletes, increased joint loading
was associated with an increase in the contact area of the load-bearing surface, as
opposed to an increase in cartilage thickness (Eckstein et al., 2006). 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 initiating a process of damage that can eventually result in total degradation of
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cartilage (Martel-Pelletier et al., 2008; Bush and Hall 2003; Quinn et al., 2001).
Overloading, underloading and static loading of cartilage has been associated with
proteoglycan depletion while, both loading during the course of physiological exercise
and cyclic loading has been shown to increase proteoglycan synthesis (Kurz et al., 2001;
Arokoski et al., 1993; Parkkinen et al., 1993). Although evidence suggests that
physiological levels of joint loading maintain cartilage integrity, the mechanisms by
which these mechanical stimuli regulate joint homeostasis are still to be fully
elucidated.
A variety of loading modes are present within cartilage and have been shown to affect
tissue composition and integrity, including compression (Lee and Knight, 2004;
Chowdhury et al., 2003; Chowdhury et al., 2001; Quinn et al., 1998; Lee and Bader
1997), tension (Akagi et al., 2006; Hall et al., 2009), shear (Ofek et al., 2010; Smith et
al., 2000; Jin et al., 2001), and hydrostatic pressure (Elder & Athanasiou, 2009).
Cellular interpretations of these mechanical signals through mechanotransductive
pathways may induce changes in catabolic and/or anabolic gene expression, thereby
altering the essential ECM synthesis for cartilage tissue (Ofek et. al., 2010). In addition,
the mechanical properties of individual chondrocytes will affect cellular deformations
and the transmission of direct strain to the nucleus (Guilak et al., 1995; Ofek et al.,
2010), which will also have a significant effect on the biosynthetic activity (Buschmann
et al., 1996; Leipzig & Athanasiou, 2008). A schematic illustrating the relationships
between electromechanical loads and chondrocytes biosynthetic activity is presented in
Figure 1.7.
Compression, which represents the primary mode of mechanical loading experienced by
articular cartilage, results in complex changes within the tissue involving:
•

matrix and cell deformation,

•

hydrostatic and osmotic pressure,

•

fluid flow,

•

altered matrix water content,

•

ion concentration,

•

fixed charge density.

These changes are detected by mechanoreceptors on the cell surface, which include
mechanosensitive ion channels and integrins that, on activation, initiate intracellular
signaling cascades leading to tissue remodelling. In the unloaded state of cartilage, the
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osmotic swelling pressure of proteoglycans is balanced by the hydrostatic pressures in
the form of tensile stresses generated within the collagen network.

Cartilage structure

Mechanical and electrical properties
Joint loading

Extracellular matrix
• Proteoglycan
• Collagen
• Water content

Spatial and temporal Mechanoelectrochemical events
• Stress
• Strain
• Hydrodynamic/osmotic
pressure
• Fluid flow
• Ion flow
• Streaming potential

Chondrocytes

Physical signal

Biosynthetic activities
Cartilage function

Physical activities

Figure 1.7 Schematic illustrating the relationships between composition, mechanoelectrochemical signals and chondrocyte biosynthetic activities (Adapted form Mow et al.,
1999).

The magnitude of swelling pressure is related to the concentration of the charged GAG,
and has been estimated to be approximately 0.35 MPa in unloaded cartilage (Bader and
Lee, 2000).
Compressive load generates two deformation mechanisms which are differentiated by
their time dependence. The first is the initial elastic response of the ECM, where the
collagen fibres resist strains induced by both the osmotic pressure and the applied force.
The second mechanism is a transitory time dependent creep or relaxation response
(Mow et al., 1980; Oloyede and Broom, 1993; Broom et al., 1998), during which the
change in hydrostatic pressure is balanced against the osmotic pressure as synovial fluid
is transported through the pores in the ECM (Lai et al., 1991). During loading, there will
be an increased PG concentration within the articular cartilage and a change in the
relative magnitudes of the stresses in its two solid ECM components. If the compressive
load remains constant, the rate of fluid flow decreases with time and eventually reduces
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to zero. Cyclic loading produces similar behaviour (Figure 1.8), although the extent of
the recovery within each cycle will depend on the form and frequency of both the
loading and recovery patterns (Bader and Lee, 2000).
In terms of classical elasticity theory, articular cartilage can be defined as exhibiting two
separate material parameters of stiffness, namely the instantaneous modulus and the
equilibrium modulus. The initial compressive modulus of cartilage has been reported to
range from 0.08 to 2 MPa and varies with depth, location on the joint, and species
(Schinagl et al., 1997; Athanasiou, 1995). The equilibrium aggregate modulus is
significantly less than 1 MPa (Mow et al., 1984). These values are commonly estimated
from tests involving a range of loading modalities, including unconfined compression
(Park et al., 2003; Armstrong et al., 1984), confined compression (Soltz et al., 2006),
and indentation testing (Lu et al., 2010; Mow et al. 1989).

A

B

C

D

Figure 1.8 Typical experimental responses and theoretical curve-fits of the Biphasic PorousViscoelastic model for unconfined compression stress relaxation (A) confined compression
stress-relaxation (B) uniaxial tension (C) from cartilage cylindrical plugs of bovine cartilage.
(D) Stress response of bovine femoral articular cartilage subjected to cyclic stretching (Adapted
from Huang et al., 2003 and Woo et al., 1979).
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Compression of cartilage is governed primarily by the movement of fluid through the
interconnected pore structure of the solid matrix. The frictional drag associated with
interstitial fluid flow through the porous, permeable solid matrix is the dominant
dissipative mechanism for cartilage (Armstrong and Mow 1982; Holmes et al. 1985;
Torzilli et al. 1990; Lai et al. 1991).
However, this time-dependent behaviour will be significantly impaired if the structural
integrity is disrupted. 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 (Lai et al., 1991). As fluid redistributes within the tissue, timedependent changes occur in fluid movement, which contribute to the viscoelastic
response of the cartilage. As fluid pressure decreases over time, more load is supported
by the solid fraction of the matrix, giving rise to creep and stress relaxation behaviour
(Mow et al., 1980). Volumetric changes occur as fluid is transported from the tissue
under compression. Upon removal of the compressive load, cartilage tissue recovers its
initial dimensions with time. This is possible through the combination of the resilient
nature of the solid matrix and the absorption of surrounding fluid. Compression and
recovery occur repeatedly at the microscale level during normal joint movement. Over
the course of an active day, the bulk cartilage tissue is compressed slightly compared to
its initial state. Typical amplitudes of compressive strain, during normal walking
activity have been shown to be 15-20% (Sah et al., 1989; Freeman, 1973; Schinagl et
al., 1997), whilst prolonged physiological static loading can result in up to 44%
compression (Hodge et al., 1986).
When the cartilage is compressed, tensile and shear forces can occur within the tissue as
a result of its deformation and of the frictional forces developed during joint translation
(Akagi et al., 2006). Under tensile forces the collagen fibres tend to align along the axis
of loading (Roth & Mow, 1980). As the tensile loads increase, the fibres are stretched
and there is an associated increase in tensile stiffness, which is dependent upon both
collagen cross links and the interactions between collagen and aggrecan (Ikenoue et al.,
2003). In healthy human cartilage, the tensile modulus varies from 5 to 25 MPa
depending on the location on the joint, the depth and orientation in the tissue (Roth &
Mow, 1980). The resulting tensile properties of cartilage, which are non-linear in nature,
are largely dependent on the integrity of the collagen fibres in the tissue. The main
contributing physical parameters include:
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•

collagen fibre density,

•

fibre diameter,

•

amount of crosslinking,

•

strength of ionic bonds and

•

frictional interactions between the collagen and proteoglycan networks (Ikenoue
et al., 2003).

While the collagen-proteoglycan interactions appear to affect rate changes in the
deformation of cartilage tissue, the intrinsic stiffness of the solid collagenous matrix
primarily contributes to the stress-strain behaviour and failure properties of cartilage in
tension and, in many cases, compression.
Articular cartilage undergoes shear throughout the tissue depth arising from both normal
rotational and translational movements in the joint and compression per se. Bader and
Knight (2008) examined the deformation of chondrocytes, stained with a fluorescent
dye, within a full thickness articular cartilage explant using a custom-made microscopemounted loading rig (Pingguan-Murphy et al. 2005). This enabled the simultaneous
application of compressive strains and the visualisation of the resulting deformation of
tissue and cells, the latter acting as strain markers. As illustrated in Figure 1.9, the
confocal images of the explant in the unstrained state and subjected to 20% static gross
compression clearly show the presence of shear arising from compression (Bader and
Knight, 2008).
The shear behaviour of cartilage is due to the interaction between collagen fibres and
proteoglycan network. Accordingly, the investigation of the cartilage shear properties at
equilibrium helps to characterize the interaction among the collagen network and
proteoglycans, with minimal contribution from fluid flow. The equilibrium shear
modulus for articular cartilage has been reported to vary from 0.05 to 0.25 MPa (Abbot
and Levine, 2003). Shear testing in cartilage is often measured by applying an
oscillatory torsional strain over a range of frequencies (Chen et al., 2005). Dynamic
shear modulus for human articular cartilage was reported to vary from 0.1 to 4 MPa,
with a loss angle of approximately 10˚ (Chen et al., 2005).
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Figure 1.9 Confocal images showing an explant of full thickness articular cartilage visualised
in the unstrained state (A) and subjected to 20% static gross compression (B). The explant was
taken from the proximal surface of the joint and compressed against an opposing explant from
the distal surface. The image shows cells stained with Calcein AM in tissue adjacent to the area
of initial contact (to the left of the field view). Loading clearly produces both compressive and
shear strains (Adapted from Bader and Knight, 2008).

1.5.1 Friction
Friction is a measure of the resistive force that exists when two contacting surfaces
move laterally relative to each other. Several different mechanisms have been proposed
to explain the exceptionally low friction values between cartilage surfaces, including:
•

squeeze film lubrication (Hlavacek et al., 1993; Hou et al., 1992),

•

elasto-hydrodynamic lubrication (Suciu et al., 2003),

•

boundary lubrication (Coles et al., 2008),

•

fluid pressurization (Krishnan et al., 2004).

Many studies have suggested the latter mechanism to be most influential (Krishnan et
al., 2004; Ateshian et al., 1998). For example, experiments focusing on interstitial fluid
pressurization show that as pressure decreases ten-fold, the coefficient of friction, which
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represents the ratio of the tangential frictional force to the compressive force, increases
250-fold. Normal loading maintains interstitial pressure at a significant level, thereby
ensuring minimal friction at the cartilage interface (Bell et al., 2006). Indeed the
coefficient of friction for normal healthy cartilage has been estimated to be ∼0.005 a
value lower than that is not achievable with any man-made engineering bearing systems
(Mow et al., 1999; Krishnan et al., 2004).
Without a high water fraction permeating the cartilage matrix, the tissue would break
down much more quickly under constant use. Compressive loads can force the fluid
from the tissue producing an effective decrease in the mobile fraction of water. The
lubricating molecule, PRG4, has been shown to adsorb onto the cartilage surface to
reduce friction (Swann et al., 1981). During joint loading cartilage experiences a
ploughing motion and fluid is exuded at the leading edge of the motion, and imbibed at
the trailing end. 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 (Alexopoulos et al., 2005; O'Hara et al., 1990; Maroudas, 1976). This
mechanism allows for the longevity of cartilage since repeated loading is borne by the
fluid as opposed to the solid-solid interaction (Ateshian et al., 1997; Mow et al., 1984).

1.6 Mechanotransduction in Cartilage
The applied physiological loading and the associated cellular deformation induce
mechanotransduction signalling pathways within the chondrocyte, which regulate
several aspects of the cell function including growth, differentiation and, through its
anabolic/catabolic activity, tissue remodelling. Accordingly, several studies have
examined the transduction processes by which electromechanical loads are converted in
biochemical signals and how variations in the chondrocyte biosynthetic activity can be
correlated with the physical phenomena of interest.
Chondrocytes are highly specialized cells that can detect and respond to the applied load
by altering their metabolic state through a dynamic process, known as mechanochemical
transduction or mechanotransduction, by which mechanical signals quantitatively
modulate biochemical activity and changes in cell behaviour (Martinac, 2004; Urban et
al., 1993). Mechanical signals are transmitted to chondrocytes via the extracellular
matrix and chondrocytes respond to these stimuli by activating anabolic or catabolic
pathways. Signalling molecules that mediate healthy cartilage turnover in response to
physiological mechanical stimulation are also mediators in the processes that lead to
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cartilage degeneration due to excessive mechanical loads, changes in ECM matrix
composition and inflammatory processes.
Mechanical distortion of the chondrocyte membrane and nucleus, changes in membrane
potential (Touyz and Schiffrin, 2000), electric stimuli from piezoelectric effects and
streaming potentials, and physicochemical effects involving changes in matrix water
content, ion concentrations and pH (Kou & Ikegawa, 2004), have all been implicated in
the activation of signaling pathways. These mechanisms are unlikely to be mutually
exclusive with each affecting the plasma membrane of the chondrocyte through
mechanical distortion of the pericellular matrix. Cell and nucleus deformation and
alterations in hydrostatic pressure, ionic and osmotic composition, interstitial water and
streaming potentials constitute the primary component of mechanotransduction.
Thereafter physical changes in the mechanoreceptor complexes, activation of stretchresponsive ion channels and changes in the chondrocyte membrane potential are all
activated (Kou & Ikegawa, 2004). For example, changes in intracellular ion
concentrations, primarily Na+ and then Ca2+, result in generation of calcium waves,
release of other intracellular messengers (inositol triphosphates, diacylglycerol and Ca2+
from intracellular stores) initiating phosphorylation events and activating kinase
cascades within the cytoplasm. These events, in turn, maintain the chondrocyte
phenotype by regulating the expression and activity of universal and chondrocyte
specific transcription factors (i.e. SOX genes), which switch on those genes responsible
for the differentiation, growth and survival of chondrocytes in the extracellular matrix
(Umlauf et al., 2010).
The effects of mechanical loading will be modulated by the quality of the matrix,
particularly its aggrecan content, which regulates the swelling pressure, and the
properties of the collagen network, which influence the degree of deformation
(Martinac, 2004). The pericellular matrix defines the physicochemical environment of
the chondrocyte and physically interacts with it through cell surface receptors, including
integrins CD44, annexin V and other related receptors, which bind to collagens,
fibronectin, laminin, vitronectin and hyaluronan (Xu et al., 2000). Since the pericellular
matrix completely surrounds the chondrocyte, it has been proposed that any mechanical
or biochemical signal perceived by the chondrocyte is influenced by its structural
composition and functional integrity (Umlauf et al., 2010). Indeed there is growing
evidence that the primary function of the pericellular matrix is concerned with
biomechanical performance. The macromolecules that make up the pericellular matrix
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are likely to be the main cartilage components involved in cell-matrix interactions in the
context of mechanotransduction.
The extent of the changes induced in the extracellular environment by loading depends
on its mode, amplitude, frequency and duration. The mechanobiology of articular
cartilage is a complex process that is affected by several factors including:
•

active and passive internal stresses that occur at the ECM–cell and cell–cell
interfaces,

•

the magnitude and direction of external loads applied to cartilage,

•

the types of connections between ECM components and cells,

•

the type and extent of activation of intercellular channels,

•

activation of intracellular secondary messenger pathways.

While it is clear that the balance of forces acting on cells may influence genetic
expression and the rate of matrix turnover, the nature of the secondary messengers that
mediate this activity remain unclear. From an engineering perspective, it is important to
understand what active and passive stresses are present in cartilage and how external
loading affects these stresses.
The estimation of the stress magnitudes will enable the understanding of the modalities
whereby different stress levels affect gene expression and matrix turnover in the
presence

of

direct

collagen

fibril–chondrocyte

and

chondrocyte–chondrocyte

interactions that are normally present in cartilage (Eyre, 2002). Of particular interest is
how mechanical loading may up regulate expression of genes required for production of
collagen and the resulting synthesis of new ECM and the down-regulation of genes that
control production of collagenolytic enzymes that degrade the ECM (Halasz et al.,
2007). A number of hypotheses have been proposed specifically for cartilage
mechanotransduction. Each involves the identification of mechanoreceptors on the
chondrocyte membrane (Mobasheri et al., 2002). Candidates for chondrocyte
mechanoreceptors include:
•

stretch-activated ion channels (SAC) (Silver et al., 2002; Martinac, 2004)

•

hyaluronan receptor CD44 (McDevitt et al., 1991),

•

annexin V ( collagen type II receptor),

•

integrin receptors (Silver et al., 2002).

It has been proposed that the primary cilium act as a mechanoreceptor for the
chondrocytes, transducing forces from the extracellular matrix (Silver et al., 2002).
Each chondrocyte has one cilium and it is hypothesized that bending of the cilium in
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response to ECM loading enables transmission of the mechanical signal. Integrins (α2β1
and α3β1) have been identified on the upper shaft of the cilium, acting as anchors to the
collagen matrix around it (Umlauf et al. 2010). However, in spite of results from recent
studies, the mechanotransduction role of cilia remains to be proven (Knight et al.,
2009).
Studies have shown that conditions representative of physiolgical loading will block the
production of catabolic mediators (iNOS, COX-2, NO, PGE2) induced by inflammatory
cytokines (IL-1) and restore anabolic activities (Xu et al., 2000). Thus an improved
understanding of the interplay of biomechanics and cell signaling will help to develop
therapeutic methods for blocking catabolic components of the mechanotransduction
pathway. Additionally identifying optimal levels of in vivo mechanical forces are
necessary for maintaining the health and viability of cartilage, and to the
implementation of preventative techniques to retard cartilage degradation and disease
(Umlauf et al., 2010).
A more in-depth appreciation of the signaling and regulatory pathways activated during
mechanical signal transduction in normal articular cartilage is a pre-requisite to
understanding the abnormal signaling that is thought to occur in a degenerate cartilage
matrix in disease states, such as osteoarthritis. Thus knowledge of how signalling
cascades are differentially regulated in response to physiological and pathological
mechanical stimuli will enable future strategies to be developed to prevent and treat the
progression of cartilage pathology. However, a more comprehensive description of the
various signalling pathways is beyond the scope of the current thesis.

1.7 Effects of Mechanical Loads on Cartilage Biochemical
Composition and Chondrocytes Biosynthetic Activity: in
vivo and in vitro Studies
Various studies have investigated the effects of mechanical loading on different aspects
of cell function and the related mechanotransduction processes by using in vivo and in
vitro models.
In vivo animal models have been used to determine the effects of physiological and
pathological joint loading on the cartilage structure and biochemical composition. As an
example, Slowman and Brandt (1986) demonstrated that the aggrecan concentration
within the tissue is often higher in areas of habitually loaded cartilage, and can be
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further increased by applying dynamic physiological loads (Ramage et al., 2009;
Ikenoue et al., 2003; Buschmann et al., 1996; Kiviranta et al., 1987). Moderate exercise
was shown to up-regulate ECM synthesis with an associated increase in the tissue
thickness (Helminen et al. 2000; Otterness et al. 1998; Saamanen et al. 1987). In
contrast, immobilization of the joint tends to decrease the aggrecan concentration
(Kiviranta et al., 1987). Moreover, it causes a reduction in the synthesis of both
proteoglycan and collagen, resulting in a reduction of the tissue thickness in both canine
(Haapala et al. 2000; Jurvelin et al. 1986; Palmoski et al. 1979) and a sheep model
(Caterson and Lowther 1978). Vigorous exercise has also been shown to affect cartilage
structure and composition by decreasing thickness and proteoglycan content in load
bearing areas (Kiviranta et al. 1992; Arokoski et al. 1993). Noticeably, the observation
that aggrecan content in the articular cartilage can be reduced by excessive dynamic
loading (Jurvelin et al., 1986), suggests that there are limits to the remodelling capacity
of cartilage in its attempt to meet functional demands. Furthermore, altering the contact
areas and stresses within the joint by destabilisation (Setton et al. 1995; Muller et al.
1994; Ratcliffe et al. 1992; Brandt et al. 1991) or meniscectomy, (Kaab et al. 2000;
Kurosawa et al. 1980; Shapiro and Glimcher 1980), leads to degenerative alterations of
the tissue, comparable to those observed in OA.
In vivo investigations of human articular cartilage, which are limited in number
compared to the animal studies, demonstrated that joint immobilisation (Vanwanseele et
al. 2002) and destabilisation (Hinterwimmer et al. 2004) lead to tissue deterioration.
These trends observed in the in vivo studies have been corroborated by in vitro
investigations involving both cartilage explants (Kim et al., 1994; Buschmann et al.,
1999) and chondrocytes seeded scaffolds.
In vitro studies on cartilage explants have confirmed that mechanical loading alters the
chondrocytes biosynthetic activity and the biochemical composition of the tissue (Kurz
et al. 2001; Loening et al. 2000; Steinmeyer et al. 1999; Parkkinen et al. 1992). Guilak
and colleagues (1995) showed that the application of physiological levels of
compressive strain (15%) to articular cartilage explants increased the proteoglycan
content in the tissue (Guilak 1995; Guilak et al. 1995). Furthermore, studies which have
stimulated cartilage explants using hydrostatic pressure (Table 1.1) and fluid flow also
appear to affect the metabolic response of the tissue, producing alterations in ECM
composition dependent upon the magnitude and frequency (Hall et al. 1991; Parkkinen
et al. 1993). For example, physiological levels of hydrostatic pressure, ranging between
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5 and 15 MPa, induced up-regulation of the main ECM components, whilst values of
pressure outside this range led to either an inhibition of the synthesis or minimal
influence on the tissue composition (Hall et al. 1991; Lammi et al. 1994; Elder and
Athanasiou 2009). Parkkinen and collegues (1993) demonstrated that the cyclic
application of 5 MPa at a frequency 0.5 Hz enhanced the synthesis of ECM although, at
lower frequencies, no such alterations were observed.

Table 1. 1 Seminal studies examining the effects of hydrostatic pressure on chondrocytes model
systems (Adapted from Darling et al., 2003).
Study
Smith et
al., 2000
Carver et
al., 1999
Smith et
al., 2000

Model System
Monolayer,
adult bovine wrist,
105 cell/cm2
Construct, 1- week
bovine knee, 2x106
cell/cm3 PGA, 5
weeks
Monolayer, adult
bovine wrist, 105
cell/cm2, 4h

Experimental
Protocol

Proteoglycan

Type II collagen

10 MPa, 1 Hz, 4
days

21-fold increase of
mRNA synthesis

9-fold increase in
mRNA synthesis

3.5 MPa, 5/15 s
(on/off) for 20 min
every 4 h

2-fold increase in
concentration

No significant
increase

1% fetal bovine
serum 10MPa, 1
Hz

31% increase in
mRNA synthesis

36% increase in
mRNA synthesis

Many physical and chemical signals with potential effects on chondrocyte and ECM
metabolism may be activated by different forms of tissue loading. Thus, static
equilibrium compression has been shown to:
•

reduce the rate of transport of nutrients and macromolecules due to reduced
average pore size within the ECM (Jones et al., 1982),

•

affect ion concentrations (Gray et al., 1988; Urban et al., 1993),

•

affect cell and nucleus structure (Buschmann et al., 1996; Leipzig & Athanasiou,
2008; Guilak et al., 1995).

By contrast, dynamic compression can activate additional effects associated with:
•

fluid flow,

•

pressure gradients,

•

streaming currents or potentials (Kim et al.1995).

Findings of these studies appear to suggest that alterations in the physical environment
of the chondrocytes due to the application of mechanical loads activate different
mechanotransduction processes, which may depend on the degree of deformation
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experienced by the cells. Accordingly, several investigation employed experimental
models consisting mainly of chondrocytes embedded in 3D hydrogel construct, such as
agarose and alginate. Such studies examined the effects of cell deformation induced by
compression on mechanotransduction pathways and metabolic activity of chondrocytes,
independent of other possible stimuli. These are summarised in Table 1.2.
In the host laboratory, Lee and Bader (1997) demonstrated that static compressive strain
of isolated bovine articular chondrocytes seeded in 3% agarose construct inhibited the
synthesis of proteoglycan, while dynamic compressive strain (15% amplitude at 1 Hz)
enhanced the ECM production. These findings have been supported by others
(Langelier and Buschmann, 2003; Mauck et al. 2000; Ragan et al., 1999). Although the
mechanisms by which different loading modalities might influence the metabolic
activity of chondrocytes are not fully understood, the hypothesis that cell deformation
influence chondrocyte mechanotransduction has been supported by findings of several
studies, which highlight the initiation of signalling cascades upon dynamic mechanical
loading (Chowdhury et al. 2008; Pingguan-Murphy et al. 2006; Roberts et al. 2001).
Direct shear is known to affect chondrocyte homeostasis and induce catabolic or
anabolic pathways, as summarized in Table 1.3 citing a number of relevant metabolic
studies. Indeed a recent investigation employed a video-capture method to examine the
effects on single chondrocyte of direct shear, applied via the controlled lateral
displacement of a shearing probe (Ofek et al., 2010). They observed that forward cell
movement during shear, regardless of its magnitude, continued reaching a plateau of
approximately 35% shear strain. At this strain threshold it was suggested that focal
adhesions and cytoskeleton actin become activated to firmly adhere the cell to its
substrate. Understanding how single chondrocytes respond biomechanically and
morphologically to various levels of applied shear is an important first step toward
elucidating tissue level responses and the etiology of disease (Ofek. et al., 2010; Shieh
et al., 2006; Sawae et al., 2004). Investigations on the relationships between cell
stiffness and actin content (Leipzig et al., 2006), proposed that shear load induces
modifications in chondrocytes actin network organization, thereby causing spatial
heterogeneity in the mechanical properties of chondrocytes. It was further hypothesized
that the focal adhesions and the actin network rearrange to the trailing side of the cell,
since this region is experiencing the highest levels of stress.
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Demarteau
et al. 2003

Davisson et
al. 2002

Sah et al.,
1989

Bushmann et
al., 1995

Mauck et
al., 2000

Bonassar et
al.,2001

Lee and
Bader, 1997

Study

•

•

•

•
•
•

•
•

•
•

•
•

•

•

PEGT/PBT scaffold (∅ 8×1
mm)
adult human knee articular
cartilage (104 cells/cm2)

Construct
3-5 month-old bovine ankle,
22x106 cell/ml agarose
Construct
1-2 week-old bovine knee,
20x106 cell/ml agarose
Explant (Ø 9.5 mm)
1-2 week old bovine knee
Non-woven PGA scaffolds (∅
10×2 mm)
Bovine calves (3 weeks old),
patellofemoral groove (20×106
cells/scaffold)

3% w/v agarose cylindrical
construct (Ø 5 mm x 5 mm)
18
months-old
steers,
metacarpalphalangeal
joint,
4x106 cell/ml Agarose
Cylindrical Explant (Ø 3 mm)
1-2 week bovine knee

Model system

•

•

•

•

•

•

•

•

5%
strain
sinusoidal
compression
at
0.1
Hz
superimposed on 5% strain
offset, 6 cycles of 2 h (3 to 17
days)

1 to 5% compressive strain at
1Hz for 8h
24h Static compression: 10%,
30%, 50%
24h dynamic compression: 5%
and 50% strain superimposed to
10%, saw-tooth waveform
0.001 or 0.1Hz

3% compressive strain at 1Hz
for 6 weeks

2% compressive strain at 0.1 Hz
for 2 days
Construct treated with 300 ng of
IGF-I
10% compressive strain at 1Hz
for 4 weeks

15% compressive strain at 0.3, 1
and 3Hz, 48h

Experimental protocol

•

•

•

•

•

•

•

•

•
in

GAG

in

[35S]

GAG

20-40% increase in [35S]
sulphate incorporation
compression at 10% and 30%:
no effect on sGAG synthesis
compression at 50%: 57%
diminished GAG synthesis
dynamic compression: increase
in GAG synthesis of 49% and
179% at 0.001Hz and 0.1Hz,
respectively
4-fold increase in GAG content
after 17 days

15-25% increase in
sulphate incorporation

45%
increase
composition

290% increase in [35S] sulphate
incorporation

50% upregulation
synthesis at 1Hz

Proteoglycan

•

•

•

•

•

•

•

•

Collagen

in

collagen

10-fold increase in collagen
type II mRNA expression in 17
day
2.6-fold decrease in collagen
type I mRNA levels after 17
days

20-40% increase in [3H] proline
incorporation
Not evaluated

10-35% increase in [3H] proline
incorporation

37% increase
composition

180% increase in [3H] proline
incorporation

Not evaluated

Table 1.2 Seminal studies examining the effect of direct uniaxial compression on chondrocyte model system.
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Chokalingam
et al. 2009

Wang et al.,
2009

Ng et al.
2006

Waldman et
al. 2004

Kisiday et al.
2004

Table 1.2

•

•

•

•

•

•

•

•

•

2% w/v agarose type VII
constructs (∅ 8×3 mm). Newborn mice’s rib (10×106
cells/mL)

Porous calcium polyphosphate
cylinder (∅ 4×6 mm). 6-9
months old bovine
Full-thickness
metacarpal
articular cartilage (160,000
cells/mm3)
Bi-layered agarose construct (∅
4.76 × 2.3 mm): 2% (wt/vol)
top layer, 3% (wt/vol) bottom
layer
2–3
month
old
calves,
carpometacarpal joint (60×106
cells/ml)
Chitosan/gelatin scaffold (∅6×5
mm)
Articular cartilage of 1-weekold rabbits (8x106 cells/mL)

Self-assembling peptide agarose
hydrogel, 0.4% or 2% w/v (∅
12×1.6 mm)
1–2 week-old bovine calves,
femoral condyles, (15–30x106
cells/ml)

•

•
•

•

•

•

•

Sinusoidal compression, 10%
strain at 1Hz for 1 h followed
by 1 h of rest three times a day,
for 7, 14, 21, or 28 days

cyclic compression, 40% strain,
0.1 Hz
Short-term (3 or 9 h)
long-term (6 h/day for 3 weeks)

Dynamic compression: 10%
strain, 1 Hz, 3 hours/day, 5
days/week for 4 weeks

2.5%
strain
sinusoidal
unconfined
compression
superimposed on 5% static
offset strain, 1Hz, cycles of 30
of
compression
min–1h
followed by 30 min, 1, 3, 5, or 7
h periods of FS (22 days).
Single application of cyclic
compressive load of 9.81 mN at
1 Hz for 15, 30 or 60 min (1, 8
or 15 days)

•

•

•

•

•

•

•

•

in
FS

in
FS

Not evaluated

Short-term
dynamic
compression (3 h) enhanced
expression levels of AGG
mRNA when compared with FS
controls

48% higher Proteoglycans
content compared to the
controls (24 h)
33%
lower
Proteoglycans
content for samples stimulated
at 15 days
~3-fold GAG increase respect
FS (2%wt/v agarose layer, day
28)
~4-fold GAG increase respect
FS (3%wt/v agarose layer, day
28)

9% higher GAG content
compressed samples than in
on days 10 and 11
38% higher GAG content
compressed samples than in
on day 16

•

•

•

•

•

•

•

type II
(3%wt/v

type II
(2%wt/v

COL II, COL I upregulated
after 3h cyclic compression
compared to FS
COL II gene expression downregulated after 9h cyclic
compression compared to FS
Increased
COL2
mRNA
expression of 1.5, 1.32, 1.36,
and 1.45 times at 7, 14, 21, and
28 days

~5-fold collagen
increase respect FS
agarose layer, day 28)
~13-fold collagen
increase respect FS
agarose layer, day 28)

48% increased collagen content
compared to the controls (24 h)

45 min on/5 h 15 min offloading cycle decreased 3Hproline incorporation to 40%
(day 5) and 60% (day 14)
compared to FS
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•

•

•

•

•

Hoenig et al.
•
2011

Appelman et
al. 2011

Nicodemus
and Bryant
2010

Table 1.2

Hydroxyapatite scaffolds (∅
4.6×2 mm)
4–6 months old female pigs,
knee joint femoral condyles
(2x105 cells per carrier)

Functionalized scaffolds (4 mm
diameter):
PEG-Fibrinogen
(PF), PEG-Albumin (PA), and
PEG only
Bovine chondrocytes isolated
from the talus of young cows
(30x106 cells/ml)

PEG hydrogels (∅5×5 mm). 1-3
weeks old calves
patellar-femoral groove (50x106
cells/mL)

•

•

•

Dynamic compression, 5%,
10%, 20% strain, 1 Hz, 3000
cycles/day, 30 min recovery
phase, 6 h/day (14 days)

Dynamic compression: 15%
strain, 1-Hz frequency, 24 h or
28 days of stimulated culture

Unconfined
sinusoidal
compression, 5 to 20% strain,
0.3
Hz:
25,920
loading
cycles/day for 1week (IL) or 1
h on/1 h off, (6480 cycles/day,
CL)

•

•

•

•

No significant difference in the
GAG/DNA
ratio
between
compression groups and the
respective controls

53.4%, 240.5%, and 284.5%
increase in GAG production in
the PF, PEG, and PA scaffolds,
respectively

2-fold increase in AGC
expressions after 7 days of IL
3-fold increase in AGC
expression after 7 days of CL

•

•

•

•

•

•

2-fold increase in COL2
expressions after 7 days of IL
No changes in COL2 expression
under CL
4-fold
down-regulation
of
COL2 expression during 1 week
FS after IL loading.
78%, 1266% and 896% increase
in collagen type II in PF, PEG
and PA scaffolds, respectively
Increase in type II collagen
content in static constructs by
264%, 459% and 623% in PF,
PEG and PA constructs,
respectively
No significant difference in
collagen/DNA ratio between
compression
groups
and
respective controls
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Bian et al.
2010

Salzmann et
al. 2009

Miyata et
al. 2008

Waldman et
al. 2003b

Waldman et
al. 2003a

Study

•

•

•

•

•

•

•

•

•

•

2 %w/v agarose (TypeVII)
disks (∅ 4 mm)
2–4-year old canines, femoral
condyles (30x106 cells/mL)

Porous calcium polyphosphate
(CPP) cylinder (∅ 4×6 mm).
6-9 months old bovine, fullthickness metacarpal articular
cartilage (160,000 cells/mm2).
2% w/v agarose constructs (∅
8×1.5 mm)
4–6-week-old
calves,
glenohumeral joints, (1.5x107
cells/ml)
Porous PU scaffolds (∅ 8×4
mm)
3–4 months-old female calve,
full-thickness metacarpal joint
cartilage (10×106 cells/scaffold)

Porous calcium polyphosphate
(CPP) cylinder (∅ 4×6 mm)
6-9 months old bovine, fullthickness metacarpal articular
cartilage (160,000 cells/mm2)

Model system

•

•

•

•

•

•

•

•

5% sliding contact loading at
0.5 Hz superposed on either
10% tare strain
5% sliding contact loading at
0.5 Hz superposed on 10%
unconfined compressive strain
at 1 Hz 3h/day, 5 days/week

5–15% shear strain prescribed
by oscillation of a ceramic hip
ball (∅32mm), at 1 Hz
superimposed
on
5%
compressive static strain

0.5% sinusoidal shear strain
(0.01
Hz
to
0.5
Hz)
superimposed on 20% static
compressive strain

2%, 6%, 12% shear strain
superimposed
on
5%
unconfined static compression
1 Hz, 400 or 2000 cycles every
2nd day.
Control group: 5% static
compressive strain offset
sinusoidal loading either in
compression (5% strain) or
shear (2% strain), 1Hz, 400
cycles, stimulated every other
day for 4 weeks

Experimental protocol

•

•

•

•
•
•
•

•

•

GAG contents of all groups
were not significantly different
from each other at all-time
points

2-fold increase of GAG content
after 21 days compared to static
culture
3-fold increase of GAG content
after 35 days compared to
control group

Proteoglycan content (μg/mg
wet weight):
Static Culture 21 ± 2,
Compression-Stimulated 22 ± 1
Shear-Stimulated 25 ± 2
GAG concentration of about
20% of the native articular
cartilage after 28 days

35% more proteoglycans in
stimulated construct compared
to control construct after 24h

Proteoglycan

Table 1.3 Seminal studies examining the effect of shear on chondrocyte model system.

•

•

•
•
•
•

•

•

collagen contents of all groups
were not significantly different
from each other at all-time
points

Collagen
II
significantly
upregulated above control (11
times at 35 days)

Collagen content (μg/mg wet
weight):
Static Culture 28 ± 2
Compression-Stimulated 31 ± 2
Shear-Stimulated 33 ± 1
Not evaluated

40% more collagen stimulated
construct compared to control
construct after 24h

Collagen
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1.8 Aim and Objectives
Several tissue engineering approaches have focused on the in vitro generation of
cartilage replacement tissues or implants using chondrocyte-seeded scaffolds. Although
several studies have reported both the morphological appearance and the biochemical
composition of native cartilage, the neo-tissues are not functionally competent.
Mechanical conditioning of engineered constructs has been commonly employed to
enhance the biosynthetic activity of chondrocytes and improve the mechanical
properties of the developed neo-tissue. However, to date, the synthesis of the critical
constituent, type II collagen, has been modest. In normal joint activities cartilage is
subjected to shear superimposed on uniaxial compression. Therefore, it can be
hypothesized that a more complex loading modality may be required to obtain an
optimal composition and organisation of ECM by chondrocytes in vitro. Accordingly,
the aim of this thesis was to provide a combination of mechanical conditioning regimes
to an appropriate 3D construct to induce a composition and organisation of solid ECM
components by chondrocytes, which closely matches the functionality of native tissue.
This will be accomplished by completing the following objectives:
•

Design and implementation of loading systems, which accommodate a range of
modalities, including compression and shear, for use with 3D cell-seeded constructs.

•

Develop robust method(s) to estimate collagen content and organisation within 3D
cell-seeded constructs.

•

Assess the effect of different loading regimens on the chondrocytes biosynthetic
activity through the quantification of DNA, GAG and collagen content within the
agarose construct, in culture medium and by immuno-histological analyses.

•

Investigate the effect of culture time on cell-seeded agarose constructs and, in
particular, the GAG and collagen production and retention in the constructs due to
the formation of chondron-like structures in response to the applied loading regime.

•

Develop Finite element models to predict the degree of deformation of chondrocytes
within agarose constructs as a result of different loading modalities and predict the
diffusivity of solutes with different molecular weights within the construct.
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2.1 Introduction
The first section of this chapter describes the protocols employed throughout the
experimental work while in the second section the mechanical characterisation of
agarose constructs is reported. Specific protocols adopted for individual studies are
described within the methods section of the subsequent chapters.

2.2 Cell Seeded Agarose Model
The use of hydrogels in tissue engineering has become widely adopted for a number of
reasons including their inherent biocompatibility, well-established viscoelastic
characteristics, ease of fabrication into specific shapes, and their ability to withstand
forces in mechanical conditioning strategies. As an example, agarose has been
extensively used in cartilage tissue engineering as it permits chondrocytes to grow in a
three dimensional suspension while maintaining their phenotype. Indeed, the
chondrocytes/agarose system represents a homogeneous 3D model which also provides
mechanical stability and reproducibility as well as the capacity for the cells to be
subjected to physiological levels of strain. Several investigators have used this culture
model to enable the application of physiological loading, in particular compression and
hydrostatic pressure (Chowdhury et al. 2008; Akanji et al., 2008; Goldberg et al., 2005;
Chowdhury et al. 2003; Chowdhury et al. 2001; Ragan et al., 1999; Knight et al., 1998;
Lee et al., 1998; Lee and Bader, 1997). These studies have examined the influence of
mechanical loading on different aspects of chondrocyte metabolism.

2.2.1 Agarose Culture
a) Chondrocyte Medium
Chondrocyte culture medium was prepared by adding
•

10 mL of 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),

•

5 mL of 200 mM L-glutamine,

•

10 mL of 10,000 units penicillin,

•

10 mg/mL streptomycin solution and

•

0.075 g of L-Ascorbic acid

into 100 mL foetal calf serum (FCS, all from Sigma-Aldrich, Dorset, UK).
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The resultant FCS solution was filtered into 500 mL low glucose Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich) using a 0.2 μm sterile filter. The resulting
620 mL of DMEM media (Table 2.1) supplemented with 16.1 %w/v FCS (DMEM +
16.1 %FCS medium), adjusted to a pH of 7.4, was aliquoted (100 mL per aliquot) into
sterile 150 mL universal plastic containers (Sterilin, Caerphilly, UK) and stored at 20 oC. Prior to use, the medium aliquots were thawed in a 37 oC water bath.

Table 2.1 Reagent concentration in DMEM for chondrocyte culture.
Reagent Concentration
FCS
16.1 %w/v
HEPES
16 mM
L-glutamine
1.6 mM
Penicillin
81 µg/mL
Streptomycin
80 µg/mL
L-Ascorbic acid
0.68 mM

b) Pronase Solution
The pronase enzyme solution used in the isolation of primary chondrocytes was
prepared adding one vial of pronase powder (1 g, 5.9 units/mg, Sigma-Aldrich), to 175
mL of DMEM + 16.1 % FCS chondrocyte medium. The resulting pronase solution, with
an activity of approximately 34 units/mL, was then filtered using a 0.2 μm filter, and
divided in 10 mL aliquot into 25 mL plastic containers (Sterilin). The aliquots were
stored at -20 oC and defrosted at 37 oC before usage.
c) Collagenase Solution
The collagenase enzyme solution for chondrocyte primary isolation was prepared by
adding the collagenase powder to the required volume of DMEM + 16.1 % FCS in
order to obtain a solution with a final activity of 100 units per mL. The amount of
collagenase powder employed was calculated depending on the specific activity of the
specific batch in use. The collagenase solution was then filtered with a 0.2 μm filter,
aliquoted into 50 mL universal containers (Sterilin) with 30 mL for each aliquot and
stored at -20 oC. These aliquots were defrosted at 37 oC before usage.
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d) Chondrocyte Isolation from Bovine Articular Cartilage
Primary chondrocytes were isolated from metacarpal-phalangeal joints of freshly
slaughtered 18-24 months old steers, supplied by abattoir (Humphreys and Sons, Essex)
and shipped, such that the joints were dissected, under aseptic conditions, within 3
hours of slaughter.
Each bovine foot was thoroughly scrubbed under running water and then immersed in
70% industrial methylated spirit (IMS) solution for at least 15 minutes. The foot was
then placed in a suitable metal dissecting tray and transported into the laminar flow
hood to be dissected.
Using a No 20 scalpel blade, both a longitudinal cut along the front of the joint and a
perpendicular cut above the hoof continuous with the longitudinal cut, were made, and
the hide was peeled back on each side of the joint to fully expose the joint capsule
(Figure 2.1A). The joint surface was then cleansed with IMS.
Subsequently using a No 11 scalpel blade, a cut was made in the capsule just below the
joint centre following the groove around. Tendons and ligaments surrounding and inside
the joint were severed, such that the joint could be dislocated to expose the condyle
surface (Figure 2.1B).

A

B

Figure 2.1 Isolation of cartilage from bovine metacarpal-phalangeal joint. A) Fully exposed
joint capsule; B) dislocated joint with exposed condyle surface.

Full-thickness cartilage slices were carved from the exposed proximal metacarpal
surface of the joint by using a No 10 scalpel blade and placed into a Ø50 mm petri dish
(Sterilin) containing Earle’s balanced salt solution (EBSS, Sigma-Aldrich), ensuring
that the cartilage slices were fully submerged to prevent dehydration.
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At the end of the isolation procedure, the EBSS containing the cartilage slices was
aspirated and the tissue was finely diced to promote digestion of the tissue. The sliced
cartilage tissue was transferred into a 50 mL Falcon conical tube (BD, Oxford, UK) and
10 mL pronase solution was added. The tube was placed onto a roller mixer in a 37 oC
oven and incubated for one hour. Subsequently the pronase solution was carefully
aspirated using a plastic Pasteur pipette and replaced with 30 mL of collagenase
solution. The tube was returned to a roller mixer in the 37 oC oven and incubated for
approximately 14 to 16 hours.
In order to remove the undigested tissue, the supernatants containing released
chondrocytes were passed through a 70 µm pore cell sieve into another Falcon tube.
The filtered solution was centrifuged at 2000 rpm for 5 minutes (PK131, ALC, Cologno
Monzese, Italy), the supernatant was removed and the pellet of cells was re-suspended
in 10-20 mL DMEM + 16.1% FCS medium through agitation with a sterile pipette.
After the cells were washed twice in DMEM + 16.1% FCS medium, cell count and
viability were assessed and the cells were resuspended at a concentration of 8 × 106
cells/mL.
At least four joints were dissected for each isolation procedure, depending on the
number of cells required.

2.2.2 Chondrocytes Viability: Trypan Blue Exclusion Assay
In order to create the solution for cell counting, 20 µL of cell suspension was added and
gently mixed to 20 μL Trypan blue (Sigma-Aldrich). This stain only penetrates cells
with a compromised membrane, designated dead cells. The viable cells remain
unstained and appear white.
The resulting solution was pipetted into a haemocytometer (Improved Neubauer,
VWER, Lutterworth, UK), representing a glass chamber composed of nine distinct
grids, each with a volume of 1 × 10-4 mL. The cells within five of the grids were
counted under a light microscope to estimate a mean value. The cell number (𝐶𝐶) was
assessed using the equation 2.1.
𝐶𝐶 = 𝐴𝐴 × 2 × 𝑉𝑉 × 104

(2.1)

where C is the total number of cells contained in the cell suspension, A is the average
number of cells counted in the haemocytometer grids, 2 is the dilution factor between
the volume of cell suspension and the volume of Trypan blue and V is the volume of the
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initial cell suspension. Cell viability was calculated by dividing the number of viable
cells with the total number cells (live and dead).

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (%) =

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 100
𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(2.2)

2.2.3 Construct Preparation
Low gelling temperature agarose solution (Type VII, Sigma, Poole, UK) was prepared,
at a concentration of 6 %(w/v). This involved dissolving the agarose powder into EBSS
(Earle’s Balanced salt Solution, Sigma, Poole, UK) and autoclaving the resultant
mixture at 120 °C. The resulting agarose solution was then placed in an oven at 60 °C
for 1 hour to minimize the presence of air bubbles and subsequently cooled down on a
roller in a 37 oC oven for 30 min. After the cooling period, an equal volume of
chondrocyte suspension with a density of 8 × 106 cells/mL was added to the agarose
solution to give a final concentration of 4 x 106 cells/mL in 3% agarose.
The solution was then gently mixed and placed on the roller in an oven at 37 oC for no
more than 5 minutes. Using a sterile Pasteur pipette, the agarose-cell solution was added
to a custom made stainless steel mould (Figure 2.2A), which had been sterilised and
heated to 37 oC. The cell-seeded solution was placed in a 4 oC fridge for 20 minutes to
set. The resulting cylindrical constructs were 5 mm in diameter and 5 mm thick (Figure
2.2B).

A

B

5 mm

Figure 2.2 (A) Casting of cells/agarose suspension in a custom made stainless steel mould; (B)
Chondrocytes seeded in agarose construct.
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The cell-seeded agarose constructs were subsequently cultured in DMEM supplemented
with 16.1% foetal calf serum at 37 °C/ 5% CO 2 , overnight in a 37 oC incubator prior to
further study.

2.2.4 Viability of Chondrocytes in Agarose
At various time intervals, the viability in representative cell-seeded agarose constructs
was assessed by removing vertical slices from the centre of the constructs using a No 11
scalpel blade and incubating them in 5 μM per mL of calcein AM and Ethidium
homodimer-1 for 30 minutes at 37 oC in a Eppendorf tube containing 1 mL of DMEM
supplemented with 16.1% foetal calf serum.
•

Calcein AM represents a non-fluorescent molecule that passively crosses the cell
membrane into the cytoplasm where it is converted into Calcein by enzymes,
which are only active inside viable cells. Calcein fluoresces green (500-530 nm)
when excited with blue light (488 nm).

•

Ethidium homodimer-1 (EthD-1) represents a DNA binding dye, which is only
able to permeate the compromised membranes of non-viable or dead cells.
EthD-1 emits a red fluorescence (600-650 nm) when excited with green light
(564 nm).

Representative cells were viewed on a fluorescence microscope, and the percentage of
viable cells was determined as described in equation 2.2 and averaged for four different
fields of view.

2.2.5 Chondrocyte-seeded Agarose Construct Digestion Procedure
Prior to any biochemical assays, cell/seeded agarose constructs were subjected to a
digestion procedure. Each construct was individually inserted in a bijou tube containing
1 mL of digest buffer and placed in a 70 °C oven for 1 hour. Once the construct was
completely melted, the resulting solution was cooled by placing the bijou tube in a 37
ºC oven for 30 minutes. Subsequently, 5 μl/mL of papain and 10 μl/mL of agarase
(Sigma Chemical) were added to the tube, which was left overnight (12 to 14 hours) at
37 °C for the agarase digestion. The tube was then transferred to a 60 °C oven for a
further 1 hour to permit the papain digestion. The digested construct were cooled to
room temperature prior to performing the biochemical assays.
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2.3 Biochemical Analysis
2.3.1 DNA Assay
The DNA content in chondrocyte-seeded agarose constructs was assessed using a
fluorometric technique based on Hoechst 33258 (Sigma-Aldrich, Poole, UK)
fluorescence dye. This represents a DNA-specific stain which binds to contiguous
adenine-thymine base pairs emitting fluorescence at a wavelength of 460 nm (Rao and
Otto, 1992; Lee et al., 1997).
A volume of 100 μL from each digested construct was aliquoted into the wells of a 96well plate along with a serial dilution of DNA from calf thymus DNA (Sigma-Aldrich,
Poole, UK) prepared at concentrations ranging between 0 and 20 μg/mL in saline
sodium citrate solution. An equal volume of Hoechst 33258 (1 mg/L in digest buffer)
was added to all the samples and standards. Fluorescence was measured with a
fluorometer (FLUOstar, BMG Labtech Ltd., Aylesbury, UK) at an excitation
wavelength of 390 nm and an emission wavelength of 460 nm. The total DNA content
was subsequently employed as a baseline for measurements related to cell proliferation
and ECM synthesis.
Chondrocyte numbers within each construct was also determined by dividing the total
amount of DNA in the sample by the average amount of DNA contained in a bovine
primary chondrocyte which correspond to approximately 7.7 pg (Kim et al., 1988).

2.3.2 GAG Assay
The GAG content in the cell-seeded agarose constructs was measured employing a wellestablished (Farndale et al., 1982) absorbance technique, which prescribe the use of the
1,9-dimethylmethylene blue dye (DMB, Sigma-Aldrich, Poole, UK). The binding of the
cationic dye to the anionic sulphate and carboxyl groups of GAGs causes a
metachromatic shift of the absorbance peak from 600 nm to 535 nm. To review briefly,
40 µL from each digested construct or corresponding culture medium was added to a
96-well plate along with a serial dilution of bovine chondroitin-4-sulphate standards
(Sigma-Aldrich, Poole, UK) prepared at concentrations ranging between 0 and 50
μg/mL in extra pure water. A volume of DMB dye (100 µg/mL in digest buffer, pH 3)
equal to 250 µL was added to all the samples and standards. The absorbance was
measured at a wavelength of 595 nm by a spectrophotometer (FLUOstar, BMG Labtech
Ltd., Aylesbury, UK). A representative standard curve is illustrated in Figure 2.3.
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Figure 2.3 Standard curve for chondroitin 4-sulfate (0 – 50 µg/mL) complexed with DMB and
measured at an absorbance of 595 nm.

2.3.3 Hydroxyproline Assay
Collagen synthesis by chondrocytes seeded in agarose constructs was assessed using a
robust biochemical assay, which enables the quantification of 4-hydroxyproline, a posttranslational product of proline hydroxylation by the enzyme prolyl-hydroxylase during
collagen synthesis (Pinnell 1985, Tajima and Pinnell 1982). The 4-hydroxyproline is
present in the Y position of the Gly-X-Y repeating tripeptide (Ignat’eva et al., 2007).
Numerous analytical techniques have been published to determine the collagen content
in constructs and tissue samples by quantifying the released 4-hydroxyproline (4-Hyp).
Reported methods can be sub-divided into those involving immunochemical approaches
and those using spectrophotometric techniques. The latter represents a practical
quantification method, which is considerably easier to perform at relatively low costs.
Therefore, a colorimetric assay was chosen and functionalized to the samples in the
present study (Bergman and Loxley, 1963; Stegeman and Stalder 1967; Ellis et al.,
1994; Kafienah et al., 2004).
The assay relies on the oxidative dehydrogenation process of the pyrrolidine ring, a
distinctive component of the hydroxyproline (Hyp) structure, into a pyrrole ring which
then forms a coloured compound with p-dimethylaminobenzaldehyde (p-DMAB)
reagent (Kyaw and Hla-pe 1973). The oxidative reaction is performed in a buffer
solution at pH 6, using Chloramine-T (N-chloro-4-toluenesulfonamide, sodium salt) as
the oxidizing agent (Table 2.2). The addition of Ehrlich’s reagent (p-DMAB) results in
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the formation of an intensely coloured chromophore (colour varies from orange to lilac),
whose absorbance can then be measured at 570 nm by a spectrophotometer (FLUOstar,
BMG Labtech Ltd., Aylesbury, UK).

Table 2.2 Reagents used in the hydroxyproline assay.
1. Hydroxyproline stock solution [1mg/mL], store at 4°C
Trans-4-Hydroxy-L-proline (Sigma., 56250-25G)
Ultra-pure water (dH 2 O)
2. Acetate Citrate stock buffer pH6-6.5
(always prepare fresh just before use)
Sodium acetate (Sigma., S7670-250G)
Tri-sodium citrate (Analar., 102424L)
Citrate Acid monohydrate (Sigma., C0706-500G)
Propan-2-ol
Ultra-pure water (dH2O)
3. Chloramine-T Reagent
(Wrap in tinfoil and kept at room temperature)
Chloramine-T hydrate (Sigma., 857319-100G)
Ultra-pure water (dH 2 O)
Acetate citrate buffer
4. P-dimethylaminobenzaldehyde (p-DMAB)
(Wrapped in tinfoil and kept at room temperature)
p-DMAB (Sigma., 10,976-2)
60% perchloric acid (sigma., 24,425-2)
propan-2-ol (VWR., 20842-312)

0.020 g
20 mL

28.5 g
18.752 g
2.752 g
192.5 mL
500 mL

0.85 g
10 mL
30 mL

6.667 g
10 mL
20 mL

Since Ehrlich’s reagent can undergo partial oxidation by chloramine-T solution, an
excess of the latter is decomposed by the addition of perchloric acid in the p-DMAB
solution (Stagemann and Stalder, 1967). Excess Chloramine-T reagent can be easily
removed, avoiding the formation of coloured reduction products which may alter the
absorbance values. It is relevant to highlight that the presence of proteoglycans, which
are concomitant with collagen in the construct, does not interfere with the assay
procedure (Ignat’eva et al., 2007).
•

As a first step of the Hyp assay, the digested construct and corresponding culture
medium were subjected to a hydrolyzation process.
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•

200 µL of digested construct or culture medium was then

added to an

equivalent volume of concentrated HCl (38%) in a 1 mL O-ringed screw capped
micro-centrifuge tube (Axygen Scientific, SLS Ltd, Nottingham, UK) and
incubated at 110 °C for 18 to 20 hours.
•

After cooling, the tubes were spun at approximately 5000g for 5 minutes in a
centrifuge, and the samples were kept overnight in a heating block at 50 °C to
allow complete the evaporation of the HCl.

•

The dried samples, both constructs and culture medium, were reconstituted with
400 µL of dH 2 O, then de-coloured by adding activated charcoal (Sigma-Aldrich,
Poole, UK).

a) Assay Procedure
Exactly 40 µL of clear standards/samples was added in duplicate to a 96 well plate,
mixed with 100 µL chloramine-T solution (8.5 %w/v), covered with tin foil and then
incubated at room temperature for 20 min on a plate shaker to allow the oxidative
reaction to complete.
The standards correspond to serial dilutions of hydroxyproline stock solution (1mg/mL)
in digest buffer for the cell-seeded constructs, with concentrations ranging between 0
and 10 μg/mL. In the case of the culture medium alone, the standards were prepared by
diluting the hydroxyproline stock solution with serum free culture medium at
concentrations between 0 and 25 μg/mL. Digest Buffer and serum free culture medium
were used as blanks for the corresponding standard curves.
Employing serum free culture medium for the preparation of standards solution was
necessary since the bovine serum albumin (BSA), a major compound in foetal bovine
serum, may interfere in the reaction between Hyp and Ehrlich’s reagent (Freshney,
2000; Lin and Kuan, 2010). Indeed the presence of BSA was shown to induce
systematic errors and overestimate the value of Hyp concentration. However, culture
medium supplemented with 5% or lower percentage of foetal bovine serum does not
interfere with the collagen assay (Freshney, 2000). Therefore, it can be inferred that the
absorbance values in chondrocytes/seeded agarose constructs, which are also incubated
in DMEM + 16.1% FCS medium, is not affected by the presence of BSA. Indeed,
through the digestion process, the volume of the construct (~0.1 mL) is diluted 10 times
by adding 1 mL of digest buffer.
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100 µL p-DMAB solution (22.3 % w/v) was then added to each well and the plate
sealed with a plastic lid, to reduce evaporation during the heating stage (Corning
Multiwell plate lids, Sigma-Aldrich, Poole, UK). The plate was incubated at 60 °C for
25 min.
The absorbance was measured immediately after cooling the plate to room temperature
for 10 minutes at 570 nm (Ignat’eva et al., 2007), using a microplate reader (FLUOstar,
BMG Labtech Ltd., Aylesbury, UK) (Figure 2.4).
The hydroxyproline concentration in constructs and culture medium was calculated by
interpolation from the corresponding standard calibration curves, while its final content
in either was determined as follows:
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(Hyp) = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(Hyp) ∗ 2 ∗ ( 𝑉𝑉𝑉𝑉𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑃𝑃 + 𝑉𝑉𝑉𝑉𝑉𝑉 𝐴𝐴 + 𝑉𝑉𝑉𝑉𝑉𝑉𝐶𝐶 )

(2.3)

where 2 is the diluting factor derived by the hydrolyzation procedure, Vol DB is the
volume of digest buffer (1 mL), Vol P and Vol A are the volumes of papain (5 μL) and
agarase (10 μL), respectively, and Vol C is the volume of the digested construct (0.1
mL). The final content of Hyp in the culture medium was obtained by multiplying the
corresponding Hyp concentration by 1 mL.
The collagen content was directly related to the Hyp amount based on the fact that the
weight fraction of Hyp in collagen is approximately 13% (Ignat’eva et al., 2007):
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(collagen) = 100%(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(Hyp)/ 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(Hyp))

(2.4)

Hyp concentration (μg/mL)
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Figure 2.4 Image illustrating the variation in colour of hydroxyproline standard solutions
prepared in extra-pure water with concentrations ranging between 0 and 30 μg/mL.
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b) Assay Validation
The procedure presented in this study was derived by an earlier method (Bergman and
Loxley, 1963; Ellis et al., 1994), originally intended for quantifying collagen in tissues.
Several modifications were incorporated to enable measurement of Hyp in agarose
constructs and culture medium. The protocol was optimised by examining the effects of
various critical parameters including:
•

The number of moles of oxidizing agent in the form of concentration of
Chloramine-T (5.5%, 8.5% and 9.5% w/v).

•

The magnitude of the chemical reaction in terms of the oxidation time,
temperature of reaction and cooling time.

•

The temporal stability of the main reagents employed in the assay.

In addition, the effects of the digestion process of the agarose constructs on the Hyp
assay were examined. A set of cell-free agarose constructs were incubated in 1 mL
hydroxyproline standard solutions (0-20 µg/mL), six for each concentration, for a period
of 4 days at 37 °C. The constructs were subsequently digested and the assay performed
on the standard solutions with and without digested agarose.
Accuracy, precision and the reproducibility of the assay was assessed, with particular
focus on the lower hydroxyproline concentrations. The method was also validated by
the researcher and a separate colleague for reliability and the standard curves compared
with those obtained from the procedure described by Ellis et al. (1994), a microtitre
plate modification of the method of Bergman and Loxley comparable to the assay
reported in this study.
The assay was finally performed on four cartilage explants derived from separate
extraction procedures. The cartilage tissue was weighed and then digested with
collagenase solution, as described in Section 2.2.1. The total amount of digested
cartilage was determined by subtracting the weight of undigested tissue from the initial
weight of the explant. The digested tissue was then sequentially diluted prior to
hydrolyzation.
c) Results
1. Effects of Chloramine-T Solution Concentration
The influence of various concentrations of chloramine-T, ranging between 5.5 %w/v
and 9.5 % w/v, on the Hyp absorbance values was examined. The relationships were
highly linear as shown for both low and high concentrations (Figure 2.5A and B).
51

Chapter 2: General Method & Characterization of Materials

Comparison of these standard curves revealed that the 5.5 %w/v concentration of
corresponded to the lower values of absorbance. By contrast, very little difference in the
corresponding absorbance values was observed for the higher concentrations (8.5 % and
9.5 %w/v) of the oxidant. Thus Chloramine-T concentration of 8.5 %w/v was used for
all subsequent analyses.

A

B

Figure 2.5 Standard curves obtained for three different concentrations of Chloramine-T
corresponding to 5.5, 8.5 and 9.5 %w/v, at low (A) and high (B) concentrations of Hyp.

2. Effects of the Oxidation Time
The development of the chromophore was confirmed to be directly related to the
incubation time of the samples with the oxidation reagent (Reddy and Enwemeka,
1996). As shown in the standard curves, incubation of 10 minutes produced a poorly
correlated relationship, particularly at Hyp concentrations up to 1 μg/mL (Figure 2.6B).
By contrast, a linear relationship (r2 > 0.99) was obtained after both 20 to 25 min of
incubation in 8.5 % w/v Chloramine-T solution (Figure 2.6A). Further increase of the
oxidation time did not influence the formation of the chromophore, and thereby did not
provide added improvement to the performance of the assay.
3. Effects of the Cooling Time
The effects of different cooling times (5, 10 and 15 minutes) of the 96-well plate, prior
to the absorbance measurements, were examined. The results, as illustrated in Figure
2.7, revealed no major differences in the standards curves after cooling times of 10 and
15 minutes, although at lower cooling time of 5 minutes yielded a small decrease in
precision (r2 = 0.94), with absorbance values presenting higher standard deviation.
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C

B

Figure 2.6 (A)Standard curves for Hyp when incubated in 8.5 %w/v Chloramine-T solution for
10, 20 and 25 minutes.(B) Detail of the standard curve obtained for an oxidative incubation
time of 10 minutes showing the loss in precision and accuracy of the procedure.

Figure 2.7 Standard curves for Hyp obtained cooling the 96-well plate at room temperature for
5, 10 and 15 minutes prior to absorbance measurement.

4. Differences in the Activity of Freshly Prepared and Old Reagents
It has been previously reported that the activities of both Chloramine-T and Ehrlich's
reagent decrease in a few hours when stored in buffer solutions at room temperature
(Stegemann and Stalder, 1967; Bergmanand Loxley, 1963; Reddy and Enwemeka,
1996). Accordingly, their temporal stability was compared in digest buffer (0-5 μg/mL),
obtained using an identical batch of reagents, immediately after and at 3 hours and 3
days after preparation. The results, as illustrated in Figure 2.8 revealed a gradual
decrease in the absorbance reading with time corresponding to 11 ± 5 % and 30 ± 14 %
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after 3 hours and 3 days, respectively, when compared with the corresponding values
for freshly made reagents.

Figure 2.8 Standard curves for Hyp in digest buffer (0-5 μg/mL) obtained using reagents
immediately after preparation, 3 hours and 3 days later they were prepared.

5. Effect of the Agarose Constructs Digestion Process on the Hydroxyproline
Detection
The original assay, designed to measure hydroxyproline content in tissue samples
(Stegemann and Stalder, 1967; Bergmanand Loxley, 1963), needed to be adapted for
use with agarose constructs. Accordingly, the effect of the digestion process of the
agarose constructs on the performance of the assay was examined with the resulting
standard curves with and without digested agarose. It is clear from Figure 2.9 there is
no significant variations of the absorbance up to a Hyp concentration of 20 μg/mL. A
recovery study was also performed in which the standard solutions with digested
agarose represented the test specimens (Reddy and Enwemeka, 1996; Jamall et al.,
1981). They were analysed according to the reported operational procedure to quantify
the amount of detected Hyp (Table 2.3). The accuracy of the method was defined as the
relative percentage of recovery from the nominal Hyp concentration, using the
following formula:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(%) =

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝐻𝐻𝐻𝐻𝐻𝐻 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 100
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝐻𝐻𝐻𝐻𝐻𝐻 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(2.5)
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The accuracy was determined by repetitive analysis (n= 3). The precision of the
analytical method was defined by the percentage of relative standard deviation (%RSD).
The measured Hyp was regarded as precise when the accuracy value ranged within 100
± 5% (Lin and Kuan, 2010; Ignat’eva et al., 2007; Jamall et al., 1981).
Based on the results indicated in Figure 2.9, there was minimal interference of the
digested agarose with the different phases of the chromophore formation and
absorbance measurements.

Figure 2.9 Standard curves of Hyp (0-20 μg/mL) as prepared in digest buffer only and with
digested agarose.

Table 2.3 Amount of detected Hyp in standard solutions containing digested agarose, Accuracy
and % RSD.
Hyp concentration
(μg/mL)

Hyp content in standards with
digested agarose (μg/mL)

0.1
0.2
0.4
0.6
0.8
1.0
5.0
10
15
20

0.109 ± 0.003
0.200 ± 0.006
0.428 ± 0.015
0.587 ± 0.030
0.885 ± 0.030
0.991 ± 0.060
5.183 ± 0.150
9.991 ± 0.090
15.289 ± 0.602
20.204 ± 1.173
Mean

Accuracy (%)

% RSD

109
100
107
98
111
99
104
100
102
101
103

2.8
3.0
3.5
5.1
3.4
6.1
2.9
0.9
3.9
5.8
3.7
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The Hyp assay exhibited sensitive and reproducible results. The detected Hyp
concentrations were consistent with that used to spike the standards (Table 2.3).
The accuracy of the procedure exhibited satisfactory results and ranged within a
confidence limit (±5 %) for several Hyp concentrations (Table 2.3). Moreover, the Hyp
assay can detect extremely low concentration of Hyp (0.1μg/mL) providing accurate
results.
6. Comparison of the Optimised Assay Protocol with an Established Hyp Assay
The developed method (Hyp assay 1 in Figure 2.9) was compared to the established
assay, described by Ellis (1994), which is based on Chloramine-T/p-DMAB reagents
and characterised by similar step procedure (Hyp assay 2 in Figure 2.10). The standard
curves for both protocols reveal that the calibration curve in Hyp 2 produced slightly
lower absorbance readings and higher standard deviations compared with the method
developed in this thesis. Small differences were detected in the slopes of the linear
models, probably due to differences in the reagents concentrations, particularly for the
oxidant solution, and in the timing of the stages that could have influenced the
absorbance reading.

Figure 2.10 Standard curves obtained from the developed method (Hyp assay 1) and with the
established assay ( Hyp assay 2: Ellis et al., 1994).
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7. Method Reliability
The method reliability was verified by comparing the standards curve performed by two
different operators, the researcher and a separate colleague, at different times and
employing different batches of freshly prepared reagents. The Hyp standard solutions
were prepared in ultra-pure water, which was also used as the blank. The results,
illustrated in Figure 2.11, showed no significant differences between the values of
absorbance for different Hyp concentrations. This suggests that the assay is highly
reliable and reproducible, with coefficients of determinations exceeding 0.98 for both
operators.

Figure 2.11 Standards curve as performed by two different operators, researcher (operator 1)
and user (operator 2), at different times employing different batch of freshly prepared reagents.

8. Comparison Between the Measured Hyp Concentration and the Estimated
Collagen Amount in Bovine Cartilage Explants.
The Hyp assay was performed on four different cartilage explants and the collagen
content estimated employing equation 2.4. The percentage of collagen calculated as a
wet weight fraction of the digested explants is summarised in Table 2.4. The
corresponding standard curves are shown in Figure 2.12.
The collagen amount varies from a minimum of 8.6 ± 0.6 %w/w (Explant 2) to a
maximum value of 10.7 ± 0.3 %w/w (Explant 3). The significant difference between the
expected value of collagen in the cartilage tissue, which varies between 12-24% of
collagen per mg of tissue wet weight (De Ceuninck et al., 2004; Hoemann et al., 2002)
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and the measured value in the explants could be due to an incomplete hydrolysis of the
collagen molecules.

Figure 2.12 Standard curves for Hyp content in cartilage explants. The standard solutions were
prepared in serum-free medium with Hyp concentration ranging up to 30 µg/mL.

Table 2.4 Measured hydroxyproline content and corresponding collagen amount for four
different cartilage explants.
Measured Hyp content Calculated collagen content
(μg/mL)
(% w/w)
Explant 1
Explant 2
Explant 3
Explant 4

0.294 ± 0.023
0.255 ± 0.019
0.332 ± 0.009
0.255 ± 0.008

9.7 ± 0.8
8.6 ± 0.6
10.7 ± 0.3
8.7 ± 0.3

d) Discussion
The protocol presented in this study to measure hydroxyproline content, represents an
adaptation from a well-established method described in Bergman and Loxley (1963),
which involves acid hydrolysis of the samples to release hydroxyproline with
subsequent quantification of the free imino acid by fluorimetric method. The
modification, designed to estimate Hyp content in chondrocyte-seeded agarose
constructs, was subsequently validated for accuracy, precision, reproducibility and
reliability.
The main difference in the protocols involved small changes in the main reagents,
characterised by lower concentrations of the oxidant and p-DMAB, and a reduction in
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sample volume chemicals necessary to perform the assay, with no associated loss of
accuracy and sensitivity. The effects of various parameters including the Chloramine-T
concentration, the optimum time for the oxidation process, the cooling time prior to
absorbance detection, as well as the activity of the main reagents were also investigated.
A Chloramine-T concentration of 8.5 %w/v was adopted in the optimised protocol due
to the highly precise values of absorbance obtained for both, low (0-5 μg/mL) and high
(0-30 μg/mL) concentration of Hyp (Figure 2.5). Indeed higher concentrations of
oxidant had been previously reported to result in a reduction in colour formation and
consequently lower absorbance values (Prockop and Udenfriend, 1960).
Correct timing of the protocol steps is a critical factor for the assay reproducibility, as
frequently emphasised in previous studies (Woessner, 1961; Walsh et al., 1992;
Ignat’eva et al., 2007). Indeed the development of the chromophore was reported to be
directly related to the incubation time of the samples with the oxidation reagent (Reddy
and Enwemeka, 1996). Consequently, the optimal oxidative reaction time for the
modified protocol was evaluated and established at 20 minutes. In agreement with
previous studies, the present results (Figure 2.6) indicated that a reaction time of the
Chloramine-T reagents between 20 to 25 min ensured an optimum colour formation for
the chromophore (Reddy and Enwemeka, 1996; Edwards and O’Brien, 1980). By
contrast, a previous study (Ellis et al., 1994) in which a microtitre plate modification of
the method of Bergman and Loxley is described, the oxidative reaction time employed
was limited to only 4 minutes. However, as previously mentioned the present assay
utilised lower concentrations of reagents and smaller sample volumes. The incubation
time and temperature of the oxidised samples with the Ehrlich’s reagent adopted in the
method corresponded to 25 minutes and 60 °C, respectively. Indeed, as reported in
Bergman and Loxley (1963), a heating temperature of 60 °C was optimised when
associated with a heating time of 25-30 min, while, prolonged periods leads to a
decrease in the colour yield which can affect the assay precision (Edwards and O’Brien,
1980).
The effects of different cooling times of the well plate prior to absorbance measurement
were also analysed. Results in Figure 2.7 indicate that a period of 10 min was optimal
for the cooling phase in order to obtain accurate values of absorbance and consequently
reproducible standard curves.
As previously reported in several studies (Bergman and Loxley, 1963; Stegeman and
Stalder 1967) and confirmed by present findings, the reproducibility of the protocol is
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also influenced by the temporal stability of the main reagents. This was appropriate with
the different concentrations of reagents in the corresponding solutions, which could
alter their stability, particularly for Chloramine-T which presents a limited solubility in
aqueous solutions. The results reported in Figure 2.8 showed that the oxidant and stain
solutions lose their activity within a few hours when stored at room temperature in
buffer solutions. The Ehrlich’s reagent lost activity faster when dissolved in organic
solvents, manifesting a rapid change in the colour solution, that darken at room
temperature even if not directly exposed to light, increasing the absorbance of the
reagent blank (Bergman and Loxley, 1963). The validation study demonstrated the
optimised assay procedure to be highly precise, accurate, reproducible and reliable, with
values of the absorbance linearly related to the amount of Hyp over a concentration
range from 0 to 30 μg/mL.
The comparison of the modified assay, validated by the researcher and a separate
colleague for reproducibility, provided evidence of its efficiency (Figure 2.10). In
addition, a recovery study (Table 2.3), revealed that the accuracy of the protocol
exhibited satisfactory results and ranged within a confidence limit (±5%) for several
Hyp concentrations (Table 2.3). Moreover, the Hyp assay can detect particularly low
concentration of Hyp (0.1 μg/mL) providing accurate and reproducible standard curves.
Furthermore, the method was shown to be suitable for the sample analysed in this study,
and highly specific for the Hyp detection. Results (Figure 2.9; Table 2.3) clearly
demonstrate that the development of chromophore in agarose constructs was
comparable to that of standard Hyp, suggesting that the digested hydrogel does not
interfere with the reaction process and with the assay ability of precisely detect low
concentrations of hydroxyproline.
Additionally, the concomitant presence of both proteoglycans and collagen in the
chondrocyte-seeded

constructs

was

demonstrated

not

to

interfere with

the

spectrophotometric determination of Hyp. It is interesting to note that in a few studies
(Yannas et al., 1980; Ignat’eva et al., 2007) GAGs, which are non-degradable even
under conditions of severe acid hydrolysis, can participate in the reaction with Ehrlich’s
reagent only after pre-treatment with acetyl-acetone.
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2.4 Mechanical Characterisation of Cylindrical Agarose
Constructs
Agarose is the neutral fraction of Agar, a natural gel forming a polysaccharide with a
main chain consisting of alternating 1,3-linked β-D-galactopyranose and 1,4-linked 3,6
anhydro-α-L-galactopyranose units (Arnott, et al., 1974; Normand et al., 2000;
Labropoulos et al., 2002). Previous studies have suggested that the origin of the gelation
process can be attributed to the transition of the agarose from a coil to a double helix
and by subsequent aggregation of these helices into bundles, termed suprahelices
(Djabourov et al., 1989; Labropoulos et al., 2002).
Evaluation of the concentration-related mechanical behaviour of agarose gels can
provide basic knowledge for tissue engineering studies involving the mechanical
conditioning of cell-seeded agarose constructs. Accordingly, a comprehensive
mechanical characterisation of the agarose construct was performed adopting test
conditions of appropriate strain amplitudes, frequencies and strain rates.
From the many reported methodologies, a representative series of tests was performed,
involving, unconfined uniaxial cyclic compression, stress relaxation, diametrical
compression (Brazilian test) and quasi-static compression on samples of varying
agarose concentration. A summary of tests are provided in Table 2.5.
Each test was performed on gels swollen to equilibrium in EBSS and allowed to
equilibrate for 30 min at room temperature. Each test was performed in displacement
control using a minimum of six specimens for each agarose concentration.

Table 2.5 Overview of the experimental mechanical tests performed.
Agarose
concentration

Test type

Applied strain

Loading conditions

Unconfined uniaxial
cyclic compression

10%, 15%, 20%

1 Hz frequency, 1 h test

Stress relaxation

10%, 15%, 20%

20 %/min strain rate, 2 h test

Diametrical compression

To failure

strain rate: 1-8 mm/s

Quasi-static compression

To failure

strain rate: 1-2 mm/s

3, 4, 5, 6 % w/v

n = 6 repeats for each test condition
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2.4.1 Specimen Preparation
Cell-free agarose constructs were prepared as detailed in section 2.2.3. After the cooling
period an equal volume of culture medium, warmed to 37 oC, was added to the agarose
solution to yield final gel concentrations of 3, 4, 5 or 6 %w/v. By using a Pasteur
pipette, the agarose solution was cast into a custom-made stainless steel mould,
previously heated at 37 oC, to produce cylindrical constructs and placed into a 4 oC
fridge for 20 minutes to ensure complete gelation. The constructs were then stored in a
4 oC fridge overnight in a 50 mm petri dish containing EBSS. For three of the tests the
specimen size of 5 x 5 mm was employed (Figure 2.2B). For the diametric compression
test, a disc of diameter 10 mm and height 5 mm was used.

2.4.2 Unconfined Uniaxial Cyclic Compression
Unconfined cyclic compression tests were performed using a standard mechanical test
system equipped with a 100 N load cell (MTS MiniBionix II, MTS, Cirencester, UK).
Individual samples were held within a compression rig and subjected to a sinusoidal
waveform at a frequency of 1 Hz and strain amplitudes equivalent to 10%, 15% and
20% of the original sample thickness of 5 mm. Loading was achieved via an
impermeable metal pin (Ø10 mm) and parallel plate geometry (Figure 2.13).The
selected values of compressive strains and frequency were based on several factors:
•

the physiological range of mechanical loading to which the articular cartilage is
subjected in vivo with compressive stresses ranging between 1 and 5 MPa and
frequencies ranging from 1 Hz to 2.25 Hz (Urban, 1994; Urban and Hall, 1994;
Hodge et al., 1986)

•

values of compressive stress comprised in the physiological range produce a
compressive strain in cartilage explant corresponding to 15-20%

(Bader and

Knight, 2008).
•

several studies employing 15% cycling compression at a frequency of 1Hz to
cell-seeded agarose constructs have produced an up-regulation of ECM (Lee
and Bader, 1997; Bader and Lee, 2000).
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A

B
Loading pin

Agarose
construct

Figure 2.13 Schematic diagram of unconfined cyclic compression test (A) and stress/strain
sinusoidal waveforms (B).

The compression fatigue tests were executed employing a sinusoidal waveform with a
frequency of 1 Hz at room temperature. Each test was performed for 1 hour to allow the
measured load value, which decreased with time due to the viscoelastic properties of the
construct, to reach an equilibrium value.
Specimens were kept moistened and hydrated with EBSS throughout the test. Force and
displacement data were acquired over the 1 hour test duration at 10Hz and processed to
estimate the storage modulus (E´, elastic component of the construct), loss modulus
(E´´, viscous component), complex modulus (E*, dynamic compression stiffness) and
damping factor (tanδ, internal energy dissipation of the tissue) using the following
equations:
𝐸𝐸 ′ =

𝜎𝜎0
cos 𝛿𝛿
𝜀𝜀0

𝐸𝐸 ′′ =

𝐸𝐸 ∗ =

𝜎𝜎0
sin 𝛿𝛿
𝜀𝜀0

𝜎𝜎0
𝜎𝜎0
cos 𝛿𝛿 + 𝑖𝑖 sin 𝛿𝛿
𝜀𝜀0
𝜀𝜀0

𝐸𝐸 ′′
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = ′
𝐸𝐸
𝛿𝛿 = 2𝜋𝜋𝜋𝜋∆𝑡𝑡

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

The dynamic moduli were calculated from the ratio of the measured stress amplitude
and the applied strain amplitude and from the phase angle (δ), which defines the lag
between the sine waves associated with both the measured force and the applied
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displacement (Figure 2.13B). To evaluate the phase angle (δ), the analysis of force and
displacement peaks were performed using Origin 8 software (Figure 2.14).
These parameters provide an extensive viscoelastic characterisation under cyclic
compression.

Figure 2.14 Representation of the first and last 20 cycles of load and displacement waveforms
for cell-free agarose 3 %w/v constructs which were subjected to 10 % compressive strain.

a) Lift-off Estimation
It is well established that the viscoelastic behaviour of agarose constructs during
dynamic unconfined cyclic compression leads to their permanent deformation (Lee et
al., 1998). Thus will inevitably lead to loss of contact between loading platen and the
top surface of the constructs, known as lift-off. Accordingly, as the platen returns to its
original position, there is no contact with the construct as indicted by no recorded load
value, producing a flattened portion of the load-time curve. The load values only start to
increase when contact between platen and construct surface is restored. The effects of
hydrogel concentration and mechanical testing parameters on the lift-off magnitude
were estimated by further processing the cyclic compression data using a Matlab
(MathWorks, Cambridge, UK) routine, which employs inputs for both load and
displacement waveforms. As a first stage, the encoded routine filters the load waveform,
as indicated in the curves in Figure 2.15A. The rloess smoothing procedure,
corresponding to a more robust version of the loess smoothing filter (local weighted
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regression filter) was selected to remove short-term variations or noise typical of
experimental data. A 5th order rloess smoothing filter proved to be the optimal method
to expose the signal features without altering the processed data. Indeed, it presented a
better curve fitting characterised by higher correlation coefficients when compared to
the other available smoothing algorithms.

Load (N)

B

Load (N)

A

T1 T2
Time (sec)

Time (sec)

Load (N)/ Displacement (mm)

C

T1

T2

Time (sec)

Figure 2.15 Matlab routine steps: a)filtering of the load waveform using a polynomial filter
order 5; b) identification of time range when the load is zero analysing gradient sign variations;
c) projection of the time points T 1 and T 2 on the displacement waveform.

By analysing the gradient of the load-time curves, it was possible to identify the
boundaries of the flattened portion and consequently the values of the initial (T 1 ) and
final (T 2 ) time points (Figure 2.15B). The corresponding values of the applied
displacements was then estimated (Figure 2.15C). The lift-off value for each peak was
considered equivalent to the average of the estimated displacements. Analysis was
performed on the last 3000 cycles of the cyclic test, when the peaks loads were
approximately constant. The ultimate lift-off displacement value for each sample was
calculated as mean over the 3000 troughs.
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2.4.3 Stress-relaxation Test
Stress relaxation tests were performed using an appropriate mechanical test system
(MTS Bionix 100, MTS, Cirencester, UK) equipped with a 10 mm diameter
impermeable indenter, in a parallel plate configuration and a 50 N load cell (Figure
2.16). The test consisted of an initial ramp phase in which the cylindrical construct was
subjected to a compressive ramp rate of 20 %/min (0.0167 mm/s), up to a maximum
compressive strains of 10%, 15% or 20%. The ramp period was then followed by a
dwell phase, in which the strain values were held constant for 120 minutes in order to
achieve complete relaxation of the construct. Stress relaxation tests were performed at
room temperature (25 ± 2 oC) and the individual constructs were maintained in a
hydrated state throughout the test (Figure 2.16A).

A

B

Load cell
Loading pin
Well

Agarose
specimen

Figure 2.16 (A) Image of the compression rig used to perform stress-relaxation tests. (B)
Representative displacement-time (red) and load-time (blue) curves for cell-free agarose
constructs subjected to a stress-relaxation test.

Load and displacement data (Figure 2.16B) were collected at a data acquisition rate of
10 Hz in the compression phase and 1 Hz in the relaxation phase, over the entire test
duration. The data were then processed to estimate parameters, such as tangent modulus
and peak stress, the former from the mean range of the compression phase, and
percentage of relaxation and relaxation modulus.
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2.4.4 Diametric Compression Test (Brazilian Test)
The diametric compression test, also termed the Brazilian test, has been widely used to
estimate the tensile strength in elastically deforming materials, which are prone to brittle
fracture (ASTM 1989 D4645-87). It is frequently performed on materials which are
difficult to process or machine into standard ASTM tensile specimens. The test involves
the imposition of a compressive load, P, on cylindrical specimens by means of
diametrically opposite punches. Commonly curved, as opposed to flat, anvils are
employed to perform the diametrical compression test, Figure 2.17. (Procopio et al.,
2003; Mates et al., 2008; Jasarevic et al., 2009; Santana et al., 2010).
The progressive increase of the applied compressive strain induces an increase in the
local tensile stress in the direction transverse to the load application. This leads to a
crack formation, usually located in the central region of the sample, causing its failure
along the vertical loading axis.
A

B
R 15 mm

Agarose
specimen

Punches

16.6 mm

C

20 mm

Load cell

Ø10 mm x 5 mm

Figure 2.17 Test configuration and schematic representing the custom-made punches (B) and
mould (C) employed to perform the diametric compression test.

The maximum tensile stress, which is estimated at crack initiation, is proportional to the
applied load and has a magnitude given by the following Hertzian equation.
𝜎𝜎 =

2𝑃𝑃
𝜋𝜋𝜋𝜋ℎ

(2.11)
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where 𝜎𝜎 is the maximum tensile strength, P is the applied load at fracture, D is the
specimen diameter and h is the disc height.

The diametrical compressive tests were performed on agarose disks (3, 4, 5 and 6 %w/v
concentrations) employing three different deformation rates corresponding to 1, 1.5 and
2 mm/s. They were carried out using a MTS MiniBionix II mechanical test system
equipped with a 100 N load cell at a room temperature of 25 ± 5 °C.
A stainless steel mould (Figure 2.17) and curved anvils were designed. Discs were of
10 mm in diameter and 5 mm thickness. The ratio of height to diameter ratio of
individual specimens has been reported to affect the mechanical performance of
materials (Santana et al., 2010), so for the hydrogel discs a ratio of 0.5 was selected, as
it has been used in similar studies (Jasarevic et al., 2009; Santana et al., 2010) to avoid
buckling and shearing deformation modalities. Representative displacement–time and
load-time curves are shown in Figure 2.18.

Figure 2.18 Representation of typical displacement-time (red) and load-time (blue) curves for
agarose constructs subjected to diametric compression test (deformation rate corresponding to
1 mm/s).

2.4.5 Quasi-static Compression Test
The quasi-static test in unconfined compression was performed using a MTS
MiniBionix II test system equipped with a 100 N load cell. Individual cylindrical
specimens were positioned on a platen and the compressive strain was applied using an
impermeable metal pin (Ø10 mm) at three different deformation rates of 1, 1.5 and 2
mm/s. The ultimate compressive strength was determined.
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2.4.6 Statistical Analysis
The normality of distribution and the equality of variance of all data sets were assessed
using Shapiro-Wilk normality test and Brown-Forsythe’s test, respectively. Data with a
normal distribution are presented as the mean ± standard deviation and the statistical
significance was calculated using a one-way ANOVA to assess differences between
regimes followed by Bonferroni correction. A Kruskal-Wallis test was performed for
non-normal distribution or data of unequal variance. If the effect was shown to be
significant (p < 0.05) Mann-Whitney and Ryan’s multiple comparisons tests were
employed. A level of 5% was considered statistically significant in all statistical tests (p
< 0.05).

2.4.7 Results
a) Unconfined Uniaxial Cyclic Compression
The dynamic parameters of the constructs are generally dependent on the agarose
concentration. For example, the storage modulus for samples at lower concentrations
was statistically lower than those obtained for specimens at higher concentrations.
Indeed the mean value for storage modulus (E´) at 10% strain increased significantly
from 98.80 ± 5.10 kPa to 193.6 ± 19.5 kPa for 3 %w/v

and 6 %w/v agarose

concentration, respectively (Figure 2.19A), a difference which was statistically
significant (p < 0.05). Close examination of the individual parameter values confirm
that the values for storage modulus make up a very high proportion (> 95%) of the
corresponding values for the complex modulus.
Accordingly, similar trends were evident in values for complex modulus (E*) with
respect to agarose concentration, as illustrated in Figure 2.19E. By contrast, no
statistically significant differences were observed in the loss modulus (E´´) with respect
to agarose concentration (Figure 2.19 C, D). Indeed mean E´´ values at each of the
three strains exhibit a small range (5-13 kPa) for all agarose concentrations. Close
examination of the values for tanδ, representing the ratio of loss modulus to storage
modulus, revealed the highest values estimated at 10% strain for the agarose
concentrations of 3 %w/v and 4 %w/v (Figure 2.19 G, H).
At these agarose concentrations, tanδ values decreased with applied strain, the
differences being statistically significant (p < 0.05).
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A
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G

H

Figure 2.19 The relationship between storage modulus (E´) (A, B), loss modulus (E´´) (C, D),
complex modulus (E*) (E, F) and damping (tan δ) (G,H) as a function of the different
compressive strains (A,C,E,G) at different agarose concentrations (B,D,F,H).
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However, at the higher agarose concentrations there were no consistent differences in
mean values of tanδ as a function of the applied strain (Figure 2.19 G, H).
The maximum values of load measured during the cyclic compression decreased
progressively with time during the test. For example, for lower agarose concentrations
i.e. 3 - 4 %w/v, the maximum load reduced by approximately 40% at an applied strain
of 10% to 70% for the maximum compressive strain of 20% (Figure 2.14). This
reduction although significant was less marked with the higher agarose concentrations
i.e. 5 - 6 %w/v, with load peak amplitude decrement comprised between 35% and 60%.
b) Lift-off
The percentage value for lift-off is summarised in Table 2.6.
The results demonstrate clear trends, namely,
•

the percentage lift-off increases with strain amplitude for each agarose
concentration,

•

the percentage lift-off decreases with increasing agarose concentration.

Table 2.6 Influence of gel concentration and mechanical testing parameters on the lift-off
magnitude.
Agarose
concentration (%)

Strain (%)

Lift-off (%)

3

10
15
20

3.40 ± 0.28
4.44 ± 0.34
6.25 ± 1.18

4

10
15
20

2.69 ± 0.45
3.92 ± 0.36
5.62 ± 0.69

5

10
15
20

2.56 ± 0.43
3.46 ± 0.23
4.90 ± 0.79

6

10
15
20

2.04 ± 0.36
2.92 ± 0.70
3.51 ± 0.53

An example of the latter trend at 20% applied compressive strain, reveals lift–off mean
values of 6.25% and 3.51% for agarose concentrations of 3% w/v and 6% w/v,
respectively.
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c) Stress Relaxation Test
Representative stress-time graphs obtained for samples of different agarose
concentration under 10%, 15% and 20% compressive strain are illustrated in Figure 2.20
indicating that the stress-relaxation is less sensitive to the magnitude of strain at
concentrations of 5 and 6 %w/v compared to 3 and 4 %w/v.

A

B

C

D

Figure 2.20 Stress-time relaxation curves obtained for samples at different agarose
concentrations (A: 3% w/v; B: 4% w/v; C: 5% w/v; D: 6% w/v) tested under 10%, 15% and
20% compressive strain.

The mechanical properties derived from the analysis of the stress-relaxation curves are
illustrated in Figure 2.21A-H. Results have shown that the tangent modulus increased
significantly with increasing agarose concentration, with mean values of 79.7 ± 9.0 kPa
and 224.2 ± 18.3 kPa for 3 and 6% w/v, respectively, at an applied strain of 10%. In
addition, the tangent modulus increased significantly with applied strain for each
agarose concentration (Figure 2.21A, B).
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Figure 2.21 The relationship between tangent modulus(A,B), peak stress (C, D), relaxation
modulus(E, F) and percentage of relaxation(G, H) as a function of the different compressive
strain employed in the stress-relaxation tests at different agarose concentrations.
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A similar trend was observed for the peak stress, whose values were primarily
influenced by the magnitude of compressive strain (Figure 2.21C) applied to the
construct. Also increasing the gel concentration produced a marked increase in the peak
stress, with mean values ranging between 22.2 ± 2.4 kPa to 52.0 ± 6.7 kPa for 3 %w/v
and at 6 %w/v agarose concentration, respectively, for the applied compressive strain of
20%.
Values of the relaxation modulus appeared to be negatively correlated with the
compressive strain, as shown in Figure 2.21E. For example, at a 5 %w/v agarose
concentration, the mean value for relaxation modulus decreased from 54.0 ± 13.9 kPa to
27.1 ± 19.3 kPa for compressive strains of 10% and 20%, respectively. Increasing the
agarose concentration led to a small but variable increase in the relaxation modulus
(Figure 2.20F).
The resulting percentage relaxation values increased monotonically with applied
compressive strain (Figure 2.21F). For example, at an agarose concentration of 4 %w/v,
mean values of 68.4 ± 6.70 % and 87.5 ± 7.70 % were obtained for compressive strains
of 10% and 20%, respectively. By contrast, increasing the agarose concentration
produced no significant trends in the percentage relaxation values.

d) Diametric Compression Test
Load-displacement curves resulting from the diametric compression tests to failure are
illustrated in Figure 2.22. From these data, two failure parameters were derived as
summarised in Table 2.7. The ultimate tensile strength (UTS) of agarose specimens
increased with agarose concentration. In addition, samples made of 3 %w/v
concentration clearly increased as a function of the deformation rate, which were
extended from 1 mm/sec to 8 mm/sec. Differences were statistically significant. By
contrast, this trend was not evident for the two fold increase in deformation rate used to
test the samples of 4 %w/v, 5 %w/v and 6 %w/v agarose concentrations.
The corresponding values of strains to failure demonstrated few consistent trends with a
range of mean values between 0.34 and 0.40 for all 12 test conditions (Table 2.7).
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Figure 2.22 Load-displacement curves obtained for samples at different agarose concentrations
(A: 3% w/v; B: 4% w/v; C: 5% w/v; D: 6% w/v) tested under different deformation rates.

Table 2.7 Ultimate tensile strength (UTS) and ultimate tensile strain (UT-strain) for constructs
at different concentrations (3, 4, 5, 6% w/v agarose) tested at 1, 1.5 and 2 mm/sec strain rate.
Agarose
Strain rate
concentration (%) (mm/sec)
1
1.5
3
2
4
8

UTS (kPa)

UT-Strain

41.40±6.70 0.36±0.01
60.40 ± 9.80 0.39 ± 0.02
74.20 ± 14.6 0.40 ± 0.02
86.10 ± 7.00 0.39± 0.01
107.8 ± 19.4 0.37 ± 0.02

4

1
1.5
2

70.50 ± 6.20 0.37 ± 0.01
65.90 ± 8.90 0.38 ± 0.01
70.20 ± 10.6 0.39 ± 0.02

5

1
1.5
2

66.90 ± 3.80 0.36 ± 0.01
77.80 ± 6.60 0.36 ± 0.01
78.70 ± 24.4 0.34 ± 0.04

6

1
1.5
2

131.5 ± 11.3 0.39 ± 0.01
132.3 ± 17.2 0.39 ± 0.01
102.4 ± 19.1 0.38 ± 0.02
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e) Quasi-static Compression Test
The quasi-static compression tests to failure are illustrated in Figure 2.23, where all
curves show a similar trend with a non-linear section at low loads, followed by a more
linear region to fracture. From these data, values of compressive modulus, ultimate
compressive stress (UC-stress) and strain (UC-strain) were estimated as indicated in
Table 2.8. The compressive modulus values increased at higher displacement rates for
all agarose concentrations. In addition, they are highly influenced by the agarose
concentration with, an increase of approximately 3 fold from 3 %w/v to 6 %w/v
concentration at 1 mm/sec. In a similar manner, the ultimate compressive stress
increased with both displacement rates and agarose concentration (Table 2.8). By
contrast the strains to failure demonstrated few consistent trends with a range of mean
values between 0.36 and 0.44 for all 12 test conditions.

A

B

C

D

Figure 2.23 Load-displacement curves obtained for samples at different agarose concentrations
(A: 3% w/v; B: 4% w/v; C: 5% w/v; D: 6% w/v) tested under displacement rates of 1, 1.5 and 2
mm/sec.
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Table 2.8 Compressive modulus, ultimate compressive stress (UC-stress) and ultimate
compressive strain (UC-strain) for constructs at different concentrations (3, 4, 5, 6 %w/v
agarose) tested at 1, 1.5 and 2 mm/sec strain rate.
Agarose
concentration (%)

Strain rate
(mm/sec)
1
1.5
2

Compressive
modulus (kPa)
291.40 ± 29.10
396.60 ± 51.60
468.60 ± 43.60

UC-Stress
(kPa)
78.10 ± 5.60
97.80 ± 17.10
124.1 ± 6.70

0.38 ± 0.02
0.39 ± 0.02
0.40 ± 0.01

4

1
1.5
2

468.30 ± 72.20
565.50 ± 111.5
634.50 ± 73.80

125.7 ± 29.2
140.0 ± 28.0
160.5 ± 24.2

0.36 ± 0.05
0.37 ± 0.04
0.39 ± 0.04

5

1
1.5
2

578.00 ± 66.40
802.20 ± 50.90
802.30 ± 64.20

149.9 ± 21.2
211.0 ± 9.40
219.6 ± 30.9

0.37 ± 0.02
0.41 ± 0.01
0.42 ± 0.03

6

1
1.5
2

869.80 ± 88.00
925.30 ± 37.60
1086.3 ± 120.3

235.0 ± 34.4
253.8 ± 18.4
302.9 ± 25.0

0.39 ± 0.03
0.41 ± 0.01
0.44 ± 0.02

3

UC-Strain

2.4.8 Discussion
The dynamic and quasi-static viscoelastic properties of the agarose construct were
examined using a number of loading modalities and the relationships between selected
parameters, such as the hydrogel concentration and the test conditions, were examined.
As reported in several studies, gel concentration and molecular weight have been shown
to influence the mechanical properties of agarose hydrogels (Buckley et al., 2008;
deFreitas et al., 2006; Chen et al., 2005; Gu et al., 2003; Normand et al., 2000; Mauck,
2000). The dynamic stiffness of the hydrogel constructs in compression increased with
concentration, although relevant parameters, such as compressive modulus, which for
the higher concentration of agarose was of approximately 0.8–1 MPa, are still not
comparable with those of native articular cartilage (5-29 MPa) (Ahearne et al., 2005;
Wakatsuky and Elson, 2003).
Hydrogels, such as agarose, exhibit time-dependent viscoelastic behaviour typified by
strain-rate and frequency dependent behaviour (Gu et al., 2003; Ross-Murphy, 1993).
Indeed the findings from the mechanical tests have highlighted that the mechanical
behaviour of the hydrogel construct is a function of both the interaction of solid
(agarose) and liquid phases (water) and the strain magnitude and deformation rate at
which the samples were tested.
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In the stress relaxation test the initial phase, up to the maximum strain amplitude,
represents the stress applied to the material that is stored elastically. By contrast, the
difference between the peak and the equilibrium stress in the subsequent stress-time
behaviour (Figure 2.19) represents the stress lost due to viscous processes. During the
initial compressive ramp, agarose constructs exhibited an increased compressive
stiffness related to a reduced hydraulic permeability. This finding can be explained by
fluid flow-dependent poroelasticity, as opposed to the intrinsic viscoelastic processes
associated with the hydrogel. The estimated values of tangent modulus and peak stress
increased with increasing gel concentration (Buckley et al., 2008; deFreitas et al., 2006;
Normand et al., 2000). The non-equilibrium responses were also characterized by strainamplitude dependent behaviour of both those parameters (Figure 2.21A-D).
The relaxation modulus is based on the equilibrium load, and equivalent stress, at the
end of the constant deformation of 120 minutes, at which time there is no further fluid
flow through the sample and all the load is born by the solid phase of the hydrogel.
Accordingly, the equilibrium modulus can be viewed as a measure of the inherent
properties of the agarose in the absence of fluid pressurisation within the gel. Results of
the stress-relaxation tests showed an increase in the relaxation modulus value due to the
increased gel concentration (Buckley et al., 2008), while its value decreased with
increasing strain magnitude (Figure 2.21E-H).
The results of the unconfined dynamic compression indicated that the agarose
constructs at different gel concentrations could be considered to be made from a nearly
elastic material. This is exemplified by the findings that mean values for storage
modulus (E´) make up over 95% of the corresponding values for the complex modulus
(E*). Indeed values for both the loss modulus and damping coefficient (tan𝛿𝛿) decreased
with increasing agarose concentration, resulting in an increasingly stiffer, stronger and
less viscous network (Barrangou et al., 2006), probably due to enhanced crosslinking
density at higher agarose concentrations. These findings are in agreement with a
previous investigation by Gu and colleagues (2003) which reported similar trends of the
dynamic mechanical properties of agarose as function of the hydrogel concentration.
Results from the cyclic compression test showed that increasing the strain magnitude
from 10% to 20% at 1 Hz, corresponding to deformation rates varying from 1 to 2
mm/sec, produced an increase in the storage modulus and a reduction of the loss
modulus (Figure 2.19A, C). It can therefore be proposed that higher compressive strain
rate coupled with higher strain magnitude can increase the fraction of free water trapped
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in the sample and consequently enhance the stiffness of the gel enhancing its elastic
behaviour.
However, the viscoelastic behaviour of agarose was certainly present under dynamic
compression, as explained by the temporal profile of the measured load output (Figure
2.14). The permanent deformation exhibited by the agarose samples result in the
process, widely referred to as lift-off, and leads to a detachment of the compression
platens from the surface of the specimens during the load removal phase of cyclic
compression. Values of the lift-off parameter defined as percentage were found to
decrease with gel concentration but increase with strain magnitude (Table 2.6).
Other tests conducted to characterise different aspects of the mechanical properties of
agarose included the quasi-static compression tests and the diametric compression test.
Both tests were performed at equivalent deformation rates corresponding to 1, 1.5 and 2
mm/sec. The results also indicated an increase of both compressive modulus and tensile
strength (Normand et al., 2000; Barrangou et al., 2006), with increased gel
concentration and deformation rates, with values of the latter being 6 to 10 fold smaller
than the compressive modulus. The present results indicated that the strain at failure
was essentially independent of the hydrogel concentration (Normand et al., 2000).
It was noted that many of the mechanical parameters derived from the different tests
revealed an increased variability, as reflected in the values of standard deviation, in
agarose samples of 5% and 6% w/v, which have might be due to micro-bubbles,
residing within the manufactured constructs. Agarose forms a gel when a homogeneous
solution is cooled from 120 °C to a temperature below the ordering temperature (coilhelix transition), which is approximately 25 °C for the low temperature gelling agarose
is employed in the present study. The gel is formed when an infinite 3D network of
agarose fibres, formed by helices of agarose, develops. In tissue culture systems the
agarose/cells seeded constructs are cultured at 37 °C in a bioreactor system
incorporating biomechanical conditioning (Chowdhury et al. 2008; Chowdhury et al.
2003; Bader et al., 2000; Lee and Bader, 1998; Lee and Bader, 1997). Since this
temperature is close to the coil-helix transition temperature of the gel, the agarose
constructs maintained at 37 °C would be characterised by mechanical properties lower
than those obtained performing mechanical tests at environmental temperature (25 ± 5
°C) (Buckley et al., 2009).
Evaluation of the results from the array of mechanical tests performed on constructs at
different agarose concentrations enabled the selection of an optimal gel concentration,
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specifically 3 %w/v, which will be used in the remainder of the thesis. These findings
facilitated the design of a construct with endplates provided of suitable mechanical
properties to sustain both dynamic shear and compressive strains (Chapter 3). It has also
provided a detailed set of consistent experimental data which were employed in the
development and validation of finite element models (Chapter 4).
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3.1 Introduction
It is well established that physiological loading is essential for the maintenance of
articular cartilage by regulating tissue remodelling, in the form of both catabolic and
anabolic processes (Sah et al., 1989; Grodzinsky et al., 2000). Indeed a variety of forces
are active during joint loading and have been shown to affect cartilage composition and
integrity, including compression (Quinn et al., 1998; Lee et al., 1998; Lee and Bader,
1997), tension (Akagi et al., 2006), shear (Smith et al., 1995; Frank et al., 2000), and
hydrostatic pressure (Hall et al., 1991).

This has motivated the design of several

bioreactor systems (Darling and Athanasiou, 2003; Stoffel et al., 2012) to apply
mechanical loading at magnitudes and frequencies matching the physiological loading
conditions (Lee and Bader, 1997; Chowdhury et al., 2003; Buschmann et al., 1995;
Lima et al., 2004).
Several groups (Pingguan-Murphy et al., 2005; Pingguan-Murphy et al., 2006;
Chowdhury et al., 2008; Knight et al., 2006; Buschmann et al., 1995; Buschmann et al.,
1996; Lee et al., 1997; Bonassar et al., 2001; Mauck et al., 2000) have used mechanical
conditioning, generally in the form of uniaxial compression, to modulate the response of
chondrocytes embedded in polymeric constructs. The application of dynamic
compression, as opposed to static compression, has been shown to control various
biosynthetic activities of chondrocytes seeded in scaffolds (Mauck et al., 2000; Kisiday
et al., 2004; Roberts et al., 2001; Buschmann et al., 1995; Davisson et al., 2002).
Specific response is a function of both the amplitude and frequency of dynamic
compression. Most of these studies have revealed an up-regulation of proteoglycan
synthesis under specific dynamic loading, for example, 12 hours of continuous cyclic
compression of 15% at 1 Hz (Chowdhury et al. 2003) but, notably these studies, have
not identified the presence of any significant amounts of type II collagen.
The few studies that have addressed the up-regulation of collagen type II have included
the temporal degradation of hydrogel scaffolds (Ng et al. 2009), the use of mature
functional units, incorporating the chondron (Fraser et al., 2006) and the superposition
of shear on uniaxial compression (Frank et al., 2000). An example of the latter approach
used a rotating ball system, which simultaneously applies compression and shear to
simulate joint kinematics (Waldman et al., 2007). Although this system has enabled the
application of multi-axial loading on cell-seeded constructs or cartilage explants, the
precise levels of stress and/or strain on the specimens is difficult to quantify.
Nonetheless, the combined application of dynamic compression coupled with sliding
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contact has increased the dynamic stiffness of constructs, associated with a significant
increase in the synthesis of proteoglycans and proteins (Frank et al., 2000; Jin et al.,
2001; Fitzgerald et al., 2006; Waldman et al., 2003; Bian et al., 2010).
It may be hypothesised, therefore, that the superposition of shear on compression may
up-regulate collagen production in articular chondrocytes seeded in constructs (Smith et
al., 2000; Ofek et al., 2010; Gooch et al., 2001; Freed et al., 1998). Accordingly the
current study has designed and validated an in vitro loading system for the accurate and
reproducible combined application of prescribed magnitudes of cyclic compression and
shear to 3D chondrocyte-seeded agarose constructs. The designed system applies biaxial
loading for 48 hours to samples located in independent culture wells.

3.2 Sample Prototype
A cylindrical construct was developed, which could be gripped in a bioreactor using
nylon endplates (components a and b, Figure 3.1). The sample endplates were
manufactured from low density nylon due to its biocompatibility, low coefficient
of friction and adequate resistance to both abrasion and repeated loading.

A

Compressive
strain

B

d
c

a
b

e
Shear
strain

Unit: mm

Figure 3.1 (A,B) Schematic of agarose construct (c: Ø5 mm x height 5 mm) located in custom
designed nylon endplates (a: Ø10 mm x 5 mm, b: Ø15.5 mm x 5 mm), loaded through a cup
shaped pin (d), within a single well of a 24 well tissue culture plate (e).
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Nylon, moreover, can be easily sterilized by autoclaving. These endplates, with their
inherent material porosity were designed to minimise the static preload applied to the
cell-seeded constructs and ensure hydration of the constructs.
The top endplate has a central hole (Ø 1 mm) to allow the escape of excess material
during the moulding process, while the bottom endplate is provided with two slots to
enable both the ease of insertion and removal of the construct by means of forceps in the
24 well-plate (Figure 3.1). In order to increase the contact surface between the sample
and the endplates, thereby improving the interlock between the two materials and
minimising the sliding between their surfaces, a thread (ISO STD M8X0.5mm) was
introduced onto the internal surface.
The test protocols were designed so that the agarose constructs would be subjected to
both axial compression and shear for culture periods of 48 hr. The nature of the loading
modality was such that the sample constructs should not fail prematurely due to the
presence of stress concentrations. This could be achieved by designing samples with
surface profiles which were chamfered, curved or fillet formed. Although the latter was
the preferable option, chamfered surfaces at the transition from the endplates to the
sample were relatively easy to manufacture and minimised stress concentrations in this
region.
During dynamic compression the viscoelastic nature of the agarose constructs will lead
to a permanent deformation resulting in the lift-off phenomenon (Lee and Bader, 1997,
Section 2.4.2a). This will inevitably lead to the loss of contact between the loading pins
and the top surface of the constructs, preventing the application of shear loads. This
issue was resolved with the design of a cup-shaped loading pin with sufficient depth to
accommodate a permanent deformation of 2 mm (equivalent to 40% strain) which
enabled the application of shear (Figure 3.1). Polytetrafluoroethylene (PTFE) was
selected for manufacture of the cup shaped loading pin, due to its inherent
hydrophobicity and low coefficient of friction.

3.3 Optimisation of the Sample Profile by Finite Element
Analysis (FEA)
Finite element analysis (FEA) was performed to optimize the sample profile and ensure
that the design of the experimental model was well characterised and showed a uniform
strain distribution across the construct. The FE model modelled agarose behaviour
84

Chapter 3: Development & Characterisation of Mechanical Loading Systems

under compression and shear strains, and enabled the prediction of the internal and local
strain state adjacent to the chamfered surface of the constructs. In particular, the sample
design should avoid the presence of strain concentrations, which would lead to
premature construct failure during the dynamic loading experiments.
3D solid models of 3 %w/v agarose (type VII) cylindrical sample (5 mm x 5 mm) and
nylon endplates (Ø 10 mm x 5 mm) were obtained using a commercial software
package (ABAQUS/CAE standard 6.11). The 3D solid models of endplates and
constructs were produced with dimensions identical to that of the actual sample.
The selected materials, namely the agarose and nylon, were both assumed to be
characterized by a homogenous, linear isotropic and elastic solid matrix (ABAQUS 6.11
Documentation. 2011). Due to the results obtained from the unconfined cyclic axial
compression test, in which the agarose response is predominantly elastic rather than
viscoelastic in nature (Section 2.4.7a), the hydrogel can be modelled as single phase
elastic material. The effect of fluid flow-induced forces within the construct was not
considered in the FE analysis. The mechanical properties assigned to the materials are
indicated in Table 3.1.
Table 3.1 Material properties used in the FE modelling.
Poisson’s ratio (𝜈𝜈)

Mass density (g/cm3)

2.8 GPa

0.4

(Cobb, 2008)

(Cobb, 2008)

1.15

Material

Young’s Modulus (E)

Agarose
(3% w/v)

(Roberts et al., 2001)

100 kPa

Nylon

0.32

(Ross and Scanlon, 1999)

1.64·10-6

A range of simulations were generated using different internal thread designs, series M
with a 8 mm major diameter and a pitch of between 0.5 to 1.0 mm (M8X05, M8X075,
M8X1), using a range of inclinations of the chamfered surface (α = 90° to 149°) as
indicated in Table 3.2.
Constructs and endplates were meshed using “3D stress tetragonal shaped elements”
(C3D4: 4-node linear tetrahedron) with a global size of 0.48 mm. A local density with
an approximate element size of 0.30 mm was applied to the edge of the thread to
provide a finer mesh. With this mesh setting, depending on the type of thread and the
chamfered surface inclination, the constructs contained a maximum number of nodes
and elements equal to 64,470 and 38,735, respectively. In conjunction, both top and
bottom endplates were characterised by a maximum of 37,634 nodes and 22,293
elements, respectively.
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An example of FE geometry and mesh of both the constructs and cylindrical endplates
are shown in Figure 3.2. In order to minimise the effects of singularities in regions of
the construct and endplates characterised by a complex geometry, i.e. the thread, the
mesh was locally refined in order to maintain the accuracy of the FE approximation.

A

B

Figure 3.2 (A) Meshed dumbell shaped agarose construct and (B) nylon endplate.

The boundary conditions applied to the construct and endplates were defined as follow.
•

The agarose construct could be displaced freely in any direction.

•

The top endplate was not allowed to move along the x axis or rotate about zdirection, while an “encastre” constraint was employed to restrain the
displacement of the bottom endplate.

•

The interaction between the agarose construct and nylon endplates was modelled
as “general contact” characterized by an isotropic frictional behaviour along
both tangential and normal directions.

A two stage process was initiated. In the first, each solid model was configured such
that a compressive strain was applied in the range of 5-20% of the initial height of the
sample (displacement along y-direction). This was then followed by a shear strain in the
range 5-10% (displacement along x-direction). A summary of the FE model conditions
implemented is indicated in Table 3.2.
During the FE simulations, the numerical problems were solved using the standard
implicit direct equation solver. The numerical simulations were carried out using the
Static/General step. A full Newton solution technique with unsymmetric matrix storage
was adopted (ABAQUS 6.11 Documentation. 2011).
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Table 3.2 A range of sample morphologies used in the FE models, with cylindrical endplates (Ø
10 mm, depth 5 mm and internal thread M8).
Angle α
(°)

X dimension
(mm)

Y dimension
(mm)

Thread pitch
(mm)

M8X1-90
M8X075-90
M8X05-90

90
90
90

0
0
0

0
0
0

1
0.75
0.5

M8X05-121
M8X05-129
M8X05-135
M8X05-135
M8X05-135
M8X05-141
M8X05-149

121
129
135
135
135
141
149

0.5
0.5
0.3
0.4
0.5
0.4
0.3

0.3
0.4
0.3
0.4
0.5
0.5
0.5

0.5
0.5
0.5
0.5
0.5
0.5
0.5

Model

M8X1

M8X075

M8X05

α
α=121˚

Y
X
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3.3.1 Effect of Friction Between Construct and Endplates
A sensitivity analysis was performed in which the friction between the contact surfaces
of the construct and the endplates was varied between a value of 0.25 and 1.00 under the
conditions of 15% compression strain and 5%, 10% and 15% shear strain. The
maximum Principal Stress value was minimally affected (approximately 2% at 15%
shear strain) by the change of friction coefficient (Figure 3.3). Accordingly a value of
0.3 was selected to represent the contact interaction between the construct and the
endplates in all subsequent analyses.

Figure 3.3 The relationship between the maximal principal stresses as a function of the friction
coefficient for model with chamfered surface inclination equal to 135˚ subjected to 15%
compressive strain and three distinct shear strains.

3.3.2 Effects of Construct Design
The FE analyses demonstrated similar patterns of internal stresses within the constructs
under different loading regimes. In particular, the simulations indicated that the
maximum principal tensile stresses (σ 1max ) were mainly located along the chamfered
surfaces. It was evident that although each of the three model designs exhibited
compatible trends of σ 1max , as illustrated in Figure 3.4, the values for M8X1 and
M8X075 were higher than those corresponding to M8X05. Accordingly, the 3D-model
M8X05 was selected and its design modified to introduce a chamfered surface with an
angle, α, ranging from 90° to 149° (Table 3.2). The results as presented in Figure 3.5.,
revealed that at the highest chamfered angles of 141° and 149°, the maximum principal
tensile stresses are higher than in the model M8X05 without a chamfered surface. By
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contrast, smaller values of α produced correspondingly lower values of the maximum
principal tensile stresses (Figure 3.5).

Figure 3.4 Effect of the thread pitch in the model design on maximum principal tensile stress
when subjected to 15% compression and shear strain between 5% and 10%.

Figure 3.5 Effect of chamfer surface angle on the selected 3D model on maximum principal
tensile stress when subjected to 15% compression and a range of shear strains between 5% and
10%.

A comparison of the Von Mises stresses for two models, M8X05 and M8X05-121, at
different shear strains are shown in Figure 3.6. This reveals that model M8X05
exhibited more localised stress values for each of the shear strains. Than in the model
M8X05-121, the stresses are more evenly distributed along the chamfered surfaces.
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M8X05-121

10% Shear strain

5% Shear strain

0% Shear strain

M8X05

Figure 3.6 Von Mises stresses countour for the agarose gels in models M8X05 and M8X05-121
when subjected to 15% compression and shear strain values between 0% and 10%.

Assuming that the maximum tensile principal stress would be responsible for construct
failure during complex loading, the 3D model with a chamfer surface of 121°, namely
M8X05-121, was the selected design. Indeed, σ 1max values were lowest for this
chamfered angle. It should be noted that chamfered surface inclinations less than 121°
were not considered due to manufacturing constraints.
Analysis of the stress components (Stress Linearization), σ xx (S 11 ) and σ yy (S 22 ),
associated with the three-dimensional solid along the symmetry axes of the model
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(Figure 3.7), under 15% compressive strain and for different value of shear strains
ranging between 0% to 10%, indicated that model M8X05-121 yields a variable stress
distribution in the cylindrical central region (Figure 3.7).

A

Horizontal path

5
0

B

Vertical path

9

4

Figure 3.7 (A) Linear stress distribution along x-direction (S11) obtained beside the horizontal
symmetry axis of the sample; (B) Linear stress distribution along y-direction (S22) obtained
alongside the vertical symmetry axis of the sample for model M8X05-121.

3.4 The

Effects

of

Environment

on

the

Physical

Dimensions of Nylon Endplates
The design optimisation process of the construct also involved an accurate evaluation of
the physical properties of the selected material employed in the manufacture of the
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endplates. The high hygroscopicity of nylon, a semi-crystalline thermoplastic material,
was considered as a critical parameter in the determination of its compatibility with the
design requirements, which involve the immersion of the construct in culture medium
for prolonged periods of time. Moisture absorption would affect both the weight and
dimensions of the endplates, influencing their overall performance (Monson et al.,
2008). Increase weight would additionally result in an increase in the static strain
applied to the cell-seeded agarose constructs. Variations in the endplate dimensions
would compromise the construct functionality, particularly for its insertion in the
culture plate and connection with the cup-shaped loading pin. Steam sterilization by
autoclaving can also drastically alter the mechanical and chemical properties of nylon
(Massey, 2004). Consequently, the equilibrium moisture absorption of the endplates,
which is strongly dependent on temperature and relative humidity (Kohan, 1998), was
evaluated following autoclaving and subsequent exposure to culture medium.
The endplates were autoclaved at 120 °C, dried in a 60 °C oven for 24 h, and
subsequently equilibrated at 37 °C. Individual endplates were then inserted in 5 mL
plastic bottles (Sterilin Caerphilly, UK) containing 1 mL of culture medium preheated at
37 °C. The containers were then placed in a 37 °C oven for a period of twelve days.
Variations in weight and dimensions of the endplates were assessed employing a high
precision balance (Mettler AJ100, Toledo Balance technology, Leicester, UK) and
micrometer, at day 2, 4, 6, 8, 10 and 12. Each endplate was gently dried with paper prior
measurements so as to remove any excess of fluid. Values were compared with their
corresponding values measured at the beginning of the experiment.
The effect of steam sterilization on the physical characteristics of the endplates was also
analysed. The endplates were autoclaved repeatedly and measurements of their weight,
diameter and height were performed prior and immediately post sterilization and
subsequently after a 24 h drying period in a 60 °C oven. The protocol was performed
ten times in total.
The mean values for 48 endplates were
•

Weight = 0.25 ± 0.01 g

•

Diameter = 9.74 ± 0.06 mm

•

Height = 5.05 ± 0.05 mm

The percentage change in physical dimensions of the endplates with culture period,
determined with respect to their corresponding values at time 0 are reported in Table
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3.3. The most significant changes corresponded to the weight changes, which amounted
to approximately 10% by day 4 in culture medium.
Thereafter, no further increase in the endplates weight was recorded up to the culture
period of 12 days, Figure 3.8.

Table 3.3 Percentage variation in mass, diameter and height of top endplates with bathing time
(N = 8 samples for each time point).
Time (day) % mass variation % Diameter variation % Height variation
2
4
6
8
10
12

8.2 ± 0.9
9.9 ± 0.7
10.1 ± 0.6
10.5 ± 0.7
10.3 ± 1.4
10.2 ± 0.9

1.5 ± 0.5
2.3 ± 0.5
2.5 ± 0.3
2.8 ± 0.3
3.0 ± 0.4
2.4 ±0.2

0.9 ± 0.3
1.7 ± 0.7
1.5 ± 1.1
1.3 ± 0.6
1.4 ± 0.9
1.4 ± 0.5

Figure 3.8 Temporal profile of increase in mass of the nylon endplates when exposed to bathing
in culture medium.

There were much smaller relative changes in the endplate diameters with maximum
mean increases of 3.0% by day 10 in culture medium. Similarly, the increase in the
endplates height, of 0.9 ± 0.3% at day 2, was not statistically significant (p > 0.05).
Both the mean weight and height of the endplates increased significantly, by
approximately 8% and 2%, respectively, following steam sterilization. However their
original values were restored after being dried in a 60 °C oven for 24 h. The repeated
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exposure of the nylon endplates to steam sterilization did not permanently alter their
weight and dimensions.

3.5 Design of a Rig to Apply Static Compression and
Dynamic Shear
The construct integrity and functionality under dynamic shear was estimated using a
bespoke rig. A rig was designed to test two constructs simultaneously under static
compression and dynamic shear. This arrangement of the constructs was developed to
reduce bending moments on the load cell. The rig body was composed of 4 blocks,
Figure 3.9, namely two sample locators, placed laterally and connected together by a
connection deck along with a loading pin, supported by a pin holder coupled to the
sample locator blocks by a connection bar. The sample locators included a slot for one
of the endplates, while the other endplate was located in the loading pin.
A holding plate, connected by screws on both the construct locator blocks, was designed
to keep the constructs in place during the test. Static compression of up to 15% was
applied to the constructs using precision length punches, indicated in Figure 3.9, which
were held in place during the test.
When the rig was completely assembled, as illustrated in Figure 3.9B, it was placed and
fixed to a sterile chamber. The chamber (Figure 3.10), designed to contain the culture
medium, was composed of three pieces, the tank, the lid and the connection base made
of Perspex. The tank was machined in one piece to avoid leakage. The rig body was
secured to the tank walls through the side surface of the sample locators. Perspex
spacers positioned between the tank wall and the rig allowed for its exact placement in
the centre of the chamber. The chamber included two Perspex blocks, connected to the
back wall of the tank, which reduced the tank volume and, the amount of culture
medium employed during each experiment. Once the rig was connected to the chamber,
the lid was closed, and the loading pin connected to the load cell. The chamber was then
moved into an incubator (BINDER, D-78532, Tuttingen, Germany) with the loading
apparatus (BOSE ElectroForce System Group, Minnesota, USA) and coupled to the
loading apparatus by the shaft connected to the load cell (Figure 3.10C).
In order to precisely align the rig to the loading system the connection base of the
chamber was secured to the system platform, which also ensured that the rig remained
in a fixed position during the test (Figure 3.10A).
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Following the set-up of the loading system, the pin holder was removed, by pulling it
out using a primer rod (Figure 3.10), so that the loading pin was free to move vertically
and apply dynamic shear strain to the samples.

A

Connection bar

Loading pin

Pin holder

Sample locator

Punch

Holding plate
B

Connection
deck
Dynamic
shear

C
Construct

Static
compression

Figure 3.9 Schematic diagram of the rig components before (A) and after (B) the assembly.
(C)Assembled rig with constructs in position.

A hole, positioned on the back wall of the tank, allowed the primer rod to be fastened to
the pin holder.
To reinforce the Perspex at the entry point of the loading pin and the primer rod
extended metal blocks were designed (Figure 3.10).
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A full design brief with details, including dimensions of the associated components, is
provided in Appendix A. Design criteria and materials selection for the individual
components were principally based on their functional requirements.
The rig body and all the metal components, to be immersed in culture medium and/or
subjected to incubator high humidity environment, were manufactured from medical
grade stainless steel (316L).
A

Reinforcement
plug

Lid

Blocks

Tank

Spacer

C
B

Shaft

Load cell

Primer rod
Connection base

Figure 3.10 Schematic diagram of the chamber configuration (A) and the positioning of the rig
in the chamber (B, C).
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Constructs were prepared using the mould shown schematically in Figure 3.11, which
incorporated slots for the insertion of both top and bottom endplates. The 316L stainless
steel mould, composed of two symmetrical parts, was aligned using two PTFE spacers
and fastened together by screws. Subsequently the positioning of the bottom endplates
within the mould, the agarose solution was pour in each hole (Section 2.2.3) then sealed
by the top endplates. The constructs were easily removed from the mould using a brush
shaped tool.
Glass slide
Top endplate
Bottom endplate

PTFE spacers

Mould

Figure 3.11 3D image of custom made nylon endplates and stainless steel mould.

3.5.1 Construct Mechanical Validation
a) Dynamic Shear Superimposed on Static Compression
In order to evaluate both the mechanical behaviour of the constructs under dynamic
shear loading and the interlock strength between the hydrogel and endplates, a total of
six constructs were tested under 15% static compression and a cyclic shear strain of
10% (Sawae et al., 2004), equivalent to a maximum amplitude of 0.5 mm. Testing was
performed using a sinusoidal waveform at a frequency of 1 Hz for 48 h, equivalent to a
total of 172,800 cycles. The tests were performed employing the rig described in
Section 3.5 equipped with a 225 N load cell (BOSE ElectroForce System Group,
Minnesota, USA) at 37 °C. Storage (G´) and loss moduli (G´´) were calculated over
series of 40 cycles at three times over the test period (2, 24 and 48 h) using the
following standard equations:
𝐺𝐺 ′ =

𝜎𝜎0
𝜀𝜀0

cos 𝛿𝛿

(3.1)
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𝐺𝐺 ′′ =

𝜎𝜎0
𝜀𝜀0

sin 𝛿𝛿

(3.2)

b) Unconfined Uniaxial Cyclic Compression
The construct mechanical strength and integrity under dynamic compression was also
evaluated by cyclic loading at a compressive strain of 20% at 1 Hz for 24 h, equivalent
to 86,400 cycles of compression. Tests were performed using a standard mechanical
testing machine equipped with a 100 N load cell as described in Section 2.4.2 at room
temperature (25 ± 2 °C). The test configuration described in Section 2.4.2 was modified
by substituting the cylindrical loading pin employed to perform dynamic compressive
test on cylindrical constructs with a cup-shaped pin (Section 3.2, Figure 3.1). The
compressive test was performed on six constructs.
c) Stress Relaxation
Stress relaxation tests were performed on the developed construct to identify
modifications in their viscoelastic behaviour induced by differences in the sample
geometry. The test was performed at 20% strain as reported in Section 2.4.3 on 10
different construct. In order to further confirm the construct reliability the stressrelaxation test was also performed on construct pre-conditioned under 15% dynamic
compression and 10% dynamic shear at 1 Hz for 48 h.

3.5.2 Results
The fatigue test revealed no fracture or excessive deformations, for each of the six
samples tested under cyclic shear and static compression over the 48 h test period. The
estimated dynamic shear moduli at three different time points are summarised in Table
3.4. At 2 h, the parameters (G´ and G´´) were 46.2 ± 3.8 kPa and 17.9 ± 2.3 kPa,
respectively. At 24 h and 48 h, these values decreased by approximately 3.7 % and up to
6.9 %, respectively. These minor changes did not reduce the load-bearing capacity of
the sample over the duration of the test.
Table 3.4 Dynamic shear moduli values for samples at 2, 24 and 48 hours, where statistical
significance, p < 0.05, is shown by *.
Time (h) G´ (kPa)
2
46.2 ± 3.8
24
44.5 ± 4.2
48
43.0 ± 3.5

*

G´´ (kPa)
17.9 ± 2.3
17.0 ± 3.1
15.6 ± 2.9

*

*
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No evidence of structural failure was observed on any of the six samples evaluated
during the dynamic compressive test, with values of storage (E´) and loss (E´´) moduli
of 65.5 ± 22.5 kPa and 4.8 ± 1.3 kPa respectively.
Results of the stress-relaxation test, Table 3.5, showed a large reduction in the values of
Tangent modulus, peak stress (p < 0.05) and percentage of relaxation (p < 0.05) for
construct mechanically conditioned under 10% dynamic shear and 15% dynamic
compression for 48 h when compared with un-loaded constructs.

Table 3.5 Tangent modulus, relaxation modulus, peak stress and percentage of relaxation for
constructs tested under stress-relaxation at 20% strain, before and after the application of 10%
dynamic shear superimposed on 15% cyclic compression for 48h.
Sample
Before loading
After loading

Tangent
modulus (kPa)
155.8 ± 19.6
119.0 ± 18.4

Relaxation
modulus (kPa)
20.7 ± 3.8
21.0 ± 3.5

Peak stress
(kPa)
15.1 ± 1.9
10.8 ± 1.6

Percentage
Relaxation (%)
72.5 ± 3.9
61.0 ± 5.0

n = 10 for each condition

The test results confirmed the integrity of the constructs and their ability of withstand
mechanical loads even after being subjected to compression and dynamic shear for 48 h,
Figure 3.12.

Top
endplate
5 mm

5 mm

Before testing

Bottom
endplate
After testing

Figure 3.12 Pictures of the construct before and after the application of 10% dynamic shear
superimposed to 15% dynamic compression for 48 h.
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3.6 Development of Loading System to Apply Complex
Mechanical Loading to Cell-seeded Agarose Constructs
3.6.1 Bioreactor Components
The bioreactor was designed to feature a controlled loading system (ElectroForce 5500,
BOSE, Minnesota, USA), placed in a tissue culture incubator (BINDER, D-78532,
Tuttingen, Germany). To enable the mechanical conditioning bioreactor to provide axial
compressive and shear deformations, separately or simultaneously at various regimes of
strain and frequency on the cell-seeded constructs, the following components were
included in the design.
a) Load Cell
A low profile and compact tensile/compression load cell (BOSE ElectroForce System
Group, Minnesota, USA) with a capacity of 225 N. The load cell is humidity resistant,
and with its inherent low deflection, can function at the selected frequency and
temperature. It is equipped with a thread for in-line mounting in a vertical configuration.
b) Computer-controlled Linear Stage
Shear strain was applied using a linear positioning motorized stage (Zaber’s TLSM025A-KT03 Miniature Linear Slide, Laser 2000 Ltd, UK). This comprises a roller
bearing motorized stage with a built-in controller, high accuracy and speed capabilities.
Its complete specifications are detailed in Table 3.6.

Table 3.6 Zaber’s T-LSM linear positioning stage specifications.
Specification

Value

Travel Range
Accuracy
Repeatability
Maximum Speed
Minimum Speed
Speed Resolution
Linear Motion Per Motor Rev
Motor Steps Per Rev
Controller Resolution
Operating Temperature Range

25.4 mm
+/- 4 µm
< 1 µm
7 mm/s
0.00022 mm/s
0.00022 mm/s
0.6096 mm
200
1/64 of a step
0 to 50
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It is critical that the stage provides both high accuracy and repeatability, as shear
deformation to the cell-seeded constructs needs to be applied within the range 0.25-0.50
mm. The linear positioning stage is humidity resistant and is characterized by an
operating temperature range of 0-50 ˚C, which allows its use in the high humidity
incubator environment. The stage can be connected to the RS-232 serial or USB port of
any computer. The vertical actuator of the BOSE loading system and the stage
horizontal motion can be synchronized using Labview software (LabVIEW 8.2,
National Instruments, Newbury, UK).
c) Device for Data Acquisition (DAQ)
The linear stage was connected to the Bose system PCI output channel through a multifunction Analog I/O Device for Data Acquisition (14-Bit, 48 kS/s Multifunction DAQ,
National Instruments Corp, Newbury, UK) which provides high-speed ADC. Its full
specifications are defined in Table 3.7.

Table 3.7 14-Bit, 48 kS/s Multifunction DAQ specifications.
Specification

Value

Analog input
Resolution
Sample rate
Maximum Voltage range
Maximum voltage range Accuracy
Minimum Voltage range
Minimum voltage range Accuracy

14 bits
48kS/s
-10 V, 10 V
138 mV
-1 V, 1 V
37.5 mV

Analog output
Resolution
Sample rate
Maximum Voltage range
Maximum voltage range Accuracy
Minimum Voltage range
Minimum voltage range Accuracy
Update Rate

12 bits
48kS/s
0V, 5V
7 mV
0V, 5V
7mV
150 S/s

Digital I/O
Logic Levels
Max Source Frequency
Resolution

TTL
5 MHz
32 bits
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d) Linear Variable Differential Trasformer (LVDT)
The movements of the stage and the vertical actuator were synchronised using a closed
loop control system with a Linear Variable Differential Transformer (LVDT DG 2.5
Guided, Solartron Metrology, RS Components Ltd, Corby, UK) providing feedback of
the stage position.
The complete specifications of the LVTD are detailed in Table 3.8. It was positioned
parallel to the linear stage with the moving tip touching a deflection plate mounted on
the stage platform. This configuration allowed the transmission of the platform
movement directly to the LVTD. The voltage signal produced, corresponding to the
actual position of the stage, was processed through the DAQ and used to correct the
stage position (Figure 3.13).
Table 3.8 DG2.5 guided min LVTD specifications.
Specification
Energising Voltage
Input Current Range
Maximum Operating
Minimum Operating
Overall Height
Overall Width
Response Time
Sensitivity
Stroke

Value
10 to 24 V dc
10 mA
+80°C
-20°C
1mm
94mm
3 ms
750 @ 10 V dc mV/mm
+/-2.5mm

COMPUTER 1
Win Test
Win Test PCI
INPUT
Win Test PCI
OUTPUT

VERTICAL
ACTUATOR

DAQ

LVTD

LINEAR
STAGE

COMPUTER 2
Labview

Figure 3.13 Diagram showing the interconnections between the bioreactor components.
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The stage movement presented a time delay compared to the vertical actuator due to the
transmission of the signal through the cabling connection between the various
components of the bioreactor. This might produce a shifting of the triangular waveform
adopted for the test protocol if not fully compensated. A Labview routine was
implemented to synchronize vertical and horizontal displacements.
The current position of the vertical actuator was transmitted, as voltage input, from the
Bose PCI unit through the DAQ to the Labview code (Figure 3.13). Subsequently, the
encoded Labview routine used the actual position of the vertical actuator as reference
value to synchronise the two prescribed displacements.

3.6.2 Overall Design
The loading system provides vertical displacement via an actuator, which is connected
by a central shaft to a mounting plate located within a Perspex chamber, as indicated in
the schematic in Figure 3.14 . The chamber, whose top and bottom surfaces are made of
stainless steel 316L, was precisely aligned to the loading system with its bottom surface
secured to the system platform.
The pin holder plate (Figure 3.14) includes 12 holes which restrain the vertical
movement of each of the corresponding loading pins (Figure 3.15F), which consist of a
316L stainless steel rod (Ø3 mm, 30 mm length) connected to PTFE cylindrical cups
(Ø12 mm, 10 mm deep). The lateral surface of each pin cup includes a slot to facilitate
the correct positioning of the pin onto the top endplate of the construct (Figure 3.15F).
A plastic ring located along the length of the pin rod prevents the pin falling onto the
specimen when it is in the unlocked state. The internal lateral surfaces of the cylindrical
cups were designed with a chamfered surface to facilitate the positioning of the loading
pins on each construct. They were designed with sufficient depth to accommodate a
permanent deformation of the agarose construct of 2 mm, equivalent to 40% strain.
The sample holder, which is connected to the stage by the threaded through-holes in the
top mounting plate of the carriage (Figure 3.14) was designed to accommodate a 24well plate (Corning Costar culture plate, Sigma-Aldrich, Poole, UK) containing the
constructs. The sample holder was manufactured in Perspex to minimize the weight
applied on the linear stage, which was adequately grounded to the chamber bottom
surface to prevent its damage due to static build-up.
Once the 24-well plate was located on the mounting plate, the loading pins holder
containing the twelve cup shaped pins (Figure 3.16) was lowered to a point close to the
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24 well plate to enable the individual connection of the pin to the top endplate of each
sample (Figure 3.16). This arrangement permits the simultaneous testing of 12
constructs, centred individually in the outer wells of a 24 well culture plate, whilst being
maintained in aseptic culture conditions (Figure 3.16). Control constructs prepared
from the same batch of chondrocytes, were left either in a free swelling state or under
tare load equivalent to a static strain of 0.2%. Free swelling (FS) and Tare load (TL)
constructs were located respectively in the inner and outer wells of a culture plate,
which was then positioned in an additional culture chamber. In the case of TL
constructs, the cup loading pins were individually positioned on the top endplate of each
construct with their weight resting completely on the construct.

Load cell

Shaft

Brake

Shaft connector

Loading
pins
Deflection
plate

Pin holder plate

Sample
holder

Linear
stage

LVDT holder

LVDT

Figure 3.14 Schematic of the tissue culture sterile chamber components.
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When completely assembled, the chamber was transferred to the incubator (BINDER,
D-78532, Tuttingen, Germany) and the loading pin holder connected to the BOSE
loading system vertical actuator by the connection shaft (Figure 3.16).
The shaft and the connecting part (Figure 3.15D) located on the central region of the
loading pin holder were designed with a flat profile to avoid possible rotation of the
loading pin holder that would cause its misalignment respect to the linear stage.
A brake, in the form of a metal ring, was connected to the shaft immediately beneath the
load cell to shield it from accidental loading.
The rig was entirely assembled in a culture hood to maintain sterile conditions.

A
C

B

F

D
E

Figure 3.15 Schematic of the assembled conditioning system (A) and details of the linear stage
(B), the power cables outflow slot (C)the shaft and corresponding connection part (D), the
LVTD and deflecting plate configuration(E), and the pins connection in the holding plate (F).

An important design consideration involved the maximum shear load that could be
applied to the samples without damaging the load cell due to bending moments. After
consultation with the manufacturers (BOSE), maximum values of shear (F x & F y ) and
bending moment (T x & T y ) were prescribed as 20 N and 0.7 Nm, respectively, for offaxis loading on the face plate of the linear stage. To achieve these constrains on the
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bending moments a simple but effective control system was introduced, represented by
the imposition of a physical limit to the maximum slide travel.
Constructs insertion

Positioning of the culture
plate on the sample
holder

Connection of the loading
pins on the constructs

Addition of culture medium

Connection of the loading system

Vertical actuator
Load cell
Locking
screw
Pin holder
plate

Linear stage

Figure 3.16 Schematic representation of the phases of the tissue loading apparatus setting.
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The complete design of the bioreactor enabled a wide range of mechanical loading
regimes to be applied to cell-seeded constructs within a highly controlled environment.
A critical stage in the design process involved the choice of the materials employed to
manufacture the different system components in order to maximize their functionality.
Many of the components were in contact with the cells-seeded construct and would be
exposed to high humidity environment and high temperature sterilization process
(autoclave) for a prolonged period of time. Accordingly factors such as the
biocompatibility, corrosion resistance and the ability of the materials to be sterilised
repetitively must be considered in selection of materials used in the manufacturing
process.

3.6.3 Loading System Validation Protocols
a) Synchronization of Vertical and Horizontal Motion and Stage Validation
To ensure the consistency and reproducibility of the system a validation protocol
examined the synchronization of the vertical and horizontal movements. In particular,
the time delay between the two waveforms was monitored by comparing the vertical
displacements with the stage displacements.
The vertical actuator was prescribed to move sinusoidally between 0 and 0.75 mm at a
frequency of 1 Hz, while a triangular waveform of magnitude 0.5 mm and frequency of
1 Hz was employed for the horizontal translation of the linear stage. The data collected
over 48 h were processed and the time delay determined between the peaks.
b) Cell Viability of Mechanically Conditioned Chondrocytes
Different loading regimes over 48 h were applied to bovine chondrocytes seeded in 3
%w/v agarose gel (Low gelling, Type VII, Sigma-Aldrich, Poole, UK), representing a
well-established model system in the host laboratory (Lee and Bader, 1997). The
constructs were prepared as previously detailed in Section 2.2.3, employing the custommade mould illustrated in Figure 3.17. All the constructs were pre-cultured in low
glucose Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) with 16.1
%w/v fetal calf serum (FCS, all from Sigma-Aldrich, Dorset, UK) for 24 h.
Groups of constructs were either subjected to one of the two loading regimens, the static
tare compressive load or left in a free swelling state for 48 h. The later condition acted
as control condition. At the end of each experiment, cell viability was assessed by
removing vertical slices from the centre of the agarose constructs and incubating them
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in 5μM per mL of calcein AM and Ethidium homodimer-1 (both Life Technologies Ltd,
Paisley, UK) for 30 minutes. The cells were viewed on an epifluorescence microscope
(Leica Microsystems GmbH), and the percentage of viable cells was determined
(Section 2.2.4).

A

Top
endplate

Glass slide

B

Bottom
endplate
C
Mould
stopgap

Mould

Figure 3.17 Schematic image of custom made nylon endplates and stainless steel mould (A)
and different stages of the construct preparation (B, C).

3.6.4 Results
From the validation protocols no systematic increase in the delay between the
waveforms was observed, as illustrate in Figure 3.18.

Figure 3.18 Trend of peaks (black) and valley (red) of the triangular waveform demonstrating
no drifting over 48h test.
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The drifting effect of the triangular waveform was considerably reduced to negligible
levels by the introduction of the compensation system, as detailed in Section 3.6.1. In
Figure 3.18 the peaks and valleys values of both the triangular (red) and sinusoidal
(black) waveforms are shown as function of time. The average of the peaks values is
equal to 0.154 ± 0.003 V while for the valleys is -0.145 ± 0.004 V and did not change
with time. The mean time delay, Figure 3.19, between the sinusoidal and the triangular
waveforms was estimated to be 0.014 ± 0.013 sec over the entire 48 h period.

δt

Figure 3.19 Comparison between the triangular (red) and the sinusoidal (black) waveforms
after 24 (left) and 48 (right) hours showing the minor time delay (δt) presents between the peaks
waveforms as result of the synchronisation system.

As summarised in Table 3.9, the mean percentage values of chondrocyte viability were
maintained above 90% for all test conditions.

Table 3.9 Viability of agarose-chondrocyte constructs subjected to different loading regimes.
Conditions
24 h FS (control)
72 h FS
24 h FS + 48 h TL
24 h FS + 48 h DC
24 h FS + 48 h DC & DS

Cells viability (%)
93 ± 3
90 ± 1
92 ± 2
92 ± 4
91 ± 1

FS=Free swelling, TL=tare load, DC= 15% dynamic compression (1Hz),
DS= 10% dynamic shear (1Hz). (N= 4 field of views per condition)
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Typical examples of fields of view highlighting live cells (green) and dead cells (red)
are shown in Figure 3.20. Close examination revealed no statistically significant
differences in chondrocyte viability when compared to control constructs, defined as
free swelling constructs cultured for 24 and 72 h respectively (p > 0.05 for all
comparisons).

Live

Dead

Figure 3.20 Cell viability of chondrocytes seeded in agarose construct assessed by incubation
in calcein AM and Ethidium homodimer-1.

3.7 Discussion
The current chapter describes the design, manufacture and characterisation of a biaxial
loading system to enable cell seeded constructs to be dynamically loaded under
compression and shear deformations, separately or simultaneously, using a wide range
of precisely defined strains and frequencies.
Several research groups have used chondrocytes seeded in agarose gel to study the
influence of compressive strain on the metabolism of chondrocytes (Lee and Bader,
1997). This homogeneous model system ensures maintenances of chondrocytes
phenotype and provides mechanical stability and reproducibility, as well as the capacity
to be subjected to physiological levels of strain. Accordingly it is appropriate to
examine the additional effects of shear strain on biosynthetic activity. However, due to
the viscoelastic behaviour of agarose, dynamic shear strain could only be applied to the
constructs by the design of an appropriate gripping mechanism.
Previous studies (Sawae et al., 2004) performed in the host laboratory employed
sintered glass endplates combined with agarose gel in order to apply static shear strain.
Although the bond between the two interface materials was considered sufficiently
strong to support the application of static strain (Sawae et al., 2004) its performance,
monitored under different loading conditions including 15% dynamic compressive
strain, was not adequate over 48 hours (Yusoff et al., 2011). Indeed the constructs often
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revealed detachment of the porous glass endplates from the hydrogel during their
insertion in the rig. Accordingly, a novel gripping mechanism, involving custom-made
nylon endplates and cup-shaped loading pins, was developed which resolved the issue
of maintaining construct integrity during mechanical conditioning (Figure 3.1). The
lightweight nylon endplates were designed to minimise the static preload applied to the
constructs, facilitate its hydration, while not impeding the diffusion of nutrients within
the hydrogel. Furthermore, the thread introduced onto the internal surface of the
endplate increases the contact surface area, thereby ensuring mechanical stability of the
construct. The use of the nylon endplates provided further advantages, namely to,
•

allow the easy insertion and removal of the construct from the 24 well plate,

•

avoid direct contact with the delicate agarose,

•

allow the accurate positioning of the sample in the centre of the well.

Furthermore, coupling the endplates with cup-shaped loading pins overcame the
problems associated with lift-off between pin and construct under dynamic
compression. The improved pin shape ensured that the prescribed shear strain was
precisely transmitted to the specimen during the loading period. The construct
characteristics were further improved by introducing chamfered ends to minimise stress
concentrations, thereby reducing the risk of premature failure (Figure 3.6). Shear
fatigue, dynamic compression and stress-relaxation tests employed to validate the
construct performance, confirmed the efficacy of the designed sample configuration
(Table 3.4 and Table 3.5).
The biaxial bioreactor combined with the optimised sample design has been shown to
enable precise levels of dynamic shear strain to be applied to the construct with no
apparent failure (Figure 3.12). Given the importance of delivering well defined strains
to the relatively small constructs, it was critical to utilise two precision-made
commercial actuators for compression and shear. The former was provided by a
commercial system (BOSE), well established in the host laboratory (Legerlotz et al.,
2013; Wann et al., 2012). Although, several biaxial loading systems have been
previously reported in the literature, few have provided a system for accurate
application of shear deformation (Yusoff et al., 2011; Waldman et al., 2007; Jin et al.,
2001) on tissue engineered constructs. Indeed, the direct contribution of the applied
shear load is not easily quantifiable in rotating culture bioreactors (Wimmer et al.,
2004), where cell seeded scaffolds are exposed to complex mechanical loading patterns
incorporating fluid-induced shear.
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A requirement of any bioreactor is the maintenance of cell viability and the potential for
active metabolism of cell seeded constructs within the culture system. It is evident that
loading regimens may alter transport of metabolites into the constructs. However, the
reported data confirmed that the mean chondrocyte viability was maintained above 90%
for all test conditions (Table 3.9). These results suggest that the culture conditions and
the applied loading regimes did not affect cell viability or mechanical integrity of the
constructs. Additionally, the present design can be used to test twelve samples
simultaneously in separate wells of a culture plate, under a highly controlled
environment, providing an adequate number of replicates for each batch of
chondrocytes. Furthermore, the system enables the culture and application of loading
regimes to individual constructs, as opposed to bioreactors where the samples are
contained within the same culture chamber (Yusoff et al., 2011). Thus failure of a single
construct would not compromise the entire experiment. Additionally, the bioreactor
could be easily adapted to incorporate a system for the automated change of culture
medium during the conditioning process, which will enable long term (weeks rather
than days) culture experiments to be performed.
Accordingly, these features and the high consistency make this bioreactor system
ideally suited to enable a systematic investigation of the biosynthetic response of
chondrocytes to dynamic shear deformations. In particular, it can enable the
examination of the temporal nature of the synthesised ECM components, its
organisation and how it matches the functionality of native cartilage tissue.
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4.1 Introduction
A computational model of the agarose construct will enable a prediction of the
deformations of chondrocytes embedded in agarose gel under compressive and shear
strains. As a resilient porous material with mobile liquid phase, agarose hydrogel has
previously been modelled using the Biphasic Poro-viscoelastic (BPVE) theory (Mak,
1986; Suh and DiSilvestro, 1999), which has been shown to predict the viscoelastic
behaviour of several soft materials including hydrogels (Suh and Bai, 1997; Suh and
Bai, 1999; DiSilvestro and Suh, 2001). In the BPVE theory, the solid matrix is assumed
to be intrinsically viscoelastic whilst the interstitial fluid is assumed to be inviscid. The
viscoelasticity of soft materials is presented as a combination of two different
mechanisms, namely,
•

a fluid flow-independent viscoelastic mechanism, which is related to the solid
matrix viscoelasticity,

•

a fluid flow-dependent viscoelastic mechanism, in which there is diffusive
interaction between the mobile interstitial fluid and the porous solid matrix
during tissue deformation.

The material properties of the hydrogel constructs were encoded and calibrated
employing experimental test data and the resultant FE models validated through direct
comparison with results of stress-relaxation and dynamic compression tests.
The FE models were refined to include chondrocytes into the constructs and processed
•

to compare the deformation ratios of the cells in constructs of two distinct
geometries,

•

to evaluate chondrocytes deformation under a complex loading modality of
shear superimposed on compression.

Diffusion models of the FE geometries were also developed to investigate the diffusion
of nutrients within the agarose hydrogel.

4.2 Theoretical Background
4.2.1 Porous Viscoelasticity
A porous medium is modelled in ABAQUS/Standard by the conventional approach that
considers the material as multiphasic, consisting of voids containing a wetting liquid
which can be trapped by solid particles in the medium; the volume of trapped liquid
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attached to solid particles forms a gel. The wetting liquid is assumed to be almost
incompressible. When the medium is fully saturated, with the voids completely filled
with the wetting liquid, the elementary volume, 𝑑𝑑𝑑𝑑, is composed of a volume of solid

material, 𝑑𝑑𝑑𝑑𝑔𝑔 , a volume of voids, 𝑑𝑑𝑑𝑑𝑣𝑣 , and a volume of wetting liquid, 𝑑𝑑𝑑𝑑𝑤𝑤 ≤ 𝑑𝑑𝑑𝑑𝑣𝑣 , that is
free to move through the medium if constrained. The porous medium is modelled in
ABAQUS by attaching the finite element mesh to the solid phase so that liquid can flow
through this mesh. Darcy’s law is commonly used to describe the constitutive behaviour
of pore fluid flow in the case of low fluid flow velocities.
The mechanical behaviour of the porous medium consists of the response of both the
liquid and solid substances to local pressure and the material response to stress. In
transient analysis the flow into the interface is balanced by the rate of separation of the
two surfaces. Zero tangential fluid flow occurs at the boundaries of the interface.
However, the pore pressure can be prescribed at the boundaries, resulting in inward or
outward flow across the boundary into the space between the surfaces.
As a first step, equations for porosity, void ratio, and saturation are defined. The
porosity of the medium, n, is the ratio of the volume of voids to the total volume:
n≝

dVg dVt
dVv
=1−
−
dV
dV dV

(4.1)

ABAQUS generally uses void ratio instead of porosity, defined as the ratio of void
volume to solid volume:
𝑒𝑒 ≝ 𝑑𝑑𝑑𝑑𝑣𝑣 ⁄�𝑑𝑑𝑑𝑑𝑔𝑔 + 𝑑𝑑𝑑𝑑𝑡𝑡 �

𝑛𝑛

(4.2)

Where the conversion relationship is 𝑒𝑒 = 1−𝑛𝑛 (Simulia ABAQUS 6.11 Documentation;

2011).

Saturation, s, is described as the ratio of free (un-trapped) wetting liquid volume to void
volume
s≝

dVw
𝑑𝑑𝑑𝑑𝑣𝑣

The volume ratio of free wetting liquid at a point, n w , is
𝑛𝑛𝑤𝑤 ≝

dVw
= 𝑠𝑠𝑠𝑠
dV

(4.3)
(4.4)

While the total volume of wetting liquid per unit of current volume, n f , corresponds to
𝑛𝑛𝑓𝑓 = 𝑠𝑠𝑠𝑠 + 𝑛𝑛𝑡𝑡 = 𝑛𝑛𝑤𝑤 + 𝑛𝑛𝑡𝑡

(4.5)
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Permeability is the relationship between the volumetric flow rate per unit area of a
particular wetting liquid through a porous medium and the gradient of the effective fluid
pressure. The permeability of a particular fluid in a multiphase flow system is defined
by Forchheimer's law, which accounts for changes in permeability as a function of fluid
flow velocity, void ratio, saturation, and field variables. It may be defined as
𝑘𝑘

𝜕𝜕𝑢𝑢

𝐟𝐟�1 + 𝛽𝛽 �𝐯𝐯𝑤𝑤 · 𝐯𝐯𝑤𝑤 � = − 𝛾𝛾 𝑠𝑠 𝐤𝐤 · � 𝜕𝜕𝐗𝐗𝑤𝑤 − 𝜌𝜌𝑤𝑤 𝐠𝐠�
𝑤𝑤

(4.6)

where 𝐟𝐟 = 𝑠𝑠𝑛𝑛𝐯𝐯𝑤𝑤 (Simulia ABAQUS 6.11 Documentation; 2011) is the volumetric flow

rate of wetting liquid per unit area of the porous medium or the effective velocity of the
wetting liquid.
The viscoelastic material model is “long-term elastic” in the sense that, after having
been subjected to a constant strain for a prolonged period, the stress equilibrates to a
constant value i.e. the viscoelastic material model defines 𝜏𝜏(𝑡𝑡)as
𝑡𝑡

𝜏𝜏(𝑡𝑡) = ∫0 𝐺𝐺𝑅𝑅 (𝑡𝑡 − 𝑠𝑠)𝛾𝛾̇ (𝑠𝑠)𝑑𝑑𝑑𝑑

(4.7)

where 𝐺𝐺𝑅𝑅 (𝑡𝑡) is the time-dependent “shear relaxation modulus” that characterizes the
material response.

ABAQUS assumes that the viscoelastic material is defined by a Prony series expansion
of the dimensionless relaxation modulus:
𝐺𝐺

−𝑡𝑡⁄𝜏𝜏𝑖𝑖
̅ 𝑃𝑃
𝐺𝐺𝑅𝑅 (𝑡𝑡) = 1 − ∑𝑁𝑁
�
𝑖𝑖=1 𝐺𝐺𝑖𝑖 �1 − 𝑒𝑒

where N, 𝐺𝐺𝑖𝑖̅ 𝑃𝑃 , and 𝜏𝜏𝑖𝑖𝐺𝐺 , 𝑖𝑖 = 1,2, … … . 𝑁𝑁, are material constants.

(4.8)

4.2.2 Diffusion
Solute transport in a fluid occurs by diffusion, which occurs in the presence of a solute
concentration gradient to minimise chemical potential differences leading to an
equilibrium state of concentration (Crank, 1979). In the absence of convective dragging
forces, the rate of diffusion is proportional to the concentration gradient of the diffusant.
Diffusion is modelled using Fick’s theory, where the frictional interaction between the
solute and solvent is represented by a diffusion coefficient. This coefficient, which
depends on the concentration of diffusant, is a function of the temperature and, for ideal
116

Chapter 4: Theoretical modelling

systems, follows an Arrhenius relationship. Standard Fickian behaviour has been
demonstrated experimentally using dextran, a linear molecule, diffusing in agarose
(Albro et al., 2009; Chahine et al., 2009; Leddy and Guilak, 2003).
The governing equations for mass diffusion in ABAQUS, use as a basic solution the
normalised concentration ∅ = 𝑐𝑐/𝑠𝑠, where c is the mass concentration of the diffusing
material and s is its solubility in the base material. This definition assumes Ø to be
continuous across the interface between different materials.
The diffusion problem is defined from the mass conservation equation for the diffusing
phase:
𝑑𝑑𝑑𝑑

∫𝑉𝑉 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 + ∫𝑆𝑆 𝒏𝒏 ∙ 𝑱𝑱𝑑𝑑𝑑𝑑 = 0

(4.9)

where V is any volume whose surface is S, n is the outward normal to S, J is the flux of
concentration of the diffusing phase, and n·J is the concentration flux leaving S.
Diffusion is assumed to be driven by the gradient of a general chemical potential, which
gives the behaviour
𝜕𝜕∅

𝜕𝜕

𝜕𝜕𝜕𝜕

𝐉𝐉 = −𝑠𝑠𝐃𝐃 ∙ �𝜕𝜕𝐗𝐗 + 𝑘𝑘𝑠𝑠 𝜕𝜕𝐗𝐗 �ln(𝜃𝜃 − 𝜃𝜃 𝑍𝑍 ) + 𝑘𝑘𝑝𝑝 𝜕𝜕𝐗𝐗��

(4.10)

Where
•
•
•
•

𝐷𝐷(𝑐𝑐, 𝜃𝜃, 𝐟𝐟) is the diffusivity;
𝑠𝑠(𝜃𝜃, 𝐟𝐟) is the solubility;

∅ = 𝑐𝑐/𝑠𝑠 normalised concentration;

𝑘𝑘𝑠𝑠 (𝑐𝑐, 𝜃𝜃, 𝐟𝐟) is the “Soret effect” factor, providing diffusion directly resulting from

the temperature gradient;
•
•
•

𝜃𝜃 is the temperature;

𝜃𝜃 𝑍𝑍 is the value of absolute zero on the temperature scale being used;

𝑘𝑘𝑝𝑝 (𝑐𝑐, 𝜃𝜃, 𝐟𝐟) is the pressure factor, providing diffusion driven by the gradient of
the equivalent pressure,

•
•

𝑝𝑝 = −𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝛔𝛔)/3 ;

•

f are any predefined field variables.

σ is stress and

The mathematical theory of diffusion in isotropic substances is therefore based on the
hypothesis that the rate of transfer of diffusing substance through a unit area is
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proportional to the concentration gradient measured normal to the section which can be
written as follow:
∂∅

𝜕𝜕𝜕𝜕

𝐉𝐉 = −𝐃𝐃 ∙ �s 𝜕𝜕𝐗𝐗 + ∅ 𝜕𝜕𝐗𝐗�

(4.11)

𝜕𝜕∅

(4.12)

Considering that 𝑠𝑠 = 𝑠𝑠(𝜃𝜃), equation 4.11 can be written as
𝑐𝑐 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

𝐉𝐉 = −𝑠𝑠𝐃𝐃 ∙ 𝜕𝜕𝐗𝐗 − 𝐃𝐃 ∙ 𝑠𝑠 𝜕𝜕𝜕𝜕 𝜕𝜕𝐗𝐗

The two terms in this equation describe the normalized concentration and temperaturedriven diffusion, respectively.

4.3 Porous-viscoelastic Models
Three dimensional solid models of 3% w/v agarose cylindrical sample (5 mm x 5 mm)
were constructed using a commercial software package (ABAQUS/Standard 6.11). The
agarose gel was defined as a fully-hydrated, porous material with an intrinsically
viscoelastic solid matrix, with both solid and fluid phases assumed to be
incompressible.
An axisymmetric FE model consisting of a rigid stainless steel plate compressing the
construct was encoded to simulate an unconfined stress-relaxation test. The FE
geometry and mesh of construct and plane-ended cylindrical pin of diameter 10 mm are
shown in Figure 4.1.

A

B
10 mm

10 mm

5 mm

Figure 4.1 Meshed cylindrical construct model (A) and meshed agarose construct held between
impermeable metal plates (B).
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The 3D solid models of loading pin and constructs were produced with the same
dimensions as the experimental samples.
The model boundary conditions for agarose and rigid plates where defined as follows.
•

Restriction of both displacement and rotation in X and Z directions for the plate.

•

The top and bottom surfaces of the construct (Y max and Y min , respectively) were
impermeable to simulate contact with the solid steel plates, while a “free
draining condition” was defined at the outer diameter of the construct,
corresponding to a pore pressure p equal to zero.

•

Displacement of the top plate both in the X and Z axes and rotation about the Z
direction was prevented, while an “encastre” constraint was employed to restrain
the displacement of the bottom plate.

•

The contact surfaces between the construct and the plates was defined as “simple
contact” characterized by a tangential and normal behaviour directionally
isotropic, and a friction coefficient equal to 0.05, corresponding to the value for
stainless steel with lubricated surfaces (Cobb, 2008).

The viscoelastic solid matrix of the construct was defined by the following parameters:
•

Isotropic viscoelasticity in which the elastic contribution was defined by the
instantaneous elastic moduli.

•

The viscoelastic behaviour was calibrated in a time domain employing
experimental stress-relaxation test data in order to obtain the first three terms of
the Prony series.

•

A porosity of 97% (Gu et al., 2002) with derived uniform void ratio within the
sample volume equal to 33.

•

Uniform saturation, s, distribution within the construct volume, which was

•

considered fully saturated (𝑠𝑠 = 1).

Isotropic permeability, k, with dependence on the saturation s (i. e. k =
1 when 𝑠𝑠 = 1).

The material parameters in the implementation of the different models were obtained
from literature or derived from mechanical tests performed in the host laboratory, Table
4.1. A series of simulations were undertaken, using models as summarised in Table
4.2. A 1 mm displacement along the Y axis was applied to the top plate, equivalent to
20% compressive strain, using a ramp rate of 20%/min, followed by displacement of 1
mm maintained for 30 minutes, Model 1. Sinusoidal displacement between 0 and 1 mm
of the top plate at a frequency of 1Hz for 20 cycles was subsequently applied.
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Table 4.1 Materials properties used in the numerical simulations.

Material property
Density (g/mL)
Young’s modulus (kPa)
Poisson ratio
Permeability (m4/Ns)
Porosity
Void ratio
Saturation
Fluid (water) bulk moduli
(kPa)
Fluid (water) specific weight (N/m3)

AGAROSE

NYLON

316L SS

CELL

1.64
90*
0.49#
5·10-12
97%
33
1
2.2·103
9731

1.14
2.8*106
0.4
-

8
193*106
0.3
-

3.2†
0.4†
-

* Tangent modulus calculated from the stress-relaxation test at 15% strain
# (Tasci et al. 2011; Yusoff et al. 2011)
† (Trickey et al. 2006; Ofek et al. 2009)

A 3D solid model of agarose cylindrical construct and nylon endplates (Figure 4.2B)
simulating a stress relaxation test (Model 2, Figure 4.2A) was then implemented using
similar material properties and boundary conditions employed for Model 1.
An experimental stress-relaxation test, performed on the experimental construct, was
used to acquire the Prony series coefficients describing the gel viscoelastic behaviour.
This appeared to be different when compared to the cylindrical construct, which might
be due to differences in the construct geometry, volume and amount of fluid within the
sample. Finally, since agarose gel is an almost incompressible material a reduced
integration hybrid element was used (ABAQUS/Standard 6.11 User’s Manual section).
The mesh was locally refined around the threads in order to maintain the accuracy of the
FE approximation.
The boundary condition applied to the hydrogel and endplates were defined as follows.
•

No displacement constraints were imposed on the agrose hydrogel.

•

Top and bottom surfaces of the hydrogel directly in contact with the internal
surfaces of the corresponding endplates (thread) were set to be impermeable
while a “free draining condition” was defined for the construct lateral surface.

•

The contact surfaces between hydrogel and endplates were modelled as “simple
contact” characterized by a tangential and normal behaviour directionally
isotropic, with a friction coefficient equal to 0.30 (Chapter 3, Section 3.3.1).

•

The top endplate was not allowed to move along X or Z axes neither rotate about
Y direction, while an “encastre” constraint was employed to restrain the
displacement of the bottom endplate.
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Table 4.2 Description of the encoded models.

Component

Element type
MODEL 1

Cylindrical construct
Loading plate

Pore Fluid/stress C3D8PH: 8-node brick, trilinear displacement,
trilinear pore pressure, hybrid, constant pressure
3D stress C3D8R: 8-node linear brick, reduced integration,
hourglass control
MODEL 2

Construct with endplates
Nylon endplates

Pore Fluid/stress C3D10MPH: 10-node modified quadratic
tetrahedron, pore pressure, hybrid, linear pressure, hourglass
control
3D stress C3D10H: 10-node quadratic tetrahedron, hybrid,
constant pressure
MODEL 3

Cylindrical construct
Loading plate

Pore Fluid/stress C3D8PH
3D stress C3D8R
3D stress C3D10H: 10-node quadratic tetrahedron, hybrid,
constant pressure

Chondrocyte

MODEL 4
Construct with endplates

Pore Fluid/stress C3D10MPH

Nylon endplates

3D stress C3D10H

Chondrocyte

3D stress C3D10H

A

B

5 mm

13 mm

5 mm

8 mm

10 mm

Figure 4.2 Meshed dumbell shaped agarose construct (A) and nylon endplate (B).

The relationship between stress and time obtained for the simulations performed
employing Models 1 and 2 were directly compared with experimental results. The
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accuracy demonstrated by fitting results from the simulations with experimental results
was considered as validation index of the encoded models.
Both Models 1 and 2 were modified introducing chondrocytes into the two construct
geometries. The encapsulated cells, each encoded as a linear isotropic elastic material
(Table 4.1) (Guilak and Mow 2000; Haider and Guilak, 2000; Ahearne et al. 2005),
were assumed to have, in their unstrained condition, a spherical morphology with a
diameter of 10 µm (Figure 4.3). An embedding constraint was employed to describe the
interaction of the cells and the surrounding agarose gel.
A

B

C

Figure 4.3 Meshed cell (A), schematic drawing indicating the location of the chondrocytes in
Model 3, the cylindrical construct geometry (B) and in Model 4, the dumbell shaped agarose
construct (C).

In Model 3 a total number of 45 cells were embedded in the cylindrical geometry whilst
in Model 4, for the construct with endplates with a slightly greater volume, a total of 73
chondrocytes were introduced.
The introduction of a restricted number of chondrocytes in the model geometries does
not alter the implemented FE analyses. For seeding density lower than 10 × 106
cells/mL, chondrocytes have been shown not significantly contribute to the mechanical
properties of the agarose sample, due to their low volume fraction (Guilak and Mow,
2000; Ahearne et al. 2005).
Models 3 and 4, were both used to simulate the stress-relaxation experiment previously
performed in the host laboratory, in which 20% compressive strain was applied to the
constructs at a ramp rate of 20%/min and a dwell period of 10 minutes (Bader et al.,
2002; Knight et al, 1998). Model 4 was also employed to simulate 10% dynamic shear
strain superimposed on a 15% dynamic compressive strain. Results of the FE models 3
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and 4 were processed to estimate the deformation ratio of the cell diameters, which were
compared with results reported in the literature.
During the FE simulations, the numerical problems defined were solved using the
standard implicit direct equation solver for both static and dynamic analyses, which
reduces significantly the computer processing times compared to the explicit solver.
The numerical simulations were carried out using the “soils step analysis” (Simulia
ABAQUS 6.11 Documentation; 2011) with a transient consolidation for the pore fluid
response. A full Newtonian solution technique with unsymmetrical matrix storage was
adopted. Time dependent behaviour was analysed using the “consolidation” parameter.
The solver automatic stabilization process was based on the damping factors obtained
from a previous general step, while a strain energy equal to 0.05 was considered as
maximum ratio of stabilization for the adaptive process. The analysis included a strain
error tolerance of 0.1 for the viscoelastic behaviour (Simulia ABAQUS 6.11
Documentation; 2011). The stabilization parameters were calculated as recommended in
the ABAQUS users guide in the case of soil step analysis.

4.4 FEA Results
4.4.1 Model 1: Stress-relaxation and Dynamic Compression
Computational Results
Comparison of the simulated stress-relaxation curve obtained from the FE cylindrical
model (Model 1) with the experimental data demonstrated that the model enabled a
prediction of the mechanical behaviour of the agarose hydrogel, Figure 4.4. From the
performed experimental test (n = 6, Section 2.4.3), a representative curve falling in the
median range was used to calibrate the viscoelastic behaviour of the cylindrical
construct in the model. The simulated curve was then compared with the selected
experimental test. Comparing the value of stress at each point of the simulation with the
corresponding experimental stress value, the resulting correlation coefficient of 0.964
suggested that the difference was not statistically significant (p > 0.05).
The computationally derived stress-relaxation data was also compared to typical
experimental curves, Figure 4.5. Results highlighted good fitting of the model to the
experimental data in the loading phase. In the relaxation part of the curves the simulated
stress-relaxation test presents a comparable trend with respect to the experimental
curves, as shown in Figure 4.5 in which the experimental curves 1 and 2 represent
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respectively the highest and lowest extremes among the mechanical tests performed
(Figure 2.21G and H), from a total of 6 tests.

r = 0.96403

Figure 4.4 Comparison of predicted stress vs. time curve obtained from the simulated stressrelaxation test (Model 1) and experimentally determined data.

Figure 4.5 Comparison of predicted stress vs. time curve obtained from the simulated stressrelaxation test (Model 1) and two sets of experimental results.
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During the ramp section the compressive strain applied on the top surface of the
construct generated a pore pressure gradient, which drives water out from within the
construct through its lateral surface (Figure 4.6).
The pore pressure magnitude gradually increased from the top surface along the
direction of the application of the load (y-axis) reaching a uniform distribution after 60
s, when the strain reached its maximum value (Figure 4.6, 1-3). The radial gradient of
the pore fluid effective velocity (FLVEL) showed values increasing in the direction of
the outer surface of the construct, and by 60 s a fully developed outward fluid flow of
1.25x10-4 ms-1 (Figure 4.6, 3).
Throughout the relaxation phase, the gradual decrease in pore pressure was due to a
partial reabsorption of the exudate fluid. The FLVEL vector was reversed showing a
fluid re-adsorption, mainly through the lateral surface (Figure 4.6, 4). During the last
part of the relaxation phase the FLVEL vector showed a more laminar trend with very
small liquid flow occurring radially.
The porous-viscoelastic model of the cylindrical construct was also able to accurately
predict the agarose mechanical behaviour under dynamic compressive loading as shown
in Figure 4.7, with a very high correlation coefficient (r = 0.967) between predicted and
experimental responses.
The peak stress amplitude decreased over time for both experimental and computational
curves. A progressive flattening of the valley shape due to lift-off was observed (Figure
4.18B-D); at the end of the 20 cycles, the model of the agarose construct showed a
permanent deformation of 0.2012 mm, comparable to the lift-off measured
experimentally (0.22 ± 0.02 mm). This is reported in Table 2.6 as percentage (4.44 ±
0.34 %) of the initial height of the construct (5 mm).
Results of the pore fluid effective velocity vector obtained for Model 1- simulation 2
represented at different step times of the dynamic compressive test are shown in Figure
4.9. During the first cycle of the dynamic compressive strain, the resultant pore pressure
gradient within the cylindrical construct progressively increased with increasing values
of the applied load. Similar to the observations in the stress-relaxation simulation, the
water contained within the hydrogel flowed out through the construct’s lateral surface
(Figure 4.9, 1-3). During loading the pore pressure magnitudes gradually increased
from the top surface of the construct along the y-axis.
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1

(mm/s)

2

(mm/s)

Max value 2.295x10-3

3

5

(mm/s)

Max value 5.524x10-7

(mm/s)

Max value 0.125x10-3

Max value 0.430x10-3

Max value 2.019x10-3
4

(mm/s)

6

(mm/s)

Max value 6.356x10-9

Figure 4.6 Contour of the pore
fluid effective velocity (FLVEL)
vector within the cylindrical
geometry employed in Model 1
at different step times of the
simulated
stress-relaxation
test.
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r = 0.967

Figure 4.7 Comparison of predicted stress vs. time curve obtained from the simulated dynamic
compressive test (Model 1-simulation 2) and experimentally determined data (section 2.4.7a)

A

B

C

D

Figure 4.8 (A) Comparison of predicted stress vs. time curve obtained from the simulated
dynamic compressive test (Model 1-simulation 2) and five different sets of experimentally
determined results (Section 2.4.7a). Details of the simulated stress-time waveform at 1 s (B), 10
s (C) and 20 s (D) showing the gradual flattening of the valleys, corresponding to a progressive
increased lift-off.
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1

2

(mm/s)

Max value 0.195x10-3
4

(mm/s)

3

Max value 12.3x10-3

(mm/s)

(mm/s)

5

Max value 3.090x10-3

Max value 3.313x10-3

(mm/s)

Max value 6.547x10-3
6

(mm/s)

Max value 11.89x10-3

7
(mm/s)

Max value 1.366x10-3

Figure 4.9 Contour of the pore fluid effective velocity (FLVEL) vector within the cylindrical
geometry employed in Model 1 at different step times of the simulated dynamic test.
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The gradual decrease in pore pressure, as the load approached zero, produced the
reversal of the FLVEL vector trend and consequently fluid re-adsorption. At the
beginning of the second cycle of the dynamic load, liquid flow toward the outer surface
of the construct in proximity of its top region while the FLVEL vector was directed
toward the inner region of the cylinder near the construct bottom area.
Since the results showed that simulations with the biphasic viscoelastic model were able
to achieve excellent agreement with the experimental results for both stress-relaxation
and dynamic compression tests the same model of the material was employed to
generate Model 2, the cylindrical construct with endplates (Table 4.1).

4.4.2 Model 2: Stress-relaxation Computational Results
The data from the simulation of stress-relaxation test on the construct with endplates
also demonstrated good agreement with the experimental data set, as illustrated in
Figure 4.10, with a correlation coefficient r of 0.827 (p > 0.05) between the two curves.

r = 0.827

Figure 4.10 Comparison of predicted stress vs. time curve obtained from the simulated stressrelaxation test (Model 2) and experimentally determined data.

The resultant computational stress-time curve shown a comparable trend with the
experimental tests performed on the construct with endplates (Section 3.5.2), with the
predicted values falling within the range of relaxation for the two experimental curves
representing respectively the highest and lowest extremes among the mechanical tests
performed from a total of 10 tests (Figure 4.11). As described in Section 4.4.1, from the
obtained experimental results (n = 10, Table 3.5), a representative curve falling in the
129

Chapter 4: Theoretical modelling

median range was used to calibrate the viscoelastic behaviour of the construct with
endplates and subsequently compared to the simulated curve, Figure 4.10.

Figure 4.11 Comparison of predicted stress vs. time curve obtained from the simulated stressrelaxation test (Model 2) and different sets of experimentally determined results.

The presence of the endplates and the agarose geometry, Model 2, influenced both the
water content within the construct and the resulting fluid flux characteristics and
therefore the viscoelastic behaviour of the agarose construct. This is illustrated in
Figure 4.12 with a comparison between both predicted and experimental stressrelaxation curves for cylindrical construct and construct with endplates.

Figure 4.12 Comparison of the simulated and experimental stress-relaxation curves obtained
for both the FE geometries.
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It is evident that the construct morphology and the presence of the endplates reduce the
maximum stress attained at the end of the ramp section by approximately 36%.

4.4.3 Models 3 and 4: Cells Deformation Analysis
Models 3 and 4 incorporated chondrocytes within the cylindrical geometries in the
absence and presence of endplates (Figure 4.3). The resulting differences in stressrelaxation behaviour due to geometrical factors (Figure 4.12) influenced the mechanical
environment within the constructs and therefore were found to affect the resulting
deformation of the chondrocytes.
Differences in the strain magnitude and deformation modality, depending on the
location of cells within the construct, were evaluated by comparison of the diameter
ratios (Knight et al., 1998) measured for each chondrocyte at the end of the stressrelaxation simulation. Without endplates the deformation of the chondrocytes was the
same at all locations whilst with endplates the deformation varied with the cell position
within the construct (Figure 4.13).
A

C

B

D

Figure 4.13 Comparison of the diameters ratio trends, plotted as a function of the x or y
coordinate of the cells in the construct, calculated in the end of the simulated stress-relaxation
test for both Model 3 and Model 4.
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For the chondrocyte located at the centre (C 0 Y 0 ) of the cylindrical construct, the cell
diameter reduced by 20.1% along the load axis (y) and increased by 11.8% along the x
axis (perpendicular to the compressive strain direction), compared to 19.1% and 12%
respectively for a cell positioned in the centre of the construct with endplates. Cells
located in the central region of the cylindrical construct and construct with endplates
presented comparable values of deformation index. For both the constructs
morphologies the cells located in the construct’s internal region (- 1.5 < x < 1.5, -2 < y <
2, Figure 4.13) showed analogous amount of distortion (Table 4.3).

Table 4.3 Mean cell diameter along x, y and z directions and assessed diameter ratios
calculated at the end of the simulated loading regimes for Models 3 and 4, determined in the
internal region of the construct, ± standard deviation.
Diameter (μm)
x

y

11.20 ± 0.01

8.00 ± 0.01

Diameter ratio
z
y/x
z/x
y/z
Model 3 : Stress-relaxation
11.20 ± 0.01
0.71 ± 0.001 1.00 ± 0.001 0.71 ± 0.001

Model 4 : Stress-relaxation
10.24 ± 0.476 9.32 ± 0.734 10.25 ± 0.491
0.92 ± 0.106 1.00 ± 0.017 0.92 ± 0.107
Model 4 : 15% compressive strain
10.12 ± 0.165 9.62 ± 0.282 10.20 ± 0.188
0.95± 0.041 1.00 ± 0.012 0.94 ± 0.043
Model 4 : 15% compressive strain &10% shear strain
10.10 ± 0.184 9.60 ± 0.275 10.10 ± 0.170
0.95 ± 0.041 1.00 ± 0.024 0.96 ± 0.035

In Model 3, at the end of the stress-relaxation simulation, cells presented a y/x, z/x and
y/z mean (45 cells) diameter ratios equal to 0.71, 1.00 and 0.71, respectively (Table
4.3). Differences in the cellular distortion can be observed in the cells positioned close
to or within the endplates (CiYj, i = 0…7; J= ± 5, ± 4, ± 3). In these regions cells
showed less deformation, with a size reduction of only 1% to 6.3% along the y axis and
a small increase along the x axis of 0.8% to 3.3%.
Since the two construct geometries are both characterised by 3 planes of symmetry the
cells strain modality were the same along the directions perpendicular to the
compressive strain (x and y axes). The diameter ratio z/x presented values approximately
equal to 1.0 suggesting equal cell strains along the x and z directions (Table 4.3).
As shown in Figure 4.13, cells embedded in the cylindrical construct are characterised
by a more uniform and slightly higher deformation ratio compared to the chondrocytes
located in the corresponding positions in the construct with endplates. In Model 4, the
diameter ratios y/x and y/z decreased progressively in the construct transition area
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interposed between its central region and the endplates, becoming approximately equal
to 1 for cells positioned within the endplates, confirming that the chondrocytes located
within the endplates were not subjected to loading. As the FE models previously
described were shown to predict the behaviour of agarose constructs, different
geometries under different loading regimes, a model of the construct with endplates was
used to predict the deformation of chondrocytes when subjected to 10% shear strain
with 15% compressive strain. Figure 4.14 shows the comparison between the diameter
ratio for cells subjected to 15% compressive strain (blue) and cells exposed to 10%
shear strain on 15% compressive strain (red).
A

D

B

E

C

F

Figure 4.14 Comparison of the diameters ratios as a function of the x or y coordinate of the
cells in the construct, calculated subsequent to the application of 15% compressive strain (blue)
and 10% shear strain superimposed on 15% compressive strain (red) employing Model 4.

133

Chapter 4: Theoretical modelling

The differences in the cells deformation ratios were generally small between the two
loading conditions. Noticeable differences were detected in the case of y/z and z/x
diameter ratios as function of the y coordinate (Figure 4.14, B and C) with values of the
diameter ratio of dynamic compression and shear compared with dynamic compression
alone, 4% smaller and 3% higher for y/z and z/x, respectively.
In Figure 4.15 and Figure 4.16 variations of the degree of deformation of chondrocytes
embedded in Models 3 and 4, as function of their abscissa and ordinate, can be observed
more clearly. The cells embedded in the cylindrical construct (Model 3), which were
represented in the X-Z, X-Y and Z-Y planes, were characterised by similar deformation
independent to their position in the sample while, for Model 4 the cells deformation
decreased with increasing values of y and x. The chondrocytes at locations C 0 Y 5 and
C 6 Y 5 appeared un-deformed .
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Plane

XY

ZY

XZ

Un-deformed

C0Y0
MODEL 3
Stress-relaxation (20% strain)
MODEL 4
Stress-relaxation (20% strain)

MODEL 4
15% compression & 10% shear

C0Y2
MODEL 3
Stress-relaxation (20% strain)
MODEL 4
Stress-relaxation (20% strain)

MODEL 4
15% compression & 10% shear

C0Y5
MODEL 4
Stress-relaxation (20% strain)

MODEL 4
15% compression & 10% shear

Figure 4.15 Comparison of the degree of deformation of chondrocytes C 0 Y 0 , C 0 Y 2 and C 0 Y 5 ,
embedded in Models 3 and 4, represented in the X-Z, X-Y and Z-Y planes.
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Plane

XY

ZY

XZ

C2Y0
MODEL 3
Stress-relaxation (20% strain)
MODEL 4
Stress-relaxation (20% strain)

MODEL 4
15% compression & 10% shear

C4Y0
MODEL 3
Stress-relaxation (20% strain)
MODEL 4
Stress-relaxation (20% strain)

MODEL 4
15% compression & 10% shear

C6Y5
MODEL 4
Stress-relaxation (20% strain)

MODEL 4
15% compression & 10% shear

C0 C1 C2 C3 C4 C5 C6 C7
Y = 5 mm
Y = 4 mm
Y = 3 mm
Y = 2 mm
Y = 1 mm
Y = 0 mm
Y = -1 mm
Y = -2 mm
Y = -3 mm
Y = -4 mm
Y = -5 mm

Figure 4.16 Comparison of the
degree of deformation of
chondrocytes C2Y0, C4Y0 and
C6Y5, embedded in Models 3
and 4, represented in the X-Z,
X-Y and Z-Y planes.
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4.5 Diffusion Models
FE diffusion models were designed to predict the temporal and spatial distribution of
dextran molecules within the two constructs to investigate their influence on solute
uptake. The model was designed to predict the diffusion of dextran from the
surrounding solution into the homogenous, isotropic and inert polymeric matrix. The
initial normalised concentration, Ø , of the solute inside the construct was assumed to be
zero, whereas the concentration in the ambient fluid is defined applying a uniformly
distributed “mass concentration” boundary condition on the lateral surfaces, at a value
of 40 ppm. These boundary conditions remained at the constant initial value during the
total simulation time, Figure 4.17.

A

B

C

Figure 4.17 Schematic showing the diffusion of the molecules contained in the environmental
solution through the external surface (red) of the cylindrical geometry in the tare load (A,) free
swelling (B) conditions and for the construct with endplates (C).

Modelling the interaction between the hydrogel and the diffusant required the definition
of solution-dependent mechanical properties of the hydrogel and diffusion parameters,
involving the diffusion coefficient and the solubility of the diffusant.
The 70 kDa FITC-dextran diffusion coefficients (Table 4.4) were obtained from
previous studies (Irrechukwu and Levenston, 2009; Jackson and Gu, 2009) while, in the
case of 4 kDa and 2,000 kDa molecular weight dextran, it was measured using FRAP
analysis (Appendix B). The construct and the surrounding solution were considered to
be both at the same constant temperature, of either 25 ˚C or 37 ˚C during the simulation,
leading to the modelling of a concentration-driven diffusion process.
The 3D diffusion models were developed using the mesh density and element size
previously employed in the porous-viscoelastic models (Table 4.2), while the element
type was replaced with a heat transfer/mass diffusion element (DC3D4: 4 nodes linear
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heath transfer tetrahedron). The diffusive parameters introduced in the materials
template are described in Table 4.4.
Table 4.4 Diffusion materials properties.
Material property

Value

Diffusant concentration
Temperature
Solubility
Specific Heat

40 ppm
25 or 37˚C
1
417.8 J/kg·K

FITC-Dextran
Diffusion coefficient
Molecular weight (kDa)
At T = 37˚C
2
45.90
µm
/s
4
2
25.25 µm /s
70
24.20 µm2/s (T = 25˚C)
15.45 µm2/s
2000

The cylindrical geometry was employed to simulate diffusion in the agarose construct
under two different conditions:
•

Tare load, which prescribes that the molecular diffusion occurs only through the
lateral surfaces of the construct alone, since the top and bottom surfaces are
directly in contact with the pin plate and the bottom of the well, respectively
(Figure 4.17A).

•

Free swelling, in which the diffusion process occurs through both the lateral and
top surfaces of the construct, while the bottom surface is considered
impermeable due to the construct resting on the base of the well (Figure 4.17B).

For the construct with endplates, the tare load and free swelling conditions were
equivalent with diffusion occurring only through the lateral surfaces of the agarose gel
(Figure 4.17C). Mass diffusion through the nylon endplates was assumed to be
negligible. Since no material interfaces were present, the solubility of the diffusant in
agarose was defined as unity so that the solute concentration was equivalent to its
normalised concentration.
The numerical simulations were carried out using the “Mass Diffusion step analysis”
with a “transient diffusion process” modelled for approximately 500 hrs. Because the
rate of change of normalised concentration varies considerably during the simulation,
the “automatic time incrementation” option was adopted, which allows adjustment of
the step time increments in order to maintain accuracy of the time integration. The
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accuracy is also controlled by specifying the “maximum normalised concentration
change” allowed at any node during a time increment. The steady state is reached when
the normalised concentration changes are less than the user-defined rate.

4.6 Experimental
Diffusion
of
FTIC-dextran
Macromolecules within Agarose Constructs
The objective of the experiment was to explore differences in the diffusion process
within the agarose construct with endplates, compared to the cylindrical construct.
Evaluation of the diffusive transport of basic metabolites (Table 4.5), such as glucose,
is important in order to evaluate whether a suitable environment for chondrogenesis
exists within the construct.

Table 4.5 Molecular weight and function of metabolites of articular chondrocytes and main
components of the ECM (Pluen et al., 1999; Gefen et al., 2008).

Approximate molecular weight (kDa)
Metabolites
Oxygen

0.032

Glucose

0.18

Albumin
Globulin
Insuline-like growth factor
(IGF)

67
170
7.6

Function
Secondary source of energy and a metabolic
intermediate
Carrier protein for water-insoluble molecules
Carrier protein for water-insoluble molecules
Promotes ECM formation and chondrogenic
differentiation

ECM components
Proteoglycan

50,000100,000

Provides mechanical strength to cartilage

Collagen
(single/tri-peptides chain)

95/285

Provides mechanical strength to cartilage

Aggregan

2,600

Core proteins
Link Proteins

220
40

Decorin

75

Byglican

76

Metalloproteinases
(MMPs)
Tissue Inhibitors of MMPs
(TIMP)
Cytokines

53 -75

Forms large, negatively charged complex
molecules to maintain tissue hydration
Essential in aggregan formation
Stabilises aggregan-hyaluronan complex
Binds to growth factors such as TGF-β and
modulate their activities thus inhibiting
fibrillogenesis
Binds to growth factors such as TGF-β and
modulate their activities thus inhibiting
fibrillogenesis
Degrades collagen, elastin and other matrix
molecules, thus regulating matrix synthesis

23-25

Regulates activation of MMPs

17.5

Signalling compounds, involved in cell-cell
communications
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The static compressive strain induced by the top endplate weight (0.25 ± 0.01 g) on the
agarose construct, is equivalent to a strain of between 0.12% and 0.14%. This may
decrease both the porosity and pore dimension within the construct and thus hinderer
the diffusion of metabolites, GAGs and collagen.
Diffusion measurements were performed employing a fluorescent FTIC-dextran
molecule with a molecular weight of 70 kDa. Several metabolites and ECM components
are characterised by a similar or lower value of molecular weight (Table 4.5). The
experimental results were compared to the FE model described in Section 4.3.

4.6.1 Material and Methods
The diffusion experiment was performed on cylindrical agarose constructs in free
swelling and under tare load configurations and also on constructs with endplates in the
free swelling condition. A tracer solution of fluorescein isothiocyanate (FITC)-labelled
dextran, with an average molecular weight of 70 kDa (FD70S, Sigma-Aldrich, Poole,
UK), was prepared dissolving the FITC-dextran powder in ultra-pure water at a
concentration of 0.004%w/v. The selected concentration, which is low enough to
minimise macromolecular interactions, was derived by a FITC-dextran calibration
graphs, Figure 4.18, to avoid saturation, and falls within the range of fluorescence that
can be measured by the plate reader (FLUOstar Optima Microplate Reader 413-101,
BMG Labthech Inc., US).

Figure 4.18 Fluorescent intensity of FITC-Dextran molecules with different molecular weight
as a function of solute concentration (%w/v).
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As reported in a previous study (Chahine et al., 2009) there were no indications of direct
interaction between dextran molecules and the agarose hydrogel for the experimental
conditions in the experimental protocol.
Agarose cylindrical constructs, with and without endplates, were prepared, as described
in Section 2.2.3, and inserted individually into wells of a 24-well culture plate. The
constructs with endplates, were bathed in ddH 2 O at 37 ˚C for four days prior to sample
preparation, to enable the absorption of media and therefore achieve an equilibrium
weight (Section 3.4). 1 mL of tracer solution was added to each well in the culture plate,
which was covered and moved into a 37 ˚C oven. All the phases of the experiment were
conducted in a light-protected environment.
Constructs in a free swelling condition were positioned vertically, with only the bottom
surface in contact with the well; for the tare load configuration a loading pin (Ø 10
mm), applying approximately 0.8% static strain, was placed on the top of each
cylindrical construct (Lee and Bader, 1997).
The evolution of the diffusant concentration within the construct was evaluated at 7
time points (Table 4.6), determined by considering the experimental setup as a onedimensional diffusion problem. Consequently the fundamental differential equation of
diffusion (Fick’s law) in an isotropic medium reduces to,

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷 �

𝜕𝜕2 𝐶𝐶
𝜕𝜕𝑥𝑥 2

�

(4.13)

where C the concentration of diffusing substance, x the space coordinate and D the
diffusion coefficient, which for FITC-dextran with MW = 70 kDa was reported to be
24.25 µm2/s (Irrechukwu and Levenston, 2009). Applying the following boundary
conditions,
•

steady state system

•

diffusion in a homogenous and inert polymeric matrix

•

constant diffusion coefficient

•

constant external solute concentration

•

𝐶𝐶(𝑥𝑥, 0) = 𝐶𝐶𝑖𝑖 ,

− ∞ < 𝑥𝑥 < 0

initial concentration within the construct equal to zero
𝐶𝐶(𝑥𝑥, 0) = 0,

0 < 𝑥𝑥 < 𝑎𝑎

where a is the diffusion length (a max = 2.5 mm),
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The solution of the problem of diffusion into a semi-infinite medium using the 1st and
2nd terms of the Taylor series is:
𝐶𝐶(𝑥𝑥, 𝑡𝑡) = 𝐶𝐶0 �1 − 2 �

𝑥𝑥

√4𝜋𝜋𝜋𝜋𝜋𝜋

��

(4.14)

The solute concentration within the construct was measured at time points ranging from
t 0 = 0 h to t 5 = 22.78 h, corresponding to the predicted time necessary for the diffusant
to reach the centre of the construct (x 5 = 2.5 mm). In addition, the diffusion process was
monitored for periods up to 72 hours to confirm that the diffusant amount within the
construct had reached saturation.

Table 4.6 Experimental time points and corresponding diffusion length for one-dimensional
diffusive process.
Distance (mm)

Time (h)

x0
x1
x2
x3
x4
x5
x6
x7
x8

t0
t1
t2
t3
t4
t5
t6
t7
t8

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.5

0.00
0.90
3.65
8.20
14.58
22.78
33.00
57.00
72.00

At the appropriate time point a construct was removed from the 24-well plate, gently
wiped to remove excess fluid than placed in a 1.5 mL bijou tube and digested as
described in Section 2.2.5. Twelve constructs were processed at each time point. In 6 of
these the central region of the sample was removed using a 2 mm diameter punch and
the resulting core and annulus (Figure 4.19) were digested separately. For the
constructs with endplates, the central region, comparable in dimensions to the
cylindrical constructs, was removed with a cutter prior to core removal.
The volume of digest buffer, papain and agarase employed in the digestion process were
respectively proportional to the volume of core, annulus and the whole construct as
indicated in Table 4.7, so as to maintain the final concentration of diffusant in the
sample.
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Punch

Core
Annulus

Whole
Figure 4.19 Schematic of the whole construct and of the resulting annulus and core part
obtained cutting the cylindrical construct using a 2mm diameter punch.

Table 4.7 Volumes of digest buffer, papain and agarase employed in the digestion process of
core, annulus and the whole construct.

Volume (µL)
Core
Sample
Digest buffer
Papain
Agarase

15.7
160
0.8
1.6

Annulus

Whole

82.4
840
4.2
8.4

98.2
1000
5
10

Following digestion of the construct, 150 µL of sample was withdrawn from each bijou
tube and pipetted in a NUNC Maxisorp 96-well plate. Fluorescence was then measured
using a microplate reader with an excitation filter of 485 nm and an emission filter of
520 nm. The constructs processed at time t 0 were not bathed in the tracer solution and
acted as blank for the fluorescence measurement. Variations of the tracer solution
fluorescence intensity with time were also evaluated measuring the fluorescence of 150
µL of FITC-dextran bathing solution at each time point.

4.6.2 Results
Values of fluorescence intensity for the tracer solution remained stable during the
experiment at a mean value of fluorescence intensity of 55,000 a.u. This was
approximately 10 to 15 times higher than the maximum fluorescence value measured
for the whole cylindrical constructs (~6,000 a.u.) or construct with endplates (~4,000
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a.u.) in a free swelling condition. This resulted from the dilution of the tracer solution
within the construct by a factor of 10 following the digestion process (Section 4.6.1).
Fluorescence intensity values from the diffusion experiments on cylindrical constructs
in free swelling and tare load conditions are illustrated in Figure 4.20. The fluorescence
intensity was considered to be directly related to the amount of FITC-dextran diffused
in the construct. The fluorescence intensity of the annulus and whole construct tested in
the free-swelling configuration presented similar trends, with a sharp increase in
intensity with time between 0 (t 0 ) and 216 (t 2 ) minutes. The intensity reached
equilibrium after approximately 20 to 33 hours (t 6 ) which corresponds to a theoretical
diffusion length of 2.5 mm, the radius of the cylindrical construct. The values of
fluorescence intensity of the annulus at saturation were, however, approximately 30%
lower than the corresponding values obtained processing the whole construct suggesting
that the process of punching the core samples reduced the liquid volume in the samples.
The fluorescence intensity of the core increased at a different rate reaching saturation at
a later stage between 57 h and 72 h; between t 4 and t 5 minutes the core and annulus
presented comparable values of fluorescence intensity.
A

B
t4

t6

t5

Figure 4.20 Comparison of the fluorescence intensity vs. time trends of core (green), annulus
(red) and whole sample (blue) for cylindrical constructs tested under free-swelling (A) and tare
load (B) conditions (n = 6).

Under tare load conditions the fluorescence intensity of core, annulus and the whole
sample for cylindrical constructs tested under tare load conditions showed similar trends
(Figure 4.20B). The maximum difference between values of fluorescence intensity of
the annulus and core in comparison to the whole construct was 16% and 56%,
respectively. Under load the specimen did not appear to reach saturation by 72 h and the
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measured fluorescence intensity was considerably lower than the corresponding
constructs tested under free-swelling configurations. Indeed, the fluorescence values of
core, annulus and whole construct in tare load condition at 72 h were respectively 51%,
84% and 65% of the corresponding values for the free-swelling experiment. The
differences may result from the increased surface area in the free swelling specimens
compared with those whose top surface is in contact with the loading pin, which hinders
the diffusion process. The lower values of fluorescence intensity, which did not reach
saturation for the annulus and whole construct, may be the result of a reduced porosity
of the construct due to the weight of the pin.
Results of the diffusion experiment performed on constructs with endplates in free
swelling conditions are illustrated in Figure 4.21.
A

C

Construct with endplates

Core

B

D

Whole

Annulus

Figure 4.21 Comparison of the fluorescence intensity with time trends for core (green), annulus
(red) and whole sample (blue) for constructs tested with endplates under free-swelling
conditions (A). Comparison of the diffusion fluorescence intensity temporal profiles for whole
(B) core (C) and annulus (D) of cylindrical constructs and constructs with endplates.
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The resulting trends in fluorescence intensity for each of core, annulus and whole
constructs were similar to those obtained in the case of cylindrical constructs under tare
load, even though the endplates only weigh 0.28 g. The presence of the endplates
reduced the fluorescence intensity values compared to the cylindrical construct at 72
hours, by values of 18%, 22% and 14%, for the core, annulus and whole constructs,
respectively.

4.6.3 Diffusion Models Results
FEA was used to supplement experimental measurements of the transport properties of
the agarose-dextran system, improving understanding of the nutrient diffusion process
within the construct. This enabled the prediction of the diffusant behaviour over large
timescales which are not possible in experimental conditions.
The diffusion model, was implemented using the cylindrical FE geometry with
boundary conditions describing the agarose construct in the free swelling case employed
to assess the effect of the 70 kDa FITC-dextran diffusion coefficient at both 25 ˚C
(24.20 μm2/s) and 37 ˚C (25.25 μm2/s) on diffusant concentration within the construct
with time. The amount of solute within the construct was normalised and plotted as
percentage of overall detected amount of diffusant, Figure 4.22, and showed no
statistically significant difference between the curves for 25 ˚C and 37 ˚C, therefore
subsequent models were all run at 37 ˚C.

Figure 4.22 Comparison of Normalised concentration with time curves acquired from the
simulated diffusion process of dextran (MW= 70k Da) in cylindrical agarose construct in free
swelling condition at 25˚C (blue) and 37˚C (red).
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The free-swelling cylindrical diffusion model was also employed to obtain trends of
normalised concentration versus time of FITC-dextran molecules of different molecular
weights. The results illustrated in Figure 4.23 showed a sharp increase of the
normalised concentration of 4 kDa dextran between 0 to 22 hours, with saturation
reached after approximately 33 h. Equilibrium from the simulation was attained after
150 h for the larger dextran molecules.

Figure 4.23 Comparison between Normalised concentration vs. time curves acquired from the
simulated diffusion process of 4, 70 and 2000 k Da dextran molecules in cylindrical agarose
construct in free swelling condition.

Figure 4.24 illustrates the difference between the solute concentration temporal profiles
within the construct for both tare load and free swelling conditions. As observed for the
experimental results, described in Section 4.6.2, under tare load condition, diffusion
within the agarose construct only occurred through the outer diameter of the agarose,
resulting in a slower increase rate of the normalised concentration of the diffusant. The
results from the simulated diffusion process in free swelling conditions also shown an
agreement with the corresponding experimental data previously described in Section
4.6.2, (Figure 4.24). The simulated solute diffusion profiles were qualitatively
compared with the experimental results obtained for core, annulus and whole construct,
normalising the values of concentration in the former case and the measured
fluorescence intensity in the latter case to the corresponding maximum values obtained
at the end of the experiment. The comparison of the simulated diffusion process with
the experimental data is illustrated in Figure 4.25, which revealed that the FE model
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provides good prediction of the diffusive behaviour of 70 kDa FITC-dextran molecules
within the agarose construct with no statistically significant differences for all the three
cases (p > 0.05).
A

B
T=0 h

T+0.6

T+2.5

T+9.2

T+18.1

T+106.9
Free
Swelling

Tare
Load
Time (h)
Figure 4.24 (A) Comparison between Normalised concentration vs. time curves acquired from
the simulated diffusion process of dextran (MW = 70k Da) in cylindrical agarose construct in
free swelling (blue) and tare load (red) conditions. (B) Normalised concentration countour of
the diffusion model in free swelling (top) and tare load (bottom) conditions at different time
points highlighting the variations in solute concentration within the cylindrical construct.

The dextran normalised concentration as function of time, obtained from the simulation
of both, free-swelling and tare load conditions, was also evaluated along the medial
vertical (y direction) and horizontal (x direction) paths of the cylindrical geometry, as
shown in Figure 4.26.
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A

Whole
construct

B

Annulus

C

Core

Figure 4.25 Comparison between concentration vs. time curves obtained from the simulated
diffusion process of dextran (MW = 70 k Da) within the cylindrical agarose construct in free
swelling condition and the corresponding experimental results for the whole sample (A),
annulus (B) and core (C).

149

Chapter 4: Theoretical modelling
A

Vertical Path

Horizontal Path

2.5

0.0
-2.5
C

D

E

Tare load

Free swelling

B

Figure 4.26 (A) Schematic illustrating the vertical and horizontal paths position inside the
cylindrical FE geometry. Variation of the normalised concentration profiles with time as a
function of the distance along the path for the free swelling (B: vertical path, C: horizontal
path) and tare load (D: vertical path, E: horizontal path) conditions.

Comparative normalised solute concentrations within the central region of the two
distinct construct geometries are illustrated in Figure 4.27.
Analogous results were obtained experimentally as previously reported in Section 4.6.2.
The simulated diffusion profile of 70 kDa FITC-dextran within the construct with
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endplates obtained in the case of free swelling configuration was compared with the
corresponding experimental results (Section 4.6.2) as illustrated in Figure 4.28.

A

B
T=0 h

T+0.01

T+0.18

T+2.85

T+22.76

T+182.05
Construct
with
endplates

T=0 h

T+0.6

T+2.5

T+9.2

T+18.1

T+106.9
Cylindrical
construct
Time

Figure 4.27 (A) Comparison between Normalised concentration vs. time curves acquired from
the simulated diffusion process of dextran (MW = 70 k Da) in the cylindrical agarose construct
(red) and in the construct with the endplates (blue) in free swelling condition. (B) Normalised
concentration countour of the diffusion model in the construct with endplates (top) and in the
cylindrical geometry (bottom) in free swelling at different time points (lows) highlighting
variation of the solute concentration with time within the constructs.

Although the experimental data was highly variable, there was similarity in the two
curves, with values of the normalised concentration exhibiting a reasonable agreement
with the corresponding experimental data. In Figure 4.29 is reported the comparison
between trends of normalised concentration as function of time acquired from the
151

Chapter 4: Theoretical modelling

simulated diffusion process of dextran (MW = 70 kDa) within the whole agarose
construct with endplates and in its central region under free swelling condition.
Merely small differences, restricted to the initial part of the graph (t < 5 h), can be
observed between the two diffusion profiles presented in Figure 4.28.

Figure 4.28 Comparison between concentration vs. time curve obtained from the simulated
diffusion process of dextran (MW = 70 k Da) within the agarose construct with endplates in free
swelling condition (red) and the corresponding experimental results.

Comparison of the concentration contour for the whole construct and its central region
provide indications of the solute diffusion modality which occurs mainly through the
lateral surface of the construct to expand subsequently to the portion of construct
enclosed in the endplates. This finding may justify the longer time necessary for the
solute concentration to reach saturation in the construct with endplates compared to the
cylindrical construct.
In Table 4.8 is reported a summary of the simulations performed for each FE model
implemented.
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A

B
T=0 h

T+0.01

T+0.18

T+2.85

T+22.76

T+182.05
Construct
with
endplates
WHOLE
Construct
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Figure 4.29 (A) Comparison between Normalised concentration vs. time curves acquired from
the simulated diffusion process of dextran (MW = 70 k Da) in the whole agarose construct with
endplates (blue) and its central region (red) in free swelling condition. (B) Normalised
concentration countour of the diffusion model in the whole construct with endplates (top) and in
the central region only (bottom) in free swelling at different time points (lows) highlighting
variation of the solute concentration with time within the agarose gel.
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Table 4.8 Summary of the simulations performed for each FE model.
Model

1

2
3

4

Simulations
a. Stress-relaxation test
b. Dynamic compression test
c. Diffusion into the construct polymeric matrix of
• 70 kDa dextran in core, annulus and whole construct in free
swelling condition at 37˚C and in the latest also at 25˚C,
• 4 and 2,000 kDa dextran at 37˚C,
• 70 kDa dextran in the whole construct in tare load condition
(37˚C).
• Stress-relaxation test.
• Stress-relaxation test (20% compressive strain applied at a ramp rate of
20%/min and dwell period of 10 minutes)
• Stress-relaxation test (20% compressive strain applied at a ramp rate of
20%/min and dwell period of 10 minutes)
• 15% compression
• 15% compression and 10% shear

4.7 Discussion
The objective of the present chapter was to investigate the chondrocytes deformation
and the transport properties of the agarose-dextran system within two different agarose
constructs morphologies, cylindrical and with endplates, under varying mechanical
regimens and boundaries conditions through the development of computational models.
The developed models were obtained using the biphasic poro-viscoelastic (BPVE)
theory (Mak, 1986; Suh and DiSilvestro, 1999), which was originally developed for the
mathematical modelling of articular cartilage (Nagel and Kelly, 2010). Several
investigations have demonstrated that this theoretical approach can be used to
accurately predict numerous viscoelastic mechanical behaviours of articular cartilage,
e.g. under unconfined (Suh and Di Silvestro, 1999; DiSilvestro et al., 2001; Nagel and
Kelly, 2010) and confined compression (DiSilvestro and Suh, 2001), creep (Suh and
Bai, 1998) stress relaxation (DiSilvestro and Suh, 2001) and indentation (Olberding and
Suh, 2006). For example, Wilson and colleagues (2006) developed a fibril-reinforced
poro-viscoelastic swelling model for articular cartilage in which the local mechanical
properties of the tissue were directly related to its local composition. This model
enabled the prediction of equilibrium and transient response of articular cartilage during
confined compression, unconfined compression and indentation tests. Guilak and Mow
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(1995) used experimental data related to the deformation behaviour and biomechanical
properties of articular cartilage and chondrocytes to develop a multi-scale biphasic finite
element model of the chondrocyte embedded within the extracellular matrix of a
cartilage explant.
It is well established that the BPVE theory can be applied to the computational
modelling of various hydrated soft tissue including hydrogels, under the assumptions of
a fully-hydrated porous material characterised by an intrinsically viscoelastic
extracellular solid matrix, as supported by the findings of previous studies focused on
the accurate prediction of the viscoelastic behaviour of hydrogels (Suh and Bai, 1998;
DiSilvestro and Suh, 2001). In a study by Nguyen and colleagues (2008), a porous
linear viscoelastic material model of a single calcium alginate microsphere was
developed which was able to predict the mechanical behaviour of the hydrogel under
stress-relaxation conditions. Olberding and Suh (2006) presented a BPVE constitutive
model of agarose hydrogel which accurately described both creep and stress relaxation
responses of agarose under indentation.
The suitability of the BPVE theory to model hydrogels was further demonstrated in the
current study, in which the implemented models were shown to provide an accurate
prediction of the mechanical behaviour of both the agarose constructs under stress
relaxation and dynamic compression tests as confirmed by direct comparison of the
theoretical results with experimental data from Chapter 2. The encoded material
description permitted the precise estimation of the construct deformation modalities and
permanent deformation magnitude induced by dynamic compressive strains. Indeed, the
computational value of lift-off obtained (0.201 mm) was comparable with that measured
experimentally (0.22 ± 0.02 mm, Table 2.6). The lift-off reaches approximately 95% of
its final value during the first 20 to 25 cycles of the test, therefore only the first 20
cycles of the dynamic compression test were simulated. This permitted reduction of
the time consuming model-building process, which is particularly extensive in the case
of models involving surfaces interaction properties (Simulia ABAQUS 6.11
Documentation; 2011). The FE simulations also gives an estimation of pressure gradient
and pore fluid velocity within the cylindrical construct, providing further insight into the
mechanism by which different mechanical regimens influence the fluid flow within the
sample (Figures 4.6 and 4.9).
Theoretical modelling has provided a significant contribution in the investigation of
solute transport within soft tissue by helping overcome limitations associated with
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experimental models. Understanding of the modalities by which solutes with different
molecular weight diffuse within tissue engineered constructs is fundamental to ensure
nutrients are constantly provided to the cells within the construct to maintain cell
viability and metabolic activities. Several studies have developed multiphasic
mixture/porous media continuum models to describe diffusion processes within
hydrated soft tissues using specially developed research programs (Mauck et al., 2003;
Mow and Lai, 1980 ) or available commercial codes, e.g. ABAQUS software (Vande
Geest et al., 2011). Mauck and colleagues (2003) adopted a modelling approach to
predict the solute transport through the lateral surface of a cylindrical deformable
porous media, which features the construct as a mixture of a solid matrix (scaffold) and
a fluid phase representing the solvent (water). Vande Geest and colleagues (2011)
simulated the transport of relatively large neutral species within highly deformable
hydrated soft tissues and tissue-engineered materials using a coupled poro-hyperelastic
mass transport theory. The primary mechanism of solute transport is through passive
diffusion, which has led many investigators to measure the effective molecular
diffusivity of various solutes in articular cartilage and engineered cartilage replacements
(Gefen et al., 2008; Fetter et al., 2006; Pluen et al., 1999; Yuan et al., 2001). However
there has been relatively little research focused on the investigation of the effect of
dynamic loading on solute transport within a porous hydrated engineered construct
(Urciuolo et al., 2008; Mauck et al., 2003).
In the present study, dissimilarities in the diffusive process induced by the construct
morphology and boundary conditions, i.e. free swelling vs. tare load, were investigated
through the analysis of temporal and spatial distribution of molecules within the gel
during passive diffusion of the solute. Findings of the FEA were corroborated by the
diffusion experiments described in Section 4.6. Indeed, comparison of the simulated
concentration-time curves obtained for whole sample, annulus and core closely
corresponded to the experimental results (Figure 4.25) (p > 0.05). The experimental
results described in Section 4.6.2, showed that diffusion within the cylindrical agarose
construct under tare load condition can only occur through the outer diameter of the
agarose, resulting in a slower rate of the normalised concentration of the diffusant
compared to the free swelling configuration (Figure 4.24). Values of FITC-dextran
within the core, annulus and the whole construct reached saturation in approximately 50
to 60 hours for cylindrical constructs in the free swelling configuration while
approximately 100 hours were necessary in tare load specimens, as indicated by
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computational results (Figure 4.26). The modelling showed that the diffusion profile of
the dextran molecules was highly dependent on the boundary conditions, with the
concentration in the core region lower for the construct with endplates. The endplates
restrict the diffusion process to only the construct lateral surface, with the endplates
weight possibly influencing the hydrogel porosity and pore dimensions. A less
significant effect on the solute diffusion profile can be expected in the case of dextran
with lower molecular weight or during dynamic compressive loading. Indeed, as shown
in Figure 4.23, the normalised concentration of diffusant in agarose decreased sharply
when the molecular weight of the FTIC-dextran increased from 4 to 2,000 kDa.
Furthermore, Mauck and colleagues (2003) demonstrated that the diffusion rate of
solute within porous hydrated tissue or material can be enhanced by a convective
transport mechanism generated during dynamic loading.
Although the FE model provides a good prediction of the diffusive behaviour of these
solutes within the agarose construct, it should be noted that dextran is a linear molecule
which exhibits greater mobility in the gel compared to solutes in globular configurations
such as globular proteins. Indeed, as demonstrated in several studies (Albro et al., 2009;
Chahine et al., 2009; Leddy and Guilak, 2003) the diffusion process of substances
through the gel network is related to their configuration, with molecules with an
elevated Stroke radius characterised by a lower diffusion coefficient (Gutenwik et al.,
2004). Therefore, the extrapolation of these findings to a physiological situation should
take into account the molecular configuration of the solute being considered.
Previous studies have utilized theoretical models of a single chondrocyte to predict the
mechanical properties of the cell and its components, e.g. nucleus and cytoplasm (Caille
et al., 2002; Chen et al.,2012; Ofek et al., 2009; Guilak and Mow, 2000; Wu and
Herzog, 2000). Although the cell is characterised by viscoelastic behaviour, it is
conventionally accepted that linear elastic models can be employed to investigate its
overall mechanical response (Ofek et al., 2009). Depending on the physical behaviour
of the individual cell, two main modelling approaches have been employed, namely
•

the fluid model, in which the cell components are considered as viscoelastic fluid
(Dao et al., 2003) and

•

the solid model, in which the entire cell is modelled as an elastic or viscoelastic
homogeneous solid continuum (Guilak and Mow, 2000).

These approaches under different circumstances may lead to comparable mechanical
responses. However, fluid models are usually employed to characterize the
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deformability of blood cells (Dao et al., 2003), while solid models appear to better
describe the behaviour of chondrocytes, bone cells, fibroblasts, and endothelial cells
(Haider and Guilak, 2000; Caille et al., 2002).
Ofek et al., (2009) estimated the stiffness of cytoplasm and nucleus of chondrocytes by
assuming for both a homogeneous linear elastic behaviour. In this investigation (Ofek et
al., 2009) the linearly elastic finite element model of the cell with nuclear inclusion was
used to simulate unconfined compression data and compared with previously reported
experimental results obtained during compression of single chondrocytes (Leipzig and
Athanasiou, 2008).
Jones et al., (1999) modelled primary human chondrocytes as homogeneous elastic
material to determine the Young’s modulus and quantify changes in their volume in
response to the mechanical deformation induced by micropipette aspiration technique.
Moreover, in a recent study it was observed that solid models more closely describe the
chondrocytes response during micropipette aspiration test as compared to fluid models
(Haider and Guilak, 2000). Noticeably, the micropipette aspiration technique, which
represents a versatile method for determining cellular mechanical properties, has been
frequently used in combination with analytical models to quantify the chondrocytes
viscoelastic behaviour (Trickey et al., 2004). Guilak and colleagues (1999) developed a
homogeneous linear viscoelastic solid model of the chondrocyte, which mechanical
properties were calculated based on an analytical solution of a micropipette aspiration
experiment.
Trickey and colleagues (2006) determined the Poisson’s ratio and the viscoelastic
recovery properties of the chondrocyte by modelling an isolated cell fully aspirated into
a micropipette after reaching mechanical equilibrium. This experimental procedure was
simulated by modelling the chondrocyte as either a compressible two-mode viscoelastic
solid or as a biphasic viscoelastic material.
In the present study FE elastic models permitted an accurate estimation of the cell strain
magnitudes as a function of the applied loading regimen and to identify differences in
their deformation due to their location within the different constructs morphologies. The
degree of deformation of chondrocytes as a result of the applied loading regimen
depended on the cell position within the construct when there were endplates.
Differences in the cell deformation between the two construct morphologies were about
10%. Minimal differences in the cell deformation ratios were induced by the loading
regimen prescribed to the construct (Figure 4.14). The simultaneous application of
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shear and compression to a construct with endplates appeared to produce lower cell
deformation in each of the planes compared to compression alone, with values of the
diameter ratio of dynamic compression and shear compared with dynamic compression
alone, 4% smaller and 3% higher for y/z and z/x, respectively (Figures 4.14, B and C).
Computational modelling represent an essential addition to the experimental approach
employed in the present study and has been found to be valuable in the quantitative
definition of parameters as spatial concentration profiles and cell deformation which are
difficult to estimate experimentally. Indeed, the investigation of the diffusive transport
of basic metabolites (Table 4.4), such as glucose and lactate, is fundamental to
determine the suitability of the construct for tissue engineering applications.
The numerical approach also permits the correlation of mechanical conditioning loads
with the deformation of cells within the construct and may eventually be applied to the
investigation of the biosynthetic response of chondrocytes to mechanical loading and to
the optimization of the loading regimen prescribed to the engineered-tissue constructs.
The present computational approach appears to be the first that takes into account the
effects of different loading regimens and of the cell position within the sample on the
deformation modalities of chondrocytes embedded in different morphologies of agarose
construct.
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Chapter 5: Temporal Profile of Metabolic Activity of Chondrocytes Seeded in Agarose
Construct Cultured in Free Swelling Condition

5.1 Introduction
The chondrocytes/agarose culture system is a homogeneous model which provides
mechanical stability and reproducibility, as well as the capacity to be subjected to
physiological levels of strain. Accordingly, it provides an appropriate experimental
model to examine the biosynthetic activity of chondrocytes in vitro in a systematic
manner. Several studies have shown that culture of chondrocytes in agarose gels results
in maintenance of the chondrocyte phenotype and production of an organized
pericellular matrix in vitro (Vindarell et al., 2009; Chowdhury et al. 2008; Goldberg et
al., 2005; Chowdhury et al. 2003; Ragan et al., 1999; Lee and Bader, 1997). Most of
these studies have only utilised short-term culture periods of up to 72 hours.
Therefore, the overall aim of the present chapter used to extend the culture period and
investigate the biosynthetic response of bovine chondrocytes seeded into two agarose
construct morphologies (Section 3.2) cultured in free swelling conditions. The specific
objectives of the study involve the quantitative evaluation of protein synthesis and the
analysis of the histological appearance of the constructs and their relationships up to
periods of 12 days, namely to examine,
•

the performance of the designed experimental system, subjecting chondrocytes
seeded in agarose constructs provided with endplates to different culture periods
and direct comparison with the well-established cylindrical model;

•

the collagen synthesis in terms of hydroxyproline content as assessed by the
corresponding assay described in Section 2.3.3;

•

the effects of culture time on the temporal profiles of DNA, GAG and Collagen
production with particular reference to the GAG and collagen retention within
the construct;

•

the temporal evolution of the pericellular matrix around individual chondrocytes
by analysing their histological and immuno-histological appearance using H&E,
Picrosirius Red and keratan-sulpahte antibodies.

The specific incubation times were chosen based on the fact that keratin sulphate has
been previously successfully visualised within specimens cultured for 6 days in
DMEM+20%FCS (Knight, 1998).
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5.2 Material and Method
5.2.1 Free Swelling (FS) Culture
Chondrocytes seeded in agarose cylindrical constructs and constructs with endplates
were obtained employing the protocol described in Section 2.2.3. The constructs with
endplates were prepared using the mould illustrated in Figures 3.11 and 3.17.
The two forms of chondrocyte-seeded agarose constructs were individually inserted in
24-well culture plates and pre-cultured in 1 mL of DMEM supplemented with 16.1%
foetal calf serum at 37°C/ 5% CO 2 for approximately 16 hours to allow equilibration to
culture conditions. Representative samples and corresponding culture medium were
removed from culture at the end of the equilibration period, representing time-zero (T0)
for all the experiments. These T0 samples were stored at -20 ˚C prior to subsequent
analysis.
The remaining constructs were conditioned in free-swelling cultures in 24 well plates
for up to 12 days with changes of medium every other day. At various time intervals,
chondrocyte viability of representative constructs was assessed employing Calcein AM
and Ethidium homodimer-1 (EthD-1), as described in Section 2.2.4. On days 1, 2, 3, 4,
6, 8, 10 and 12 both constructs and corresponding culture medium, were collected and
separately stored in 1.5 mL eppendorf tube at -20 ˚C, according to the protocols
illustrated in Figure 5.1.
In the case of constructs with endplates, only the cylindrical central section, equivalent
to the dimensions of the cylindrical construct, was removed and subjected to metabolic
and histological studies. This central region was removed from the endplates using a
custom made tool comprising two No 20 scalpel blades connected to a PTFE cylindrical
holder. The two surgical blades, which can be easily replaced, were positioned parallel
at a distance of 5 mm from each other.
Fourteen experiments were performed in total, each using chondrocytes obtained from
different isolation procedures. The different conditions in each experiment are described
in Table 5.1. In two experiments (XIII and XIV), a comparison was made between
cylindrical constructs and constructs with endplates, each using the same batch of
freshly isolated chondrocytes.
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Protocol 2

Protocol 1

(constructs with endplates and
same cylindrical constructs)

(cylindrical constructs)

Figure 5.1 Schematic representing the two different protocols employed in the study of the
metabolic response of chondrocyte seeded agarose construct cultured in free swelling (FS)
conditions.

Table 5.1 Summary of the performed experiments.
Exp
ID

Construct Protocol
Type
n˚

N˚ constructs
T0 FS2 FS3 FS4 FS6 FS8 FS10 FS12

I
II
III
IV
V*
VI
VII
VIII
IX
X
XI
XII
XIIIa
XIIIb
XIVa
XIVb

C
C
C
C
C
C
E
E
E
E
E
E
C
E
C
E

1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2

6
12
12
8
6
6
6
11
6
4
6
4
6
5
6
5

6
12
12
8
6
-

6
10
11
6
6
6
4
6
5
6
5

6
12
12
8
6
6
-

6
12
12
8
6
6
4
6
4
6
5
6
5

6
12
12
8
6
6
6
6
4
6
5
6
5

6
12
12
8
6
-

8
6
-

C = cylindrical constructs
E = constructs with endplates
FSN = free swelling day N
T0 = time zero
* Evaluation of mechanical properties
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5.2.2 Biochemical Analysis
The frozen constructs and corresponding culture media were de-frosted at room
temperature and the former digested in agarase and papain (Section 2.2.5). The pair of
samples were both assayed for glycosaminoglycan (GAG) using the dimethylmethylene blue dye-binding method (Section 2.3.2) and collagen content estimated from
the hydroxyproline assay (Section 2.3.3). The sum of each component retained within
the scaffold and released into the culture media was used to determine the total amount
synthesized. The hydroxyproline assay was also performed on five different batches of
foetal calf serum (FCS) used in the preparation of the chondrocytes culture medium
(Section 2.2.1) and on the resulting medium employed in each experiment. The mean
collagen values obtained are reported in Appendix C (Table C.4). In addition, the DNA
content in both construct morphologies was determined using the fluorometric
technique based on Hoechst 33258 binding (Rao and Otto, 1992; Lee and Bader, 1997)
(Section 2.3.1). The total DNA value was subsequently used as both a baseline for
measurements of cell proliferation and to normalise the glycosaminoglycan and
collagen contents.

5.2.3 Histological and Immunohistological Investigations
Representative constructs of each morphology were subjected to a series of processes,
namely,
•

fixed in 10% (w/v) neutral buffered formalin with 0.1 M CaCl 2 for 24 h at room
temperature.

•

dehydrated using a conventional ethanol gradient dehydration procedure, (70%,
95% and 100% EtOH)

•

cleaned with toluene at 30 ˚C, embedded in molten paraffin, using the Excelsior
ES Tissue Processor machine (Fisher Scientific UK Ltd, Loughborough , UK).

•

sectioned from the embedded construct into 3 μm thick slices using a
microtome.

a) Haematoxylin and Eosin Stain
The sections obtained above were deparaffinised in xylene and rehydrated through
graded alcohols. They were then stained with Heamatoxylin and Eosin (Gills
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Haematoxylin and 1% Eosin, HE) and Picrosirious red employing standard
histochemical techniques.
b) Keratan Sulphate Antibody
Sections from each embedded cylindrical construct were also stained with a rabbit
polyclonal antibody to visualize the presence of keratan sulphate around the
chondrocytes. The deparaffinised and rehydrated sections were incubated in 5% serum
in PBS-T (PBS with 0.4% Triton X-100) for 30 minutes at room temperature to block
any non-specific binding and then incubated overnight at 4 °C with the primary
antibody (Rabbit polyclonal Keratan Sulfate Antibody, Novus Biological, Cambridge,
UK) diluted (1:100) in PBS. As reported in several studies, the agarose gel does not
directly affect the penetration and action of the antibody (Steward et al., 2012; Thorpe et
al., 2008). The staining was developed by incubating the sections with 3, 3′diaminobenzidine tetrahydrochloride (DAB) solution (0.5 mg/mL DAB, 1 mL of 30%
H 2 O 2 , 50 mM Tris-HCl, pH 7.6) for 1 h. The reaction was stopped with TBS buffer.
DAB is oxidized in the presence of peroxidase and hydrogen peroxide resulting in the
deposition of a dark brown, alcohol-insoluble precipitate at the site of enzymatic
activity. The nuclei were counterstained with hematoxylin. Specimens were then
mounted for imaging.
Bright field images of the stained sections with each dye were recorded using a light
microscope (Leica Microsystems GmbH Leica Microsytems GmbH, Wetzlar, Germany)
with a 63× objective lens and analysed with the software NDP View.
Both a cylindrical construct (experiment IV) and a construct with endplates (experiment
XII) were stained with Gills Haematoxylin and 1% Eosin. Additionally, the cylindrical
construct was subjected to immuno-histological analysis for the detection of Keratan
sulphate. Human muscle tissue was employed as the antibody positive control for the
antibody. Only the middle section of the cylindrical construct was subjected to
histological and immuno-histological examination while, both top and middle sections
of the construct with endplates were processed.
The embedding and staining processes were performed by the Pathology Core
Department at the Blizard Institute, which is part of QMUL.
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5.2.4 Mechanical

Properties

of

Free

Swelling

Cylindrical

Constructs
The mechanical properties of representative constructs from experiment V were
determined from a stress-relaxation test, adopting the protocol detailed in Section 2.4.3.
Prior to testing the constructs were removed from the incubator and equilibrated at room
temperature for 30 min. Stress relaxation tests were performed at room temperature (25
± 2 oC) and the individual constructs were maintained in a hydrated state using culture
medium throughout the test. Six constructs at T0 (cultured for 16 hours) and at five
points over the 12 day culture period were tested. From the stress relaxation tests four
mechanical parameters were selected. In the ramp phase, the tangent modulus and the
peak stress were estimated and in the subsequent phase of the test, both relaxation
modulus and percentage relaxation were obtained.

5.3 Statistical Analyses
The normality of distribution and the equality of variance of all data sets were assessed
using

Shapiro-Wilk

normality test

and

Brown-Forsythe’s

test,

respectively.

Biomechanical parameters were analysed using a one-way ANOVA to assess
differences between test conditions if distribution of all data sets and the equal variance
among them were confirmed to be normal. By contrast, a Kruskal-Wallis test was
performed for non-normal distribution or data of unequal variance. If the effect was
shown to be significant (p < 0.05) Mann-Whitney and Ryan’s multiple comparisons
tests were employed. A level of 5% was considered statistically significant in all
statistical tests (p < 0.05).
Multiple regression analysis was used to determine the correlation between the
biochemical content of the gels and the selected mechanical parameters of the
constructs.
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5.4 Results
5.4.1 Chondrocyte Viability
The cell viability was assessed immediately after the constructs preparation and at each
culture time point and the data presented as percentage viability for each construct.
A summary for the eight separate experiments is provided in Table 5.2.

Table 5.2 Cell viability of chondrocytes seeded in agarose constructs evaluated at different free
swelling periods.
Experiment
ID

Cells viability (%)
T0

I
III
IV
V
VI
VII
VIII
IX

FS2

FS3

95 ± 1 93 ± 6
92 ± 5
91 ± 4 95 ± 3
93 ± 4 96 ± 1
96 ± 4
94 ± 6
93 ± 3
90 ± 1
90 ± 3
93 ± 5
98 ± 2
92 ± 2

FS4

FS6

FS8

96 ± 4 95 ± 2 97 ± 4
95 ± 4
98 ± 1 93 ± 6 97 ± 4
98 ± 1 96 ± 2 96 ± 2
96 ± 4 97 ± 3 97 ± 3
-

FS10

FS12

96 ± 5
96 ± 2
97 ± 1 97 ± 3
93 ± 2 96 ± 1
-

The mean values of chondrocyte viability were maintained above 90% for all the test
conditions. There were no statistically significant differences between the viability of
the constructs at different culture time (p > 0.05 by Kruskal-Wallis) as illustrated in
Figure 5.2.

p = 0.061

Figure 5.2 Temporal profile of cells viability for chondrocytes seeded in either cylindrical
constructs (experiments I, III-VI) or constructs with endplates (experiments VII-IX).
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It is evident that the culture conditions did not influence cell viability for either of the
construct morphologies. Thus any differences detected in the metabolism can not be
attributed to alterations in chondrocytes viability.

5.4.2 Biochemical Assay
a) DNA Content in Chondrocytes/Agarose Constructs
The mean values of DNA content separately for constructs of both morphologies at each
of the culture periods were estimated. The resulting trends are illustrated in Figure 5.3
for all the experiments. The linear models and the corresponding 95% confidence level
band are illustrated in Figure 5.3B, D and F for cylindrical constructs and constructs
with endplates, respectively. The absolute values of DNA content and the number of
cells per construct for both construct morphologies are presented in Appendix C (Table
C.1). It was evident that for cylindrical constructs the DNA content increased between
T0 and T12, the differences being statistically significant (p < 0.05). However, close
examination revealed that the DNA content for experiments I, II and III was
significantly lower than the amount detected in the other experiments, with mean values
at T0 of 1.32 μg, 1.86 μg and 1.56 μg, respectively. The predicted content of DNA in a
cylindrical construct with a volume of ~0.1 mL at a specified seeding density of 4x106
cells/mL at T0 would be between 3 and 4 μg. The lower DNA content observed in the
initial three experiments, which may be due to inaccuracies in the constructs
preparation, influenced the overall DNA trend for cylindrical constructs. As shown in
Figures 5.3 C and D, omitting the results of experiments I, II, III the DNA content for
cylindrical construct ranges between 3 and 4 μg and its increase with culture time
appear to be less significant. Conversely, the DNA amount in constructs with endplates
appeared to decrease slightly with increasing culture time up to FS8, although the
decrease, as reflected in the slope of the associated linear model, was not significantly
different from zero (p > 0.05). It can be, therefore assumed that there is not a statistical
variation in the DNA content among constructs with endplates cultured in free swelling
conditions up to eight days.
Furthermore, the linear regression models describing the DNA trends of both constructs
morphologies were compared employing the “two samples t-test” for population means
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and variance. Results showed negligible differences between DNA content in
cylindrical constructs and constructs with endplates.

Cylindrical constructs
A

B

p = 0.011

C

D

p = 0.010

Constructs with endplates
F

E

p = 0.104

Figure 5.3 DNA content in cylindrical construct (A, C), constructs with endplates (E) and
corresponding regression models for the pooled data (B, D and F, respectively).
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Variations of DNA content as a function of culture time in both construct morphologies
were also examined through direct comparison in experiments XIII and XIV. The
results, as presented in Figure 5.4, confirmed that there were no statistically significant
differences in DNA content of constructs of equal morphology cultured for different FS
periods (p > 0.05). Additionally, for 7 out of 8 cases, there were no statistical significant
differences between morphologies at the same culture time. By contrast, in one case in
experiment XIII, the DNA content for the construct with endplates at day 3 was greater
than that for the corresponding value within the cylindrical constructs (p < 0.05).

A

B

*

Figure 5.4 Comparison of DNA content in cylindrical constructs and constructs with endplates
produced employing same batch of freshly isolated chondrocytes for two different experiments
(A: experiment XIII; B: experiment XIV).

b) GAG Synthesis in Chondrocytes/Agarose Constructs
Absolute values of GAG content for both construct morphologies are presented
individually for each experiment in Appendix C (Tables C.2 and C.3). The mean values
of newly synthesised GAG and the corresponding amount released into culture medium
with culture time for both constructs morphologies are presented in Figure 5.5. Linear
regression models and corresponding confidence bands (95% level) were employed to
highlight and directly compare the resulting trends, as illustrated in Figure 5.5C and F.
Results exhibited a monotonic increase in GAG synthesis with increasing culture time
for both constructs morphologies, with mean values ranging from 20.17 ± 5.72 (T0) to
120.81 ± 10.23 μg (day 12) for the cylindrical constructs and from 19.78 ± 3.28 (T0) to
75.94 ± 8.32 μg (day 8) for the constructs with endplates (Figure 5.5A, D). When the
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data was normalised by DNA content, similar trends were evident, as indicated in
Figures 5.5B, E. Indeed, when the data at each culture period were combined, the
response of both constructs yielded significant linear models (Figure 5.5C, F).
However, close examination of the data revealed that at each time point up to day 8 the
normalised GAG values were higher for the cylindrical constructs than the
corresponding constructs with endplates. Indeed, as previously described in Chapter 4
(Section 4.6.4), the presence of the top endplate restricts the diffusion of substances to
be exclusively through the lateral surface of the construct. By contrast, diffusion
processes in cylindrical constructs cultured in free swelling configuration can occur
through both top and lateral surface. Thus the decreased diffusion of nutrients within the
constructs with endplates will partially impede the synthesis of GAG and other ECM
components.
The corresponding data for newly synthesized GAG released into the culture medium is
presented in Figure 5.6A-F. Results indicated that the amount of proteoglycan released
into the medium remained fairly constant during the FS culture period. Indeed,
normalised values ranged between 4.11 ± 2.04 (T0) and 4.32 ± 1.42 (day 12)
μg/μgDNA for cylindrical constructs and between 2.11 ± 0.72 (T0) and 3.32 ± 0.83 (day
8) μg/μgDNA for constructs with endplates.
Close examination of the individual experiments revealed that the mean percentage of
proteoglycans released into the medium ranged between 21% and 45% at T0. However,
with culture period there is a significant reduction in this mean percentage released into
the medium. This strongly suggests that with time in culture, there is an increased
proportion of proteoglycan retained around the chondrocytes within the constructs.
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B

Cylindrical constructs

A

p = 0.001

D

Constructs with endplates

C

E

F

p = 0.011

Figure 5.5 Newly synthesised GAG in cylindrical construct (A, B), constructs with endplates (D, E) and corresponding regression models for the pooled data (C and
F, respectively).

B

Cylindrical constructs

A

p = 0.267

D

Constructs with endplates

C

E

F

p = 0.152

Figure 5.6 Amount of newly synthesised GAG released into culture medium for cylindrical construct (A, B), constructs with endplates (D, E) and corresponding
regression lines (C and F, respectively).
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Table 5.3 Percentage of total amount of synthesised GAG released into culture medium.
Exp
ID
I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIIIa
XIIIb
XIVa
XIVb

% of total GAG released into culture medium
T0

FS2

FS3

FS4

FS6

FS8

36 ± 9
27 ± 3
22 ± 10
27 ± 8
39 ± 3
35 ± 3
23 ± 1
21 ± 3
30 ± 4
38 ± 1
24 ± 7
27 ± 2
45 ± 4
39 ± 11
34 ± 3
35 ± 1

15 ± 4
20 ± 2
18 ± 4
20 ± 3
34 ± 4
-

20 ± 2
26 ± 1
26 ± 3
35 ± 3
37 ± 4
21 ± 4
28 ± 3
20 ± 2
19 ± 3
22 ± 2
27 ± 2

15 ± 4
14 ± 3
17 ± 4
11 ± 1
24 ± 3
20 ± 3
-

16 ± 5
14 ± 7
27 ± 8
13 ± 2
18 ± 2
12 ± 2
28 ± 5
11 ± 1
18 ± 1
13 ± 2
14 ± 4
14 ± 2
17 ± 1

18 ± 7
12 ± 2
24 ± 3
8±1
14 ± 2
10 ± 2
23 ± 4
11 ± 1
14 ± 1
9±1
12 ± 4
12 ± 1
13 ± 1

A

FS10

FS12

16 ± 3
11 ± 2
23 ± 4
10 ± 2 9 ± 1
19 ± 1 19 ± 2
-

B

*

*

Figure 5.7 Comparison of total amount of GAG (blue: within the construct; light blue: released
in culture medium) synthesised by chondrocytes seeded in cylindrical constructs and in
constructs with endplates produced employing same batch of freshly isolated chondrocytes for
two different experiments (A: experiment XIII; B: experiment XIV).

The differences between the performance of the construct morphologies when exposed
to free swelling conditions up to day 8 is illustrated in Figure 5.7 for experiment XIII
and XIV.
Total normalised GAG content synthesised in both construct morphologies yielded no
statistically significant differences in 6 out of 8 cases (p > 0.05). Although this was a
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general trend for total normalised GAG values to be higher for the cylindrical
constructs, the differences were only found to be statistically significant at days 3 and 6
for experiments XIII and XIV, respectively.
c) Collagen Synthesis in Chondrocytes/Agarose Constructs
The mean values of newly synthesized collagen and the corresponding amount released
into culture medium with culture time for both construct morphologies are presented in
Figure 5.8. Linear regression models and corresponding confidence bands (95% level)
were employed to highlight and directly compare the resulting trends, as illustrated in
Figure 5.8C and F.
Data examination revealed that the collagen content in the chondrocytes seeded
constructs slightly increased with culture time, with mean values ranging between 4.62
± 2.31 (T0) and 5.46 ± 1.15 (day 12) μg for the cylindrical construct and between 3.38 ±
1.15 (T0) and 4.23 ± 1.23 (day 8) μg for the construct with endplates (Figure 5.8A, D).
When the data was normalised by DNA content a similar small increase with time was
evident (Figure 5.8B, E). However, when the data at each culture period was combined,
the corresponding linear regression models were not significantly different from zero (p
> 0.05). Moreover, both construct morphologies exhibited comparable trends of
collagen synthesis, although mean values were slightly lower in the constructs with
endplates, as illustrated in Figure 5.8C, F.
The collagen content released into culture media was not affected by the culture time as
illustrated in Figure 5.9. Indeed, there were no statistically significant differences in the
percentage of newly synthesized collagen released into the medium for either construct
morphologies. In the majority of conditions between 40 and 68% of the newly
synthesised collagen was released into the medium in the free swelling state up to the 12
day culture period (Table 5.4). In addition, the differences in the mean values of the
collagen released were not statistically significant with respect to construct
morphologies and culture time (p > 0.05). The mean values of collagen/DNA in the
constructs and released into the culture medium are indicated in red and orange columns
in Figures 5.10A (experiment XIII) and B (experiment XIV). There were no
statistically significant differences between constructs for any of the comparisons (p >
0.05).
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Cylindrical constructs

A

p = 0.059

D

Constructs with endplates

C

E

F

p = 0.087

Figure 5.8 Newly synthesised Hyp in cylindrical construct (A, B), constructs with endplates (D, E) and corresponding regression lines (C and F, respectively).

B

Cylindrical constructs

A

p = 0.539

D

Constructs with endplates

C

E

F

p = 0.153

Figure 5.9 Amount of newly synthesised Hyp released into culture medium for cylindrical construct (A, B), constructs with endplates (D, E) and corresponding
regression lines (C and F, respectively).

Chapter 5: Temporal Profile of Metabolic Activity of Chondrocytes Seeded in Agarose
Construct Cultured in Free Swelling Condition

Table 5.4 Percentage of total amount of synthesised Hyp released into culture medium.
Exp
ID

% of total Hyp released into culture medium
T0

I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIIIa
XIIIb
XIVa
XIVb

FS2

FS3

FS4

50 ± 5 51 ± 12
47 ± 13
56 ± 14 60 ± 14
50 ± 12
42 ± 5 43 ± 3
46 ± 4
54 ± 5 53 ± 7
39 ± 7
39 ± 8 43 ± 5
56 ± 4
51 ± 4
51 ± 6 45 ± 6
44 ± 7
64 ± 4
42 ± 3
66 ± 3
55 ± 11
56 ± 5
51 ± 7
46 ± 5
60 ± 4
59 ± 3
41 ± 7
47 ± 4
43 ± 4
48 ± 4
43 ± 10
44 ± 8
64 ± 12
66 ± 8
66 ± 7
66 ± 14
-

A

FS6
47 ± 17
45 ± 15
46 ± 6
45 ± 7
45 ± 4
44 ± 6
52 ± 3
55 ± 1
51 ± 6
56 ± 2
55 ± 5
68 ± 11
67 ± 9

FS8

FS10

FS12

50 ± 27 49 ± 36
49 ± 6 53 ± 15
41 ± 7 43 ± 8
42 ± 7 42 ± 9 39 ± 5
44 ± 5 43 ± 7 44 ± 4
47 ± 9
46 ± 3
55 ± 1
46 ± 2
38 ± 8
53 ± 9
69 ± 10
63 ± 6
-

B

Figure 5.10 Comparison of total amount of Hyp (red: within the construct; light red: released
in culture medium) synthesised by chondrocytes seeded in cylindrical constructs and in
constructs with endplates produced employing same batch of freshly isolated chondrocytes for
two different experiments (A: experiment XIII; B: experiment XIV).

A regression analysis was performed for the mean values of total amount of newly
synthesised GAG and collagen as measured in both constructs and culture medium, as
illustrated in Figure 5.11. They demonstrated a linear relationship between GAG and
collagen content for both construct morphologies characterised by high Pearson’s
correlation coefficient.
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A

B

Figure 5.11 Regression models illustrating the relationship between the amount of newly
synthesised GAG and Hyp in cylindrical constructs (A) and constructs with endplates at
different free swelling (FS) culture time, including confidence band (95% confidence limit).

The linear models between the two ECM components yield Pearson correlation
coefficients of 0.638 and 0.939 for cylindrical constructs and constructs with endplates,
respectively.

5.4.3 Mechanical Properties of Chondrocytes Seeded Cylindrical
Constructs Cultured in Free Swelling Conditions
The mechanical properties from analysis of the stress-relaxation response are shown in
Figure 5.12. Results showed similar trends with time for the tangent modulus, peak
stress and relaxation modulus. Thus for the first eight days in culture these three
parameters were fairly constant. Thereafter, the parameters increased such that at FS12
they were significantly higher than at T0. By contrast, the mean value for the percentage
of relaxation remained approximately 80% during the entire 12 days culture period.
This parametric was clearly unaffected by any synthetic activity. Regression analysis
was employed to establish whether in the single experiment (V), where the mechanical
test were performed, there was a relationship between the amount of GAG and collagen
retained within the construct. Figure 5.13 clearly showed a strong linear relationship
over the 12 day culture period.
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In a further analysis, the values of the selected three mechanical parameters were plotted
against normalised values of proteoglycans and collagen content in the cylindrical
construct.
A

B

p < 0.001

C

p < 0.001

D

p < 0.001

p = 0.625

Figure 5.12 Trends of Tangent modulus(A), Peak stress (B), Relaxation modulus (C), and
Percentage of relaxation (D) for chondrocytes seeded agarose cylindrical constructs cultured in
free swelling (FS) conditions for up to 12 days.

p < 0.001

Figure 5.13 Regression line illustrating the relationship between the amount of newly
synthesised GAG and Hyp as a function of different free swelling (FS) culture time for
experiment V.
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Figure 5.14 clearly indicates an increase in the values of each of the three parameters
after about 10 days in FS culture. At this time, the GAG and collagen contents in the
constructs were in the ranges 20 – 25 µg/ µg DNA and 3 – 6 µg/ µg DNA, respectively.

A

B

p < 0.001

C

p < 0.001

D

p < 0.001

E

p < 0.001

F

p = 0.001

p < 0.001

Figure 5.14 Regression models illustrating the relationship between Tangent modulus (A, B),
Peak stress (C, D), Relaxation modulus (E, F) and the amount of newly synthesised GAG or
Hyp as a function of different free swelling (FS) culture time (experiment V).
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5.4.4 Histological
Extracellular

and

Matrix

Immunohistological
Synthesis

and

Investigations:

Organization

in

Chondrocytes/Agarose Constructs
The ECM deposition around individual chondrocytes seeded in agarose constructs was
examined and typical results illustrated in Figures 5.15-5.23. The proteoglycans and
collagen accumulation and their pericellular distribution were evaluated by qualitative
histological and immuno-histological analyses for free swelling culture periods ranging
between 16 hours (T0) and 10 days (FS10).
Results of H&E staining for both cylindrical constructs (Figures 5.15-5.17) and
constructs with endplates (Figure 5.22) suggested that the different culture times did
not significantly affect the cellular appearance and proliferation. Indeed, as extensively
reported in the previous literature, chondrocytes encapsulated in agarose hydrogels
retained a spherical morphology (Chowdhury et al. 2008; Chowdhury et al. 2003;
Ragan et al., 1999; Lee and Bader, 1997). However, the diameter of the chondrocytes
increased with culture time, with chondrocytes cultured for 6, 8 and 10 days
considerably larger than T0 chondrocytes. The associated cell volume temporal increase
may be an expression of altered regulatory mechanisms and/or a higher metabolic
activity associated with processes of adaptation of the chondrocyte to an external
environment.
Histological analysis revealed no evidence of proteoglycan or collagen deposition
around chondrocytes after 16 hours in FS culture (T0 samples) (Figure 5.15, A1-4).
A1

A2

A3

A4

Figure 5.15 Microscope images of single optical sections labelled with H&E stain illustrating
chondrocytes seeded in cylindrical agarose constructs cultured in free swelling condition for 16
hours (T0: A1-4). Scale bar: 50 µm (63x).
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However, by day 6 in FS culture a significant matrix formation was observed localized
preferentially in the pericellular region. Indeed, histological and immuno-histological
sections revealed the formation of a spherical pericellular envelope around individual
chondrocytes forming a chondron-like structure in free swelling conditions at 6 days
(Figures 5.16 and 5.20 lines A and B). Detected at day 6 (FS6) were either single
chondrocytes or a few double chondrocytes, the latter involving cell division within the
borders of the original chondron structure (Figures 5.16 A6, A8, B5, B6). An increased
number of double chondrons was observed after 10 days in free swelling (Figure 5.16C4, C8, D7, D8).

A variety of clusters had also formed in cell seeded agarose

constructs by 10 days (FS10), as illustrated in Figure 5.17. Close examination revealed
two distinct clusters morphologies predominant in the sections (Poole et al. 1988),
corresponding to multiple linear columns of chondrons (Figure 5.17A, B) or
agglomerates of chondrocytes arranged either in a circular or oval conformation (Figure
5.17-C, D, E, F) These structures were mainly localised in the outer regions of the
constructs, which are characterised by an enhanced diffusion of metabolites with the
surrounding culture medium compared to the central (core) region which experience
lower nutrient intake. The presence in FS10 constructs of capsular ghosts (Poole, 1997),
as defined by a chondron structure in which the chondrocyte had migrated out of the
PCM, was also observed (Figure 5.20 C3, D4). Close examination of the images
revealed minimal variations between different chondrons within the same construct or
between different constructs originating from the same batch of chondrocytes.
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FS6-sample 1
FS6-sample 2
FS10-sample 1
FS10-sample 2

A1

A2

A3

A4

A5

A6

A7

A8

B1

B2

B3

B4

B5

B6

B7

B8

C1

C2

C3

C4

C5

C6

C7

C8

D1

D2

D3

D4

D5

D6

D7

D8

Figure 5.16 Microscope images of single optical sections, labelled with H&E stain, illustrating chondrocytes seeded in cylindrical agarose constructs cultured in
free swelling condition for six days (FS6-sample 1: A1-8; FS6-sample 2: B1-8) and 10 days (FS10-sample 1: C1-8; FS10-sample 2: D1-8). Scale bar: 50 µm (63x).
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A

B

C

D

E

F

Figure 5.17 Microscope images of single optical sections labelled with H&E stain illustrating
chondrocytes seeded in cylindrical agarose constructs cultured in free swelling condition for 10
days. The sections represent the middle segment of the construct. Scale bar: 50 µm (63x).

The expression of keratan sulphate around the chondrocytes was analysed by immunohistological staining, as illustrated in Figures 5.19-5.21. This should be compared to the
positive control for keratan sulphate as indicated in Figure 5.18. It is evident that
although all the groups demonstrated positive staining for Keratan sulphate, at T0 the
staining was weak and was localized mainly around the chondrocyte membrane (Figure
5.19).

A

B

Figure 5.18 Microscope images illustrating human muscular tissue labelled with Keratan
Sulphate antibody representing the antibody positive control. Scale bars: A = 200 µm (40x),
B = 80 µm (100x).
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By contrast at day 6 (Figure 5.20 lines A-B) and at day 10 (Figure 5.20 lines C-D),
there was an increased amount of keratan sulphate evident in the pericellular
microenvironment. Chondrons stained with either H&E or labelled for keratan sulphate,
frequently displayed a less intense stained area immediately adjacent to the chondrocyte
membrane with a wider, more intensely coloured region surrounding it. These small
gaps at FS day 3, which were between 1–5 μm in distance from the membrane (Figures
5.22 B) were not evident in T0 constructs. As previously reported (Ross et al., 2006),
chondrocytes cultured in agarose hydrogel for up to one week or longer, showed
remodelling of the pericellular microenvironment. This is supported in the present study
by the following observations:
•

the division of chondrocytes within the confines of the pericellular capsule,
which suggest that the chondrocyte has remodelled the microenvironment to
provide sufficient space to enable division or cellular migration outside the
pericellular capsule.

•

the enhanced formation of clusters with characteristic morphologies (Figure
5.21).

•

the presence of a characteristic feature common to individual chondrons,
corresponding to an elongated appendage, which protrudes from one extremity
of the capsule. These structures, which are characterised by different lengths
(Figure 5.21,A-D) represent a clear indication of pericellular remodelling.

A1

A2

A3

A4

Figure 5.19 Microscope images of single optical sections labelled with Keratan sulphate
antibodies illustrating chondrocytes seeded in cylindrical agarose constructs cultured in free
swelling condition for 16 hours (T0: A1-4). The sections represent the middle segment of the
construct. Scale bar: 80 µm (100x).
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Figure 5.20 Microscope images of single optical sections labelled with Keratan sulphate antibodies illustrating chondrocytes seeded in cylindrical agarose
constructs cultured in free swelling condition for six days (FS6-sample 1: A1-8; FS6-sample 2: B1-8) and 10 days (FS10-sample 1: C1-8; FS10-sample 2: D1-8).
The sections represent the middle segment of the construct. Scale bar: 80 µm (100x).
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A

B

C

D

E

F

Figure 5.21 Microscope images of single optical sections labelled with Keratan sulphate
antibodies illustrating chondrocytes seeded in cylindrical agarose constructs cultured in free
swelling condition for 10 days. The sections represent the middle segment of the construct. AD: Arrow points to tail region. Scale bar: 80 µm (100x).

Chondrocytes seeded in constructs with endplates, cultured in FS conditions for up to 8
days were stained with picrosirus red to examine the potential presence of collagen in
the pericellular region. Indeed, bright field microscopy images confirmed the presence
of collagen surrounding the chondrocyte membrane (Figure 5.23). Faint staining was
detected around the chondrocytes after 16 hours in culture and in the intercellular region
for all subsequent FS culture periods. Close examination revealed that the collagen
distribution at day 3 (FS3) was mostly limited to intense labelling immediately around
the chondrocyte membrane (Figure 5.23 line B), while chondrocytes seeded in agarose
constructs for 8 days demonstrated enhanced collagen accumulation with more intense
and diffuse staining in the pericellular region when compared to earlier time points
(Figure 5.23 line C).
It should be emphasized that the staining intensity for collagen was relatively weak for
all free swelling periods in culture. This supported the low collagen synthetic levels.
No differences were observed in the morphology and chondron formation of
chondrocytes present within the top section of the construct when compared to cells
embedded in its middle section (Figure 5.23).
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Figure 5.22 Microscope images of single optical sections illustrating chondrocytes seeded in agarose constructs with endplates cultured in free swelling condition
for 16 hours (T0: A1-4, top section, A5-8, middle section) three days (FS3: B1-4, top section, B5-8, middle section), six days (FS6: C1-4, top section, C5-8, middle
section) and eight days (FS8: D1-4, top section, D5-8, middle section). The sections were labelled with H&E stain. Scale bar: 50 µm (63x).
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Figure 5.23 Microscope images of single optical sections illustrating chondrocytes seeded in agarose constructs with endplates cultured in free swelling condition
for 16 hours (T0: A1-A4-top section, A5-A8-middle section) three days (FS3 B1-B4-top section, B5-B8-middle section) and eight days (FS8 C1-C4-top section, C5C8-middle section). The sections were labelled with Picrosirius red stain. Scale bar: 50 µm (63x).
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5.5 Discussion
The chondrocyte-agarose culture system can be regarded as an extremely well equipped
model to investigate cell proliferation, matrix production and biochemical composition
(Lee and Bader, 1997; Aydelotte and Kuettner, 1988; Aydelotte ey al., 1988; Benya &
Shaffer, 1982; Chang & Poole, 1996). Indeed, histological examination of constructs in
the present study confirmed that chondrocytes encapsulated in agarose and cultured in
free swelling conditions maintained a high viability, a relatively low proliferation rate
and characteristic chondrocyte morphology throughout the 12 day culture period.
Additionally findings indicated that the DNA content in chondrocyte seeded agarose
constructs was not strongly influenced by the time in culture (Figure 5.3). The
histological analysis also clearly demonstrated a homogeneous distribution of cells
within both constructs morphologies.
Given the normal seeding density of 4×106 cells/mL and a cylindrical construct volume
of ~0.1 mL, then the predicted content of DNA at T0 would be between 3 and 4 μg.
This was the cases for most of the FS experiments. However, the DNA content in
experiments I, II and III was significantly lower than the amount detected in the other
experiments. Inaccuracies in the performance of the constructs preparation protocol may
be the cause of the lower mean values of DNA observed.
Histochemical data highlighted a rapid synthesis of proteoglycans and their deposition
in the pericellular region in the chondrocytes/agarose constructs. Indeed these features
were evident within three days of culture and generally continued to progress with
culture period. Indeed, the amount of newly synthesized GAG increased with culture
time in each experimental group, approximately attaining a mean value of 120 µg after
12 culture days for cylindrical constructs (Figure 5.5).
Proteoglycan production represents one of the primary events in the constitution of
freshly synthetized matrix (Loredo et al., 1996; Archer et al., 1990; Aydelotte and
Kuettner, 1988). Concomitantly with the rapid and progressive increase of matrix
deposition, a gradual increase in the chondrocytes cell volume was also observed
(Figures 5.16 and 5.22). As suggested in earlier studies, modifications of the cell
volume with culture time may be an expression of altered regulatory mechanisms
triggered by variations in the cell niche and associated with processes of adaptation to
the chondrocyte to its external environment (Quinn et al., 2002; Aydelotte and Kuettner,
1988).
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Chondrocytes in native tissue are surrounded by and bonded to a relatively stiff
extracellular matrix composed of collagen, proteoglycans, and other molecules, through
which matrix strains can be transferred to the mechano-sensitive structures within the
cell membrane. Isolated chondrocytes, devoid of native pericellular matrix (Kuettner et
al., 1982), are initially embedded in a soft polysaccharide agarose matrix to which they
are not directly bound. The increased chondrocyte volume is also consistent with the
explanation of cellular hypertrophy as an index of enhanced metabolic activity.
Moreover, as previously reported in literature (Ross et al., 2006), chondrocytes cultured
in agarose hydrogel for up to one week or longer, showed remodelling of the
pericellular microenvironment. In a similar manner there was evidence in the present
investigation, namely remodelling of the pericellular microenvironment, cell division
and migration within the pericellular capsule, and formation of clonal chondrocyte
clusters.
Histochemical studies have consistently reported high pericellular concentrations of
sulphated glycosaminoglycans and collagen type VI around chondrocytes, an
occurrence that was also confirmed in isolated chondrons (Quinn et al., 2002; Knight,
1997; Poole et al. 1990; Poole, 1992). Results of the immuno-histological staining of
chondrocytes/agarose sections confirmed a consistent production of keratan sulphate
and its localisation mainly in the pericellular capsule.
Collagen synthesis and retention within the construct appeared not to be influenced by
free swelling culture time for either of the constructs morphologies. This trend was
consistent with comparable studies describing the metabolic response of chondrocytes
seeded in agarose constructs, which revealed no major effects of free swelling culture
on the rate of collagen synthesis (Hunter et al., 2004).
In the present study, results indicated that between 50% and 60% of the synthesised
collagen was released into the culture medium (Figure 5.10). This may be direct result
of the production of immature collagen fragments, characterised by a low molecular
weight, which can easily diffuse out of the agarose constructs. In native tissue, the
synthesis of collagen fibrils occurs first at an intracellular level with assembly and
secretion of pro-collagen, followed by an extracellular stage in which the pro-collagen
is converted into collagen and subsequently incorporated into stable cross-linked
collagen fibrils within the pericellular matrix (Kjaer, 2004; Lamande and Bateman,
1993; Trelstad et al., 1981; Silver and Trelstad, 1981). Although, collagen type II is the
predominant type of collagen in articular cartilage, type VI collagen is found primarily
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in the pericellular matrix. Collagen type VI, which is steadily concomitant with the
chondrocyte cellular membrane (Chang et al., 1996; Chang et al., 1997), may contribute
to the mechanical functionality of the chondron and control interactions between the
chondrocyte and surrounding extracellular matrix (Hunziker et al., 1983; Poole et al.,
1988; Youn et al., 2006).
While biochemical results presented no statistically significant differences in the
amount of newly synthetized collagen within the construct and released into culture
medium with increasing culture time (Figure 5.9), microscope images of picrosirius red
stained sections suggested an increased segregation of collagen within the pericellular
matrix after 8 days in free swelling culture (Figure 5.23 line C). This finding is
associated with the development of a dense proteoglycan layer surrounding the
chondrocytes (Figures 5.16 and 5.22), which might enable a partial retention of
collagen molecules. This finding appeared to be consistent with understanding of the
pericellular matrix composition and the assembly processes, which occur during its
development, typically within 20 μm of the cell membrane (Silver and Trelstad, 1981).
The chondrocyte and its pericellular microenvironment represent a crucial structural,
functional and metabolic unit in cartilage termed the “chondron” (Poole et al., 1987).
Although its precise function is not fully understood, there is indirect evidence that the
chondron is a complex micro-anatomical unit (Poole et al., 1987; Poole et al., 1991),
whose size, shape, and mechanical properties strongly influence the behaviour of the
embedded chondrocytes (Quinn et al., 2002; Poole et al., 1997; Poole et al., 1991). As
an example, the PCM will influence the magnitude of stress-strain and fluid flow
experienced by chondrocyte during physiological loading. The PCM also participate in
the metabolic processes involving retention, assembly and spatial migration of newly
synthesised macromolecules within the pericellular matrix.
Several studies reported the process of chondrocytes migration outside the chondron
structure by first extending elongated pseudopodia (Figure 5.21 A-D) and cytoplasm
through gaps in the capsule (McCarthy and Turley, 1993; Idowu et al. 2000; Chang et
al. 2003; Benya & Shaffer, 1982; Frenkel et al. 1996; Aydelotte et al. 1998).
Microscope images of H&E and keratan Sulphate stained sections of chondrocytes
seeded in agarose constructs cultured for up to 10 days enabled the detection of a
variety of multiple chondrons morphologies (Figure 5.17 and Figure 5.21). These
structures were mainly localised in the outer regions of the constructs, where there is
inevitably enhanced diffusion of metabolites (Section 4.6) compared to the central
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region. Consequently, chondrocytes in the core region may experience lower nutrients
delivery compared with cells located in the outer region of the construct.
The restriction of chondrocyte viability and tissue formation to the periphery of 3D
constructs characterised by clinically relevant dimensions has been previously observed
(Freed et al., 1998; Martin et al., 1999) and attributed to the limited permeability of the
scaffold to nutrients within the culture medium. In addition, Heywood and colleagues
reported a direct correlation between the rate of viability loss and the initial cell-seeding
density of a 4 mm thick alginate construct. Chondrocytes embedded in alginate
remained viable for up to 12 days at a seeding density of 5×106 cells/mL (Heywood et
al., 2004). In a previous study by Mo and colleagues (2009) an initial cell concentration
of 6×106 cells/mL was reported to maintain higher chondrogenesis and produce
maximal extracellular matrix in hMSCs cultured in gel system when compared to
construct seeded with higher cell density (12-25×106 cells/mL). A further study
investigating the performance of a by-layered engineered agarose constructs
characterised by different gel concentrations demonstrated that matrix elaboration
occurred preferentially in the layer with the lower agarose concentration (Ng et al.,
2006). The author suggested that agarose transport properties presented greater
influence in regulating tissue production than the initial stiffness of the construct.
The mechanism responsible for the formation of multiple chondrons and their
organization into linear columns or clusters has yet to be fully identified. However,
previous studies have also reported the different cluster morphologies and the structural
interaction exhibited by neighbouring chondrocytes derived from the corresponding cell
zonal origins (Choi et al., 2007; Youn et al., 2006). Interestingly, studies on isolated
chondrocytes demonstrated that phenotypic differences are maintained when
chondrocytes from different zones are cultured in 3D-agarose constructs (Aydelotte &
Kuettner, 1988). Consequently, the identification of these different multiple chondrons
within the agarose cell-seeded constructs examined in the present study (Figures 5.16
and 5.21), provides indirect evidence that the chondrocytes phenotype was maintained.
The current study provides an insight into the temporal evolution of the mechanical
properties of chondrocytes seeded in cylindrical agarose constructs, cultured in free
swelling for up to 12 days. These properties were correlated with the concurrent
development of pericellular matrix around the cells. Indeed, as previously suggested, the
elaboration of ECM with time will enhance the properties of the scaffold material
(Vinardell et al., 2009; Hunter et al., 2004). Specifically, the present study revealed that
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the enhancement of mechanical properties of the agarose construct was evident after 10
days in FS culture, when the amount of newly synthetized GAG and collagen retained
within the constructs ranged between 20 – 25 µg/ µg DNA and 5 – 6 µg/ µg DNA,
respectively. The pericellular and intercellular matrix elaborated by chondrocytes after
10 and 12 days in FS culture may be responsible for the enhanced values of tangent
modulus, peak stress and relaxation modulus (Figure 5.14). Indeed the increase in
tangent modulus with time is consistent with what has been reported previously,
namely, that an increased biosynthesis and deposition of GAG and collagen within the
cell-associated matrix was correlated to enhanced mechanical properties of the cell
seeded construct (Ng et al., 2007). Moreover, these finding were corroborated by
microscope images of chondrocytes/agarose FS8 and FS10 constructs stained with H&E
(Figures 5.16 and 5.22) and picrosirius red (Figure 5.23) demonstrating the formation
of a thick pericellular matrix rich in proteoglycans, primarily keratan sulphate (Figure
5.20), with increasing retention of collagen molecules. A further consideration involves
the potential of direct interactions between the two main components of the newly
synthetized PCM, suggesting an enhanced ultrastructure which may lead, as also
predicted in vivo, to an increased resistance to compressive loading. Indeed, mediated
interactions between collagen molecules that permeate the “proteoglycan gel” may
directly contribute to the enhanced construct stiffness observed in the constructs after 10
and 12 days culture (Vinardell et al., 2009; Hunter et al., 2004).
Results of the biosynthetic analysis performed on chondrocytes/agarose constructs in
free swelling culture provided validity to the use of the newly designed constructs with
endplates. Performances of the proposed constructs, whose features enable the
application of dynamic shear strain, were not significantly different from the more
conventional cylindrical agarose constructs. Indeed the main differences were in the
surface area available for metabolite diffusion, which were limited to the lateral surfaces
alone in the constructs with endplates.
Nonetheless the construct with endplates demonstrated,
•

high and constant levels of cell viability over the extended free swelling period,

•

limited proliferation and cell hypertrophy, demonstrating intense cellular
metabolic activity;

•

temporal evolution of newly synthesised matrix surrounding the chondrocytes,
composed primarily by proteoglycans (keratan sulphate);

•

segregation of collagen within the proteoglycan gel after 8 days in culture;
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•

temporal elaboration of single and multiple chondron structures, previously
identified in cartilage in vivo, suggesting an unmodified phenotype;

•

temporal evolution of the structure and properties of the pericellular matrix
through a process of remodelling which can be associated with enhanced
mechanical integrity.

Accordingly, the consistency of the designed construct make it ideally suited to enable a
systematic investigation of the biosynthetic response of chondrocytes to complex cyclic
loading, involving both dynamic compression and shear loading regimes.
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Chapter 6: Effects of Different loading regimens on the Metabolic Activity of
Chondrocytes Seeded in Agarose Construct

6.1 Introduction
Mechanical loading is crucial in the development and maintenance of the functionality
of articular cartilage (Umlauf et al., 2010; Martel-Pelletier et al., 2008; Raveenthiran et
al., 2009; Mauck et al. 2000). The composition and structure of the ECM, which
determines the biomechanical characteristics of the tissue, are controlled by the
chondrocytes biosynthetic activity through the remodelling of the matrix main
components.
As extensively documented in several research involving animal models (Helminen et
al., 1992 Kurz et al., 2001; Arokoski et al., 1993), tissue explants (Darling et al., 2005)
and cell culture models (Pingguan-Murphy et al., 2005; Pingguan-Murphy et al., 2006;
Chowdhury et al., 2008; Knight et al., 2006; Lee and Bader, 1997), mechanical stimuli
influence chondrocyte metabolism and consequently the neo-cartilage structure and
composition. Alterations in the biosynthetic activity of chondrocytes have been
associated with modifications in cell and nuclear structure induced by the applied
loading regimen and proposed as the means by which chondrocytes detect and respond
to changes in their environment. Numerous studies performed to understand the role of
mechanical conditioning on the development of a functional ECM have confirmed that
the different physical phenomena induced by mechanical loading, i.e. cell/matrix
deformation and fluid pressure, play distinct roles in the metabolic regulation of
chondrocytes (Quinn et al., 1998).
The majority of the in vitro studies have employed uniaxial compression to modulate
the response of chondrocytes, either in monolayer or 3D constructs (Pingguan-Murphy
et al., 2005; Pingguan-Murphy et al., 2006; Chowdhury et al., 2008; Knight et al., 2006;
Goldberg et al., 2005; Buschmann et al., 1995; Buschmann et al., 1996; Lee and Bader,
1997; Bonassar et al., 2001; Mauck et al., 2000). In particular, the application of
dynamic compression, as opposed to static compression, has been shown to control
various biosynthetic activities of chondrocytes seeded in polymeric scaffolds (Mauck et
al., 2000; Kisiday et al., 2004; Roberts et al., 2001; Buschmann et al., 1995; Davisson et
al., 2002), as a function of the specific loading amplitude and frequency. However, most
of these studies have revealed an up-regulation of proteoglycans, particularly under
specific dynamic loading, for example, 12 hours of continuous compression of 15% at
1Hz (Chowdhury et al. 2003), in the absence of any significant amounts of type II
collagen.
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It is inevitable that the small quantities of collagen type II generated during these
loading regimens represent a major hurdle in producing tissue engineered cartilage with
functional load-bearing characteristics. Recent reports, however, have focused on a
number of strategies, which can enhance the temporal production of collagen in culture.
These include the selective degradation of hydrogel scaffolds (Ng et al. 2009), the use
of more mature functional units, such as the chondron (Fraser et al, 2006) and the
superposition of direct tissue shear on uniaxial compression (Wimmer et al., 2009), the
latter of which more closely represents the situation during physiological loading.
Indeed, articular cartilage in vivo is exposed to a complex combination of compressive,
shear and tensile deformations.
However, the potential effects on cell-seeded constructs of applying superimposed shear
strain on uniaxial compression, is still rather limited. Research has shown (Jin et al.,
2001; Fitzgerald et al., 2006; Waldman et al., 2003) that the application of intermittent
cyclic shear produces repeated matrix deformation that leads to a significant change in
both the composition and mechanical properties of neo-cartilage formed in vitro, even if
the techniques used for apply the shear stress vary.
In order to reproduce the combined interaction of physiological levels of compression
and shear characteristic of normal joint loading in vivo, a tissue bioreactor was
developed (Chapter 3) which enables the simultaneous application of dynamic
compressive and shear strains. Different loading protocols, which prescribe the
application of either continuous or intermittent strains, were prescribed to examine the
effects of specific loading conditions (frequency, amplitude, and duration) on the
chondrocytes metabolism.
Therefore, in the present chapter a hypothesis is tested that the imposition of shear
superimposed on direct compression influences the mechanosensitive collagen
production in isolated chondrocytes seeded in agarose constructs (Smith et al., 2000;
Ofek et al., 2010; Gooch et al., 2001; Freed et al., 1998).
The effects of different loading regimens on isolated chondrocytes seeded in cylindrical
constructs and construct with endplates were investigated at various times in culture by
•

the quantitative evaluation of the newly synthesised GAG and collagen retained
within the construct and released into culture medium,

•

the analysis of the histological appearance of the pericellular matrix surrounding
individual chondrocytes,
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•

the direct comparison of the effects of continuous and intermittent loading
protocols on the two constructs morphologies.

6.2 Material and Method
6.2.1 Mechanical Conditioning Protocols
Chondrocytes seeded in agarose cylindrical constructs and constructs with endplates
were obtained employing the protocols detailed in Sections 2.2.3 and 3.6.3b,
respectively.
In order to establish the effects of both continuous and intermittent loading and of
different periods of pre-culture on GAG and collagen synthesis, three different
mechanical conditioning protocols were developed.
In Protocol 1, cylindrical constructs were divided into three groups and pre-cultured for
different periods of time: 2 (or 16 hours), 6 and 10 days. For each pre-culturing period,
constructs were additionally subdivided and subjected, to one of the following loading
regimens, namely,
•

Tare Load (TL): 0.2% tare compressive strain arising from the mass of the
loading pin (Section 3.6.2).

•

Static Compression (SC): 15% static strain superimposed on the tare load.

•

Dynamic Compression (DC): sinusoidal cyclic strain of a maximum amplitude
of 15% at a frequency of 1 Hz, superimposed on the tare load.

In Protocol 2, constructs with endplates were incubated for 16 hours and 6 days and
then subjected to the tare load (TL), dynamic compression (DC) and a separate biaxial
loading regimen, namely,
•

Dynamic Compression & Dynamic Shear (DC&DS): 15% sinusoidal
compressive strain superimposed on a 10% dynamic shear strain (Sawae et al.,
2004) employed using a triangular waveform at 1Hz.

In Protocol 3, constructs were subjected to intermittent stimulation regimens, involving
cyclic strains applied continuously for 10 minutes followed by an unstrained period of
350 minutes. Thus temporal profile was repeated for a total of 8 times.
All the loading regimens (TL, SC, DC, DC&DS) were prescribed on each form of
construct for a total period of 48 hours.
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Chondrocytes seeded constructs were pre-cultured unstrained (FS) in 1 mL of culture
medium at 37°C/ 5% CO 2 prior to the application of the different loading regimens. In
each experiment, part of the constructs were maintained unstrained (FS) in the culture
chambers, as previously described in Chapter 5.
The unstrained constructs were also mounted in the system, and cultured for 48 hours in
the absence of mechanical stimulation. The experimental parameters related to the three
different protocols are summarised in Table 6.1.

Table 6.1 Main experimental investigation parameters.
Mechanical conditioning protocols
Loading
Regimen

Strain
(%)

Waveform

Frequency
(Hz)

Incubation
period
(prior to loading)

Loading
Period

2 (or 16 h), 6, 10
days

48 h

1, 6 days

48 h

1, 6 days

48 h, (10
min ON
350 min
OFF)

Protocol 1 (continuous)
DC
SC
TL
DC&DS
DC
TL
DC&DS
DC
TL

15
15
0.2

Compression: sinusoidal
1
Protocol 2 (continuous)

15
10
15
0.2

Compression: sinusoidal
1
Shear: triangular
Compression: sinusoidal
1
Protocol 3 (intermittent)

15
10
15
0.2

Compression: sinusoidal
Shear: triangular
Compression: sinusoidal
-

1
1
-

DC&DS: dynamic compression & Shear
DC: dynamic compression
SC: static compression
TL: tare load

6.2.2 Experimental Design
In each experiment two identical tissue bioreactors were employed. In each bioreactor,
constructs subjected to DC (Protocol 1) or DC&DS (Protocols 2 and 3) were located in
the outermost 12 wells of culture plate one. The innermost 12 wells of the second
culture plate represented the control group (TL), subjected to a tare compressive strain.
At the end of the mechanical conditioning period, the medium and the constructs of
each group were removed and frozen, separately, for subsequent metabolic analysis as
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detailed in Sections 5.2.1-5.2.3. A total of 14 experiments were performed, using
chondrocytes obtained from different isolation procedures.

6.2.3 Biochemical and Histological Analyses
At various time intervals, chondrocyte viability of both control and experimental
constructs was assessed (Section 2.2.4).
The biosynthetic activity of chondrocytes seeded in the two different construct
morphologies, and subjected to different loading regimens was performed as previously
detailed in Section 5.2.2. An example of the arrangement of samples in a 96 well plate
to analyse hydroxyproline for experiments VII and VIII is illustrated in Figure 6.1.

0.00

0.10

0.25

0.50

1.00

2.00

3.50

5.00

Hyp concentration (μg/mL)

1

2

3

4

5

6

7

8

STANDARDS
CURVE

Experiment
VII
Experiment
VIII
Sample

9

10 11

Figure 6.1 Image illustrating the 96 well analysis plate used to measure the amounts of
hydroxyproline in agarose constructs with endplates pre-cultured for 16 h and subjected to
continuous dynamic shear and dynamic compression (protocol 2) for both experiments VII and
VIII.

6.2.4 Statistical Analyses
Differences in the synthesis of GAG and collagen and their retention within the
construct were analysed for each of the test conditions involving both control and
experimental groups by either a one-way ANOVA or a Kruskal-Wallis tests (Section
5.3). If the effect was shown to be significant (p < 0.05), a Mann-Whitney or Ryan’s
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multiple comparisons tests were employed. A level of 5% was considered statistically
significant in all statistical tests (p < 0.05).
Multiple regression analysis was also used to determine the correlation between the
biochemical content of the constructs and their associated mechanical properties.

6.3 STUDY 1: Chondrocytes Seeded in Agarose Cylindrical
Constructs

Subjected

to

Continuous

Dynamic

Compressive Strains
A schematic of the mechanical conditioning protocol prescribed to chondrocytes seeded
in agarose cylindrical constructs is illustrated in Figure 6.2.

Figure 6.2 Schematic representing Protocol 1, designed to examine the metabolic response of
chondrocytes seeded in cylindrical constructs and subjected to continuous dynamic
compression.

The performed experiments are summarized in Table 6.2. In experiment V, subsequent
to the application of the loading regimens, a proportion of constructs from control (TL4,
TL8) and strained (SC4, SC8, DC4, DC8) groups which had been pre-cultured for both
2 and 6 days, respectively, were transferred back to free swelling conditions for a total
culture period of 12 days.
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Table 6.2 Summary of the experiments performed in Protocol 1 using cylindrical agarose
constructs.
Exp
ID

N˚ constructs
TL4 SC4
12
12
12
11
5
(5)

I
II
III
IV
V
V*

12
12
9
11
5
(5)

TL3 SC3
11
6

VI
XIV

DC4
12
12
11
11
5
(5)

12
12
12
11
5
(5)

DC3

11
-

11
6

TL8 SC8 DC8 TL12 SC12
12
12
12
11
5
(5)

12
12
12
11
5
(5)

11
5

11
5

TL8 SC8 DC8 TL12 SC12
11
6

11
-

11
6

-

-

DC12
11
5
DC12
-

TLN = tare load day N
SCN = static compression day N
DCN=dynamic compression day N
* Constructs subjected to protocol 1(N) and subsequently maintained in free
swelling condition up to 12 days.

6.3.1 Results
a) Chondrocyte Viability
The cell viability in control (TL) and experimental (SC and DC) constructs was
assessed (Section 2.2.4). The data, in the form of mean percentage viability, is presented
for five separate experiments (Table 6.3).

Table 6.3 Cell viability of chondrocytes seeded in agarose cylindrical constructs associated
with Protocol 1.
Exp
ID
I
III
IV
V
V*
VI

Cells viability (%)
TL4

SC4

DC4

TL8

SC8

DC8

TL12

SC12

DC12

94 ± 4
98 ± 1
95 ± 3
95 ± 1
89 ± 5

91 ± 3
91 ± 4
87 ± 6
85 ± 5
92 ± 3

97 ± 5
97 ± 4
94 ± 4
92 ± 3
97 ± 4

95 ± 5
92 ± 4
96 ± 6
98 ± 2
95 ± 2

93 ± 6
93 ± 6
88 ± 5
88 ± 10
86 ± 6

96 ± 6
97 ± 1
95 ± 4
92 ± 4
98 ±8

94 ± 5
96 ± 4

91 ± 3
89 ± 7

93 ± 6
95 ± 2

TL3

SC3

DC3

TL8

SC8

DC8

TL12

SC12

DC12

96 ± 4

93 ± 6

96 ± 4

95 ± 1

95 ± 4

94 ± 9

-

-

-

* Constructs subjected to protocol 1 and subsequently maintained in free swelling condition up to 12
days.
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Mean values of chondrocyte viability were maintained above 90% for both control
constructs (TL) and constructs subjected to dynamic compressive load (DC) while
constructs exposed to static compression (SC) exhibited slightly lower values of cell
viability (Table 6.3). As an example, in experiment IV, constructs in the groups SC4 (2
days pre-incubation) and SC8 (6 days pre-incubation) exhibited mean values of 87%
and 88%, respectively (Table 6.3). However, close examination revealed no statistically
significant differences between the viability of control and experimental constructs at
different pre-culture time (p > 0.05). In addition, spatial variation of viable and nonviable cells revealed that both were homogeneously distributed within each construct.

b) DNA Content
The absolute values of DNA content for different loading conditions are presented
individually for each experiment in Appendix D (Table D.1).
Mean values of DNA content were estimated for both control (TL) and experimental
(SC and DC) groups at different culture periods. The relationship for the seven
experiments, analysed by linear models, is presented in Figure 6.3. The mean DNA
content in cylindrical constructs for all three groups increased significantly between day
3 (16 h pre-culturing period) and day 12 (10 days pre-culturing period). The differences
between the control (TL) and strained (SC and DC) groups were not statistically
significant (p > 0.05), at the corresponding pre-culture times (Figure 6.3A-C).

c) GAG Synthesis
Absolute values of GAG content are presented individually for each experiment in
Appendix D (Table D.2).
The amount of newly synthesised GAG retained within the construct or released into
culture medium was normalised by corresponding DNA content. The mean values of
newly synthesised GAG either retained within the construct or released into culture
medium for both control and experimental constructs are presented in Figure 6.4 and
6.5, respectively. Linear regression models and corresponding confidence bands (95%
level) were employed to highlight the resulting trends.
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Tare Load

A

p = 0.167

Static Compression

B

p = 0.055

Dynamic Compression

C

p = 0.061

Figure 6.3 DNA content in cylindrical constructs under tare load (A), static compression (B)
and dynamic compression (C) and corresponding regression models for pooled data.

Results exhibited a monotonic increase in GAG synthesis retained within the constructs
with increasing pre-culture time, from 16 hours to 10 days, for either control groups
(TL) or those subjected to static and dynamic compression (Figure 6.4).
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Tare Load

A

p = 0.488

Static Compression

B

p = 0.360

Dynamic Compression

C

p = 0.157

Figure 6.4 Newly synthesised GAG in cylindrical constructs under tare load (A), static
compression (B) and dynamic compression (C) and corresponding regression models for pooled
data.

207

Tare Load

A

p = 0.693

D

Static Compression

B

p = 0.812

E

p = 0.323

Dynamic Compression

C

p = 0.830

F

p = 0.154

p = 0.075

Figure 6.5 Amount of newly synthesised GAG (A-C) and percentage of total proteoglycans (D-F) released into culture medium for cylindrical construct under tare
load (A, D), static compression (B, E) and dynamic compression (C, F) and corresponding regression models for pooled data.
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The linear models revealed an increased content of GAG retained within the constructs
exposed to dynamic compression. This can be illustrated at day 12 where the mean
values for the DC group was 38% and 18% higher than for the corresponding TL
(control) and SC groups, respectively (Figure 6.4).
It was also evident that the amount of proteoglycan released into culture medium for
control and experimental constructs was not affected by an increase in either the preculture periods or by the imposed loading regimens, as illustrated in Figure 6.5A-C.
Moreover, the percentage of total newly synthesized glycosaminoglycan released into
the medium (Table 6.4) appeared to decrease with increasing pre-incubation time. This
trend is very evident for constructs exposed to 48 h of continuous static and dynamic
compression (Figure 6.5E, F), with correlation coefficients which were statistically
significant (p <0.05).

Table 6.4 Percentage of total amount of synthesised GAG released into culture medium for
cylindrical constructs subjected to tare load (TL), static compression (SC) and dynamic
compression (DC).
Exp
ID
I
II
III
IV
V
V*
VI
XIV

% of total GAG released into culture medium
TL4

SC4

DC4

TL8

SC8

DC8

TL12

SC12

DC12

13 ± 2
16 ± 4
20 ± 7
12 ± 2
22 ± 3
19 ± 3

16 ± 2
16 ± 4
22 ± 5
11 ± 4
18 ± 4
24 ± 3

17 ± 3
15 ± 3
20 ± 5
21 ± 1
29 ± 4
25 ± 3

12 ± 1
14 ± 2
24 ± 4
16 ± 3
16 ± 2
23 ± 3

14 ± 2
14 ± 2
24 ± 3
15 ± 3
17 ± 2
25 ± 2

14 ± 3
15 ± 2
27 ± 6
11 ± 2
21 ± 2
24 ± 3

13 ± 1
18 ± 1
-

8±2
17 ± 2
-

11 ± 3
18 ± 3
-

TL3

SC3

DC3

TL8

SC8

DC8

TL12

SC12

DC12

24 ± 3
26 ± 1

24 ± 5
-

29 ± 6
21 ± 2

11 ± 1
14 ± 2

9±2
-

9±1
13 ± 2

-

-

-

* Constructs subjected to protocol 1 and subsequently maintained in free swelling condition up to 12
days.

d) Collagen Synthesis
The mean values of newly synthesised collagen either retained within the construct or
released into the culture medium are shown in Figure 6.6 and Figure 6.7, respectively.
Linear regression models and corresponding confidence limits were employed to
highlight the resulting trends. The data, normalised by corresponding DNA content,
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revealed a small increase in collagen content over the culture period (Figure 6.6A-C).
However, these were only small differences between the three groups, with mean values
of collagen content exposed to dynamic compression (DC group) about 10% higher
than for the corresponding TL and SC groups.
The mean percentage of total collagen synthesised, which was released into the culture
medium ranged between 43% and 62% (Table 6.5).

Table 6.5 Percentage of total amount of newly synthesised collagen released into culture
medium for cylindrical constructs subjected to tare load (TL), static compression (SC) and
dynamic compression (DC).
Exp
ID
I
II
III
IV
V
V*
VI

% of total collagen released into culture medium
TL4

SC4

DC4

TL8

SC8

DC8

TL12

SC12

DC12

53 ± 12
44 ± 6
49 ± 6
43 ± 8
59 ± 5
50 ± 4

54 ± 11
49 ± 4
50 ± 3
42 ± 8
61 ± 1
49 ± 4

57 ± 11
54 ± 5
51 ± 8
42 ± 6
62 ± 1
50 ± 5

45 ± 4
46 ± 9
45 ± 2
47 ± 5
47 ± 2
49 ± 1

49 ± 5
52 ± 7
43 ± 5
54 ± 4
46 ± 1
49 ± 2

53 ± 6
59 ± 7
43 ± 6
53 ± 5
47 ± 1
52 ± 1

49 ± 6
47 ± 1
-

53 ± 6
46 ± 1
-

52 ± 6
48 ± 1
-

TL3

SC3

DC3

TL8

SC8

DC8

TL12

SC12

DC12

45 ± 1

47 ± 2

49 ± 4

46 ± 2

47 ± 2

49 ± 1

-

-

-

* Constructs subjected to protocol 1 and subsequently maintained in free swelling condition up to 12
days.

Furthermore, this released amount was not affected by either the pre-culture periods or
the different loading protocols as illustrated in Figure 6.7. Indeed, results showed no
statistically significant differences in the mean values of the collagen released into the
culture medium between the two experimental groups and the corresponding control
group (p > 0.05).
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Tare Load

A

p = 0.235

Static Compression

B

p = 0.452

Dynamic Compression

C

p = 0.142

Figure 6.6 Newly synthesised collagen in cylindrical constructs under tare load (A), static
compression (B) and dynamic compression (C) and corresponding regression models for pooled
data.
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Tare Load

A

p = 0.240

D

Static Compression

B

p = 0.435

E

p = 0.198

C

Dynamic Compression

p = 0.188

F

p = 0.187

p = 0.051

Figure 6.7 Amount of newly synthesised collagen (A-C) and percentage of total collagen (D-F) released into culture medium for cylindrical construct under tare
load (A, D), static compression (B, E) and dynamic compression (C, F) and corresponding regression models for pooled data.
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e) Effects of Continuous Mechanical Conditioning on Cylindrical Constructs
Examined after Extended Culture in Free Swelling
In one experiment (V), the cultures were extended to include free swelling periods after
exposure to TL, SC or DC, as illustrated in Figure 6.8A. This approach enabled
examination of the effects of imposing unstrained period of free swelling both before
and after the 48 hour of mechanical conditioning.
The resulting DNA content is illustrated in Figure 6.8B, while values for GAG and
collagen, both normalised by DNA content, is indicated in Figures 6.8C-D.

A

B
***
**
*

#

#

#

#

#: statistically different from DC4

C

D

*

#†

**
*

#†: statistically different from TL4(d12) and DC4(d12), respectively.

Figure 6.8 Total amount of DNA (B), normalised GAG (C) and normalised collagen (D)
synthesised and retained within cylindrical constructs subjected to a modified version of
protocol 1 (A) which prescribed a post-culturing period of up to 12 days to constructs precultured for 2 and 6 days and exposed to continuous TL, SC and DC.

Cylindrical constructs pre-cultured for 2 and 6 days, exposed to 48 h of tare load and
static compression and subsequently maintained in free swelling condition for up to 12
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days (TL4(d12), TL8(d12), SC4(d12), SC8(d12)), presented statistically lower values of
DNA content when compared to the corresponding groups, TL12 and SC12, which
were pre-incubated in free swelling for up to 10 days prior mechanical conditioning
(Figure 6.8B).
It is evident that the lowest values of normalised GAG content correspond to the
conditions TL4, SC4 and DC4, which were cultured for a total period of 4 days only
(Figure 6.8C). If the cultures were extended to 8 and 12 days, the normalised GAG
contents were significantly up-regulated, although there were few differences between
the four conditions. Close examination of the three loading regimens for each test
condition suggested lowest values associated with the static loading (SC).
The lowest values of the normalised collagen content again corresponded to the
conditions (TL4, SC4, DC4), which were cultured for a total period of 4 days only
(Figure 6.8D). Pre-culturing as well as post-culturing periods did not appear to
significantly affect the amount of newly synthesised collagen retained within the
construct or released into culture medium (Figure 6.8C).
f) Effects of Continuous Mechanical Conditioning on GAG and Collagen
synthesis by Chondrocytes seeded in Cylindrical Constructs
Figure 6.9 illustrates the amount of GAG (light blue) retained within the construct and
released into culture medium, represented as a percentage of the corresponding control
(TL) for cylindrical constructs from all experiments included in Protocol 1. The
corresponding data for collagen (light red) is illustrated in Figure 6.10.
Results shown that cylindrical constructs incubated for 16 hours and subjected to
continuous dynamic compression for 2 days exhibited a moderate up-regulation of GAG
synthesis of approximately 20% with respect to control constructs (Figure 6.9A). By
contrast, the application of 15% static compressive strain down-regulated GAG
synthesis by an equivalent amount. No statistically significant increase in the amount of
newly synthesised GAG was observed in cylindrical constructs pre-incubated for 2 and
6 days, independently of the prescribed loading regimen (Figure 6.9A). Conversely,
GAG synthesis in constructs pre-cultured for 10 days were up-regulated in both static
and dynamic compressive regimens by 20% and 40%, respectively.
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Construct

A

Culture medium

B

Figure 6.9 Percentage of control (TL) of GAG retained within the construct (A) and released into culture medium (B) for cylindrical constructs pre-cultured for 16
hours and 2, 6 and 10 days and subjected to continuous loading regimens (Protocol 1).

Construct

A

Culture medium

B

Figure 6.10 Percentage of control (TL) of collagen retained within construct (A) and released into culture medium (B) for cylindrical constructs pre-cultured for
16 hours and 2, 6 and 10 days and subjected to continuous loading regimens (Protocol 1).
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In addition, constructs exposed to dynamic compression (DC) strain and pre-cultured
for 16 h, 2 and 10 days, presented an increase in the amount of GAG released into
culture medium by about 27%, 35% and 20%, respectively (Figure 6.9B). The increase
in GAG content was only 7% for constructs pre-cultured for 6 days. Close examination
of the data associated with static compression revealed that, in only one case (SC4),
there was a small relative increase in GAG released in the culture medium.
g) Correlation between Total Amounts of GAG and Collagen in Cylindrical
Constructs Exposed to Continuous Mechanical Conditioning
By pooling all experiments in Protocol 1 (Figure 6.2), a regression analysis can be
performed to correlate the total amount of PG and collagen (retained in construct plus
released in culture medium) for each of the three test conditions. As indicated in Figure
6.11, the resulting linear models slopes were not statistically different from zero (p >
0.05).
Chondrocytes seeded in cylindrical constructs synthesized significantly higher amounts
of GAG when exposed to continuous dynamic compression, with construct pre-cultured
for only 16 hours presenting GAG contents higher than 15 μg/μg DNA.
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Tare Load

A

p = 0.188

Static Compression

B

p = 0.081

Dynamic Compression

C

p = 0.128

Figure 6.11 Regression models illustrating the relationship between the total amount of newly
synthesised GAG and collagen in cylindrical constructs under continuous tare load (A) static
compression (B) and dynamic compression (C).
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6.4 STUDY 2: Chondrocytes Seeded in Agarose Constructs
with Endplates Subjected to Continuous Bi-axial Loading
A schematic of the mechanical conditioning protocol prescribed to chondrocytes seeded
in constructs with endplates is illustrated in Figure 6.12.

Figure 6.12 Schematic representing Protocol 2, designed to examine the metabolic response of
chondrocyte seeded in agarose constructs with endplates and subjected to continuous biaxial
loading.

Histological appearance of the chondrocyte pericellular matrix and its temporal
evolution as function of the applied loading regimen was achieved using H&E and
Picrosirious red staining (experiment XII), as described in Section 5.2.3.
Moreover experiment XIV compared the effects of different loading regimens on both
cylindrical constructs and constructs with endplates, each seeded with freshly isolated
chondrocytes from the same batch. A summary of the performed experiments is
indicated in Table 6.6.
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Table 6.6 Summary of the experiments performed using Protocol2 using agarose constructs
with endplates.

Exp
ID
VII
VIII
XII
XIII
XIV

N˚ constructs
TL3

DC3

DC&DS3

TL8

DC8

DC&DS8

5
10
5
5
6

8
11
5
5
6

11
11
5
6
6

5
5
6

5
6
6

5
6
6

TLN = tare load day N
DCN=dynamic compression day N
DC&DSN=dynamic compression &dynamic shear day N

6.4.1 Results
a) Chondrocytes Viability
The cell viability of control (TL) and experimental (DC and DC&DS) constructs was
assessed after the application of 48 hours loading regimens for two short term
experiments, VII and VIII. As indicated in Table 6.7, the mean values of chondrocyte
viability in constructs with endplates were maintained above 90%. In both experiments,
the percentage viability was not influenced by the applied loading regimen with control
and strained constructs exhibiting comparable values (p < 0.05).

Table 6.7 Cell viability of chondrocytes seeded in agarose constructs with endplates associated
with Protocol 2.
Exp
ID

Cells viability (%)
TL3

DC3

VII 92 ± 2 92 ± 4
VIII 95 ± 3 96 ± 3

DC&DS3
91 ± 1
92 ± 2

b) DNA Content
The mean values of DNA content in control and strained constructs with endplates for
different pre-culture times are indicated in Table 6.8. A detailed statistical analysis of
these results indicated no significant differences (p > 0.05) in the DNA content within
experiments involving the three groups (TL, DC, DC&DS). Moreover, the DNA
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amount did not appear to be significantly influenced by either of the two pre-culture
times, namely, 16 hours and 6 days.

Table 6.8 DNA content in constructs with endplates subjected to tare load (TL), dynamic
compression (DC) and dynamic compression superimposed on dynamic shear (DC&DS) at
different per-culture time (16 hours and 6 days, protocol 2).
Exp
ID
VII
VIII
XII
XIII
XIV

DNA content (μg)
TL3

DC3

DC&DS3

TL8

DC8

DC&DS8

4.55 ± 0.46
4.23 ± 0.36
3.79 ± 0.23
2.87 ± 0.31
4.32 ± 0.39

4.13 ± 0.48
4.40 ± 0.28
3.68 ± 0.32
2.89 ± 0.46
4.21 ± 0.24

4.19 ± 0.44
3.87 ± 0.32
3.49 ± 0.07
4.05 ± 0.56
4.18 ± 0.19

3.77 ± 0.27
2.95 ± 0.61
4.56 ± 0.57

3.76 ± 0.14
2.26 ± 0.40
4.76 ± 0.55

3.85 ± 0.24
3.64 ± 0.36
4.66 ± 0.57

c) GAG Synthesis
Absolute values of GAG content for both construct and culture medium are presented in
Appendix D (Table D.3).
The amount of newly synthesised GAG retained within the construct or released into
culture medium was normalised by DNA content. Results were compared to the
corresponding control group values (TL) for each of the five experiments and illustrated
in Figures 6.13 and 6.14.
It is evident that for both culture periods, in all but two cases (14/16), the proteoglycan
synthesis retained in the constructs with endplates for DC and DC&DS groups was
higher than the corresponding control group (TL). Indeed, the maximum percentage
increase was 40% and 33%, respectively, for the short term culture in experiment XII
(Figure 6.14). In addition for majority of the six experiments, the amount of
proteoglycan released into the culture medium was also higher for the strained groups
when compared to the control group. Accordingly, the continuous loading regimens,
prescribed by Protocol 2 (Figure 6.12) significantly up-regulated the total GAG
synthesised as measured from the sum of that retained in the constructs and released
into the culture medium.
Constructs pre-incubated for 16 hours and exposed to continuous dynamic shear
superimposed on dynamic compression (DC&DS) exhibited an overall up-regulation of
total GAG in construct, which was considerably higher than that measured in both TL
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(control) and DC groups. This is exemplified in experiment VII where the mean values
of GAG content in the DC&DS group were 28% higher that the corresponding control
constructs. By contrast, for long-term experiments (Figure 6.14), in which constructs
were pre-cultured in FS condition for six days, the DC group revealed the highest upregulation in GAG synthesis, when compared to both control and DC&DS groups.
Indeed, the prescribed pre-culturing time appears to strongly influence the GAG
synthesis in constructs subjected to either uniaxial or bi-axial loading regimens. This is
indicated in Table 6.9, which summarises the total GAG synthesis per experiment. This
data revealed that proteoglycans up-regulation was higher for constructs pre-incubated
for 16 hours (short-term experiment) when compared to constructs pre-cultured for 6
days (long-term experiment). This was particularly noted for constructs pre-incubated
for 6 days and exposed to continuous biaxial conditioning for the subsequent 48 hours.

Construct

Culture medium
Exp VII

*
*

Exp VIII

#
*

#

#: statistically different from TL3

Figure 6.13 Percentage of control (TL) of GAG synthesis either retained within the construct
(left) or released in culture medium (right) by chondrocytes seeded in constructs with endplates
subjected to continuous loading regimens (protocol 2) for short-term experiments (16 hours
pre-incubation time).
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Construct

Culture medium
Exp XII

#

#

*

**

#: statistically different from DC&DS3

Exp XIII

*

*
*

Exp XIV

#

#

#: statistically different from TL3

Figure 6.14 Percentage of control (TL) of GAG synthesised either retained within the construct
(left) or released in culture medium (right) by chondrocytes seeded in constructs with endplates
subjected to continuous loading regimens (protocol 2) for long-term experiments (16 hours and
6 days pre-incubation times).

Close examination of the individual data revealed that the percentage of total
proteoglycans released into the medium decreased significantly with increasing preculture time (Table 6.10). Nonetheless, no statistically significant difference were
observed comparing the GAG amount in control (TL) and strained (DC and DC&DS)
constructs within the same protocol. Therefore, it can be assumed that the percentage of
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total GAG released into culture medium is not significantly affected by the prescribed
loading regimen.

Table 6.9 Mean percentage changes in total GAG synthesis for strained groups when compared
to controls for each experiment associated with Protocol 2.
Exp
ID

Total culture(pre-incubation) period
Day 3 (16 hours)

VII
VIII
XII
XIII
XIV

Day 8 (6 days)

DC

DC&DS

DC

DC&DS

25
7
36
5
28

28
26
31
3
23

17
31
14

4
-15
11

Table 6.10 Percentage of newly synthesised GAG released into culture medium for constructs
with endplates pre-cultured for 16 hours and 6 days and subjected to tare load (TL), dynamic
compression (DC) and dynamic shear superimposed to dynamic compression (DC&DS).
Exp
ID
VII
VIII
XII
XIII
XIV

% of total GAG released into culture medium
TL3

DC3

DC&DS3

TL8

DC8

DC&DS8

29 ± 2
28 ± 3
13 ± 1
39 ± 2
28 ± 1

32 ± 2
33 ± 2
10 ± 1
41 ± 3
23 ± 1

32 ± 2
32 ± 2
12 ± 1
33 ± 4
24 ± 1

6±1
13 ± 1
16 ± 1

6±2
14 ± 1
15 ± 1

6±2
13 ± 1
15 ± 1

d) Collagen Synthesis
The absolute values of collagen/DNA either retained within the construct or released
into culture medium are presented for each experiment in Appendix D (Table D.5).
Mean values of newly synthesised collagen/DNA within the construct or released into
culture medium for construct with endplates subjected to mechanical conditioning, as
defined in Protocol 2, are reported as a percentage of the corresponding control groups
(TL) in Figures 6.15 and 6.16. Results indicated a significantly higher up-regulation of
collagen in constructs exposed to continuous dynamic shear superimposed on dynamic
compression (DC&DS) compared to either the control group (TL) or the constructs
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subjected to dynamic compression alone (DC). These were particularly demonstrated in
short-term cultures in experiments VII, VIII and XII, with percentage increases of upregulated collagen retained within the constructs between 56% and 77%, when
compared to the control group (Figures 6.15 and 6.16). A similar trend was also
observed when examining the effects of dynamic shear superimposed on dynamic
compression on the synthesised collagen released into the medium. Indeed, a summary
of the total collagen synthesised per experiment is presented in Table 6.11. This reveals
significant up-regulation in total collagen when constructs were exposed to biaxial
loading, particularly in the short-term experiments involving a 16 hours pre-incubation.

Table 6.11 Mean percentage change in total collagen synthesised for strained groups when
compared to controls for each experiment associated with Protocol 2.

Exp
ID

Total culture(pre-incubation) period
Day 3 (16 hours)

VII
VIII
XII
XIII
XIV

Day 8 (6 days)

DC

DC&DS

DC

DC&DS

9
-6
13
-3
1

52
60
39
18
22

-1
20
-9

21
14
15

Generally, constructs pre-incubated for 16 hours or 6 days and exposed to continuous
dynamic compression (DC) did not consistent exhibit significantly increase in total
collagen content. By contrast, the combination of cyclic shear and compression
(DC&DS) appear to promote a higher up-regulation of both GAG and collagen
primarily for constructs pre-cultured for only 16 hours (Tables 6.9 and 6.11).
The percentage of total collagen released into culture medium for all the experiments
performed employing continuous mechanical conditioning (Protocol 2) is presented in
Table 6.12. This data suggests a small reduction of collagen released into the culture
medium in the longer term experiments. These findings affirm that the percentage
values for collagen are significantly higher than the corresponding values estimated for
newly synthesised GAG (Table 6.10).
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Construct

Culture medium
Exp VII

*
#
#

Exp VIII

#: statistically different from DC&DS3

*

#

#

#: statistically different from DC&DS3

Figure 6.15 Percentage of control (TL) of collagen synthesised and either retained within the
construct (left) or released in culture medium(right) by chondrocytes seeded in constructs with
endplates subjected to continuous loading regimens (protocol 2) for short-term experiments (16
hours pre-incubation time).

Table 6.12 Percentage of newly synthesised collagen released into culture medium for
constructs with endplates pre-cultured for 16 hours and 6 days and subjected to tare load (TL),
dynamic compression (DC) and dynamic shear superimposed to dynamic compression
(DC&DS).
Exp
ID
VII
VIII
XII
XIII
XIV

% of total collagen released into culture medium
TL3

DC3

DC&DS3

TL8

DC8

DC&DS8

65 ± 3
66 ± 3
54 ± 4
53 ± 3
64 ± 2

66 ± 6
66 ± 5
51 ± 4
54 ± 4
63 ± 6

63 ± 6
62 ± 3
48 ± 3
49 ± 3
60 ± 2

48 ± 4
55 ± 4
60 ± 4

46 ± 2
55 ± 1
59 ± 4

44 ± 4
48 ± 1
60 ± 1
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Construct

Culture medium
Exp XII

*

*

*

*

Exp XIII

Exp XIV

Figure 6.16 Percentage of control (TL) of collagen synthesised and either retained within the
construct (left) or released in culture medium(right) by chondrocytes seeded in constructs with
endplates subjected to continuous loading regimens (protocol 2) for long-term experiments (16
hours and 6 days pre-incubation times).

e) Effects of Continuous Mechanical Conditioning on both Construct
Morphologies Seeded with the Same Batch of Chondrocytes
In order to directly compare the effects of continuous loading regimens on the two
construct morphologies, experiment XIV was designed in which one batch of freshly
isolated chondrocytes was seeded into either cylindrical constructs or constructs with
endplates. The results, as illustrated in Figure 6.17, confirmed no statistically
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significant differences in the DNA and collagen content (p > 0.05) for constructs of
equal morphology cultured under TL and DC and pre-cultured for either 16 h or 6 days
(Figure 6.17A, C). Similarly, there were no statistical significant differences between
cylindrical construct and constructs with endplates at the same pre-culture time (p <
0.05).

Experiment XIV (continuous)
A

B

C

Figure 6.17 Comparison of DNA (A), GAG (B) and collagen (C) content in cylindrical
constructs and constructs with endplates produced from the same batch of freshly isolated
chondrocytes (experiment XIV) subjected to continuous dynamic compression.
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The mean values of GAG for control and strained constructs at different pre-culturing
periods and the corresponding amount released into culture medium for both construct
morphologies are indicated in Figure 6.17B. Results confirmed a statistically
significant increase (p < 0.05) of the total normalised GAG content in constructs
exposed to continuous dynamic compression when compared to the corresponding
control groups (TL) in both construct morphologies, for both pre-incubation periods.
However, for corresponding pre-incubation periods the differences were not statistically
significant between construct morphologies.

f) Correlation between Total Amounts of GAG and Collagen in Constructs with
Endplates Exposed to Continuous Mechanical Conditioning
A regression analysis was performed to correlate the total amount of newly synthesised
GAG and collagen detected in both constructs and culture medium (Sections 2.3) for
control and strained constructs subjected to the different loading regimes as prescribed
by Protocol 2 (Figure 6.12).
Results illustrated in Figure 6.18, suggest that chondrocytes encapsulated in agarose
constructs with endplates synthesized significantly higher amounts of normalised GAG
when exposed to continuous dynamic compression compared to the control group (TL)
and to constructs subjected to bi-axial loading regimen.

Figure 6.18 Regression models illustrating the relationship between the amount of newly
synthesised GAG and collagen in constructs with endplates under continuous tare load (green)
dynamic compression (red) and dynamic shear superimposed to dynamic compression (black).
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This effect appears more evident in constructs pre-cultured for 6 days which presents
mean values in excess of 25 μg/μg DNA (Figure 6.18). However, the increase in GAG
content was accompanied by no statistically significant increase in normalised collagen
content. This occurrence was restricted to long-term experiments characterised by a preculture time of 6 days.
Noticeably, for short-term experiments (16 hours pre-culture time) the total amount of
newly synthesized collagen in construct and culture medium was significantly higher in
the DC&DS group compared to the corresponding control and DC groups, although
there were no corresponding differences in the GAG content (Figure 6.18). The
influence of DC&DS were less marked for constructs pre-cultured for 6 days, although
the corresponding mean values of collagen contents were still elevated when compared
with TL and SC groups.

g) Histological Investigation: Examination of Chondrocyte Organization and
Extracellular Matrix Synthesis
The histological analysis was performed on control and strained chondrocyte-seeded
constructs with endplates subjected to continuous loading regimens (experiment XII,
Protocol 2). The GAG and collagen accumulation and their pericellular distribution
were evaluated by qualitative analyses using H&E and picrosirrius red staining, for
constructs pre-cultured for both 16 hours and 6 days and subjected to tare load (TL Figure 6.19), dynamic compression (DC - Figure 6.20) and dynamic shear
superimposed on dynamic compression (DC&DS - Figure 6.21).
Results from two sections of the constructs indicated minor changes in cellular
morphology for the different loading regimens. By contrast, the proliferation was
distinctly higher within the strained groups (DC and DC&DS), which were preincubated for 6 days (data not showed).
Moreover, as previously observed for chondrocytes seeded agarose constructs cultured
in free swelling condition for different periods (Figures 5.22, 5.23), the chondrocytes
diameters appeared to vary with pre-culture time, with chondrocytes incubated for 6
days considerably larger than in the short-term experiments. In addition, loading
regimens appeared to influence the chondrocyte dimensions. This effect is particularly
evident in the case of dynamically compressed chondrocytes for both pre-culturing
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periods (Figure 6.20). It is most probable that the increased cell volume reflect an
enhanced metabolic activity triggered by the defined mechanical load regimens.
Examination of the histological sections stained with H&E shown the formation of a
significant amount of pericellular matrix around individual chondrocytes pre-incubated
for 6 days for both the control (TL8) and strained groups (DC8 and DC&DS8). By
contrast, a modest amount of pericellular matrix was evident in constructs pre-cultured
for 16 hours.
It can also be noted that the amount of ECM surrounding each chondrocyte appear to be
strongly influenced by the prescribed loading regimen. Indeed constructs subjected to
continuous DC&DS presented a broader and more intensely stained halo around the cell
(Figure 6.21) when compared to both the control (TL) and dynamically compressed
(DC) groups, for both short and long-term experiments. Of the latter two groups,
dynamic compression yielded more intensive H&E staining around individual
chondrocytes (Figure 6.20A-C compared with Figure 6.19A-C).
Top and middle sections of the cell seeded constructs were also stained with picrosirus
red in order to highlight the presence of collagen. Both the mechanically conditioned
groups demonstrated positive staining for both culture periods. However, sections from
the control group (TL3, TL8) exhibited only a weak staining intensity (Figure 6.19B,
D) corresponding to the minimal collagen synthesis. In constructs subjected to
continuous dynamic compression the staining for collagen was relatively modest and
mainly localized around the cell membrane, for both pre-culturing periods (Figure
6.20B, D). By contrast, a considerably higher amount of collagen was observed in the
pericellular microenvironment of constructs subjected to biaxial loading (DC&DS)
(Figure 6.21B, D). Indeed, there was an intense band immediately adjacent to the cell
membrane with a more diffuse surrounding area of less intense staining (Figure 6.21 B,
D). This pattern of staining was more evident in the long-term cultures.
No differences were observed in the morphology and chondron formation of
chondrocytes present in the top section of the construct compared to those in its middle
section for either of the extracellular matrix components.
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TL3-H&E
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Figure 6.19 Microscope images of single optical sections labelled with H&E (A, C) and Picrosirius red (B, D) stains illustrating the top (1-4) and middle (5-8)
sections of chondrocytes seeded in constructs with endplates, pre-cultured for 16 h (A, B) and 6 days (C, D) and subjected to TL (Exp. XII, protocol 2). Scale bar:
100 µm (63x).
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Figure 6.20 Microscope images of single optical sections labelled with H&E (A, C) and Picrosirius red (B, D) stains illustrating the top (1-4) and middle (5-8)
sections of chondrocytes seeded in constructs with endplates, pre-cultured for 16 h (A, B) and 6 days (C, D) and subjected to DC (Exp. XII, protocol 2). Scale bar:
100 µm (63x).
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Figure 6.21 Microscope images of single optical sections labelled with H&E (A, C) and Picrosirius red (B, D) stains illustrating the top (1-4) and middle (5-8)
sections of chondrocytes seeded in constructs with endplates, pre-cultured for 16 h (A, B) and 6 days (C, D) and subjected to DC&DS (Exp. XII, protocol 2). Scale
bar: 100 µm (63x).
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6.5 STUDY 3: Chondrocytes Seeded in Agarose Constructs
with Endplates Subjected to Intermittent Bi-axial Loading
In the third study chondrocytes seeded in agarose constructs with endplates were precultured unstrained (FS) for either 16 hours (short-term experiment) or 6 days (longterm experiment), prior to the application of intermittent mechanical stimulation. A
schematic of the mechanical conditioning protocol, designated Protocol 3, is presented
in Figure 6.22. Both uniaxial (DC) and bi-axial (DC&DS) cyclic strains were applied
for 10 minutes followed by an unstrained period of 350 minutes, repeated 8 times over a
48 hours period. A summary of the performed experiments is indicated in Table 6.13.
Moreover experiment X compared the effects of different loading regimens on both
cylindrical constructs and constructs with endplates, seeded with freshly isolated
chondrocytes from the same batch.
In experiment IX, the cell viability from control (TL) and both strained (DC and
DC&DS) constructs, was assessed immediately after the application of 48 hours
intermittent loading regimens at day 3 and 8.

Figure 6.22 Schematic representing the Protocol 3 designed to examine the metabolic response
of chondrocyte seeded in agarose constructs with endplates and subjected to intermittent biaxial
loading.
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Table 6.13 Summary of the experiments performed in Protocol 3.
Exp
ID
IX
X
X*
XI

N˚ constructs
TL3

DC3

DC&DS3

TL8

DC8

DC&DS8

6
6
5
6

6
5
5
6

6
6
6

6
6
6

6
6
6

6
6

TLN = tare load day N
DCN=dynamic compression day N
DC&DSN=dynamic compression &dynamic shear day N
*Cylindrical constructs

6.5.1 Results
The absolute values of DNA content and of newly synthetized GAG/DNA and
collagen/DNA within the constructs and released in culture medium are presented
individually for the three experiments in Appendix D (Tables D.1, D.3 and D.5).
a) Chondrocytes Viability
The mean values of chondrocyte viability in construct with endplates exposed to
intermittent loading regimens was maintained above 90% for both control and strained
constructs, with mean values of 97 ± 3 %, 95 ± 5 % and 98 ± 6 % for TL, DC and DC&DS
groups, respectively. These results are equivalent to those previously observed for
cylindrical constructs (Protocol 1), and construct with endplates exposed to continuous
loading regimens (Protocol 2). Moreover, in the current experiments the differences
between the control and both strained groups were not statistically significant (p <
0.05).
b) DNA Content
Mean values of DNA content, estimated as a function of the imposed mechanical
regimen and corresponding pre-culture time are reported in Table 6.12. The mean
values in constructs with endplates exposed to intermittent loading regimens (Protocol
3), were comparable for control constructs (TL) and both DC and DC&DS constructs.
There were no statistically significant differences between these groups. For both short
(16 hours pre-culture) and long (6 day pre-culture) term experiments.
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Table 6.14 DNA content in constructs with endplates subjected to tare load (TL), dynamic
compression (DC) and dynamic compression superimposed on dynamic shear (DC&DS) at
different per-culture time (16 hours, 6 days, protocol 3).
Exp
ID
IX
X
X*
XI

DNA content (μg)
TL3

DC3

DC&DS3

TL8

DC8

DC&DS8

3.64 ± 0.27
3.61 ± 0.55
3.60 ± 0.13
4.48 ± 0.26

3.58 ± 0.31
3.42 ± 0.22
3.57 ± 0.27
4.45 ± 0.19

3.58 ± 0.15
3.63 ± 0.23
4.49 ± 0.26

3.68 ± 0.34
3.80 ± 0.33
4.25 ± 0.39

3.41 ± 0.66
3.85 ± 0.35
4.78 ± 0.42

3.79 ± 0.27
4.78 ± 0.32

*Cylindrical constructs

c) GAG Synthesis
The mean values of newly synthesised GAG, normalised by the corresponding DNA
content, either retained within the construct or released into culture medium for control
and strained construct subjected to intermittent loading are illustrated in Figure 6.23.
Constructs with endplates pre-cultured for 16 hours and exposed to either compressive
loading regimens exhibited a significant up-regulation of GAG synthesis when
compared to the corresponding control constructs (TL). Indeed the mean values of GAG
up-regulation ranged between 31% to 56% and 26% to 51% for DC and DC&DS
groups, respectively (Figure 6.23). The trends were less clear in the long term
experiments with a pre-culturing period of 6 days (Figure 6.23). Thus, in experiment X
there was an up-regulation in normalised GAG synthesis for both DC and DC&DS
whereas, in experiment XI, there was a reduction in strained groups compared with the
control (TL) group. These findings are reinforced in Table 6.15, which summarises the
total GAG synthesis per experiment.

Table 6.15 Mean percentage change in total GAG synthesised for strained groups when
compared to controls for each experiment associated with Protocol 3.
Exp
ID

Total culture(pre-incubation) period
Day 3 (16 hours)

IX
X
XI

Day 8 (6 days)

DC

DC&DS

DC

DC&DS

28
43
25

25
54
22

29
-5

17
-12
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It is interesting to note, however, that the retention rate of GAG within the constructs
appears to be promoted in the long term experiments, particularly in the case of the
biaxial strained (DC&DS) constructs (Table 6.16).

Construct

Culture medium
Exp IX

#

#

#: statistically different from TL3

Exp X

#

#
#

#

#: statistically different from DC&DS3

#: statistically different from TL3

Exp XI

#

#

*

#: statistically different from DC&DS3

Figure 6.23 Percentage of control (TL) of GAG retained within the construct (left) and released
in culture medium(right) synthesised by chondrocytes seeded in constructs with endplates
subjected to intermittent loading regimens (protocol 3) for short (Exp IX and X) and longterm(Exp XI) experiments.
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Table 6.16 Percentage of total amount of synthesised GAG released into culture medium for
both construct morphologies subjected to the three different mechanical conditioning protocols.
Exp
ID
IX
X
X*
XI

% of total GAG released into culture medium
TL3

DC3

DC&DS3

TL8

DC8

DC&DS8

39 ± 2
22 ± 7
19 ± 5
23 ± 2

30 ± 4
15 ± 6
16 ± 4
20 ± 1

30 ± 3
24 ± 4
21 ± 1

20 ± 2
17 ± 2
15 ± 5

18 ± 1
16 ± 2
13 ± 2

17 ± 1
12 ± 3

* Cylindrical constructs

d) Collagen Synthesis
The mean values of total collage/DNA either retained within the constructs or released
into the medium for control and strained constructs subjected to intermittent loading are
illustrated in Figure 6.24.
Intermittent dynamic compression (DC) prescribed for a 48 hour period, did not
consistently alter the collagen content retained in constructs and released into the
medium when compared with the control group (TL) for both short (16 hours preincubation) or long (6 days pre-incubation) term experiments (Figure 6.24). The main
exception to this trend was in experiment IX, in which the DC group showed a small
collagen up-regulation after 16 hours of pre-incubation.
The total collagen synthesis per experiment is summarised in Table 6.17.

Table 6.17 Mean percentage change in total collagen synthesised for strained groups when
compared to controls for each experiment associated with Protocol 3.
Exp
ID

Total culture(pre-incubation) period
Day 3 (16 hours)

IX
X
XI

Day 8 (6 days)

DC

DC&DS

DC

DC&DS

15
-9
-7

19
3
10

6
-14

20
3

Intermittent dynamic shear superimposed on dynamic compression produced a
moderate overall collagen enhancement in constructs incubated for 16 hours, with
maximum values of the percentage of control equal to 19% (experiment IX).
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In agreement with previous results, in experiment XI, constructs incubated for 6 days
and subjected to intermittent DC&DS exhibited lower increase in collagen content of
only 3% when compared to short-term experiments. Noticeably, in experiment X this
trend appeared to be reversed with constructs pre-cultured for 16 hours and 6 days
presenting an overall collagen up-regulation of 3% and 20% respectively when
compared to the corresponding control groups, TL3 and TL8.

Construct

Culture medium
Exp IX

*

Exp X

Exp XI

Figure 6.24 Percentage of control (TL) of collagen retained within the construct (left) and
released in culture medium(right) synthesised by chondrocytes seeded in constructs with
endplates subjected to intermittent loading regimens (protocol 3) for short (Exp IX and X) and
long-term(Exp XI) experiments.

239

Chapter 6: Effects of Different loading regimens on the Metabolic Activity of
Chondrocytes Seeded in Agarose Construct

There was not statistically significant increase in the percentage of newly synthesized
collagen released into the medium from agarose-chondrocyte constructs subjected to
intermittent dynamic compression and intermittent dynamic shear & compression
strains compared with unstrained control values (Figure 6.24).
Results presented in Table 6.18 revealed significant percentage mean values (50-63%)
for collagen released into the medium.
However, the differences were not statistically significant (p > 0.05) between the two
strained groups (DC and DC&DS) and their corresponding control (TL).

Table 6.18 Percentage of total amount of synthesised collagen released into culture medium for
both the construct morphologies subjected to the three different mechanical conditioning
protocols.

Exp
ID
IX
X
X*
XI

% of total collagen released into culture medium
TL3

DC3

DC&DS3

TL8

DC8

DC&DS8

52 ± 6
55 ± 6
61 ± 7
59 ± 6

50 ± 4
52 ± 6
63 ± 3
63 ± 4

55 ± 5
55 ± 3
60 ± 1

57 ± 6
58 ± 3
58 ± 3

58 ± 5
57 ± 2
56 ± 7

52 ± 3
54 ± 5

* Cylindrical constructs

e) Effects of Intermittent Mechanical Conditioning on both Constructs
Morphologies Seeded with the Same Batch of Chondrocytes
In experiment X, the effects of intermittent loading regimens were tested on both
cylindrical constructs and constructs with endplates containing the same batch of freshly
isolated chondrocytes (Figure 6.25). Results revealed differences which were not
statistically significant (p > 0.05) for either DNA or normalised collagen synthesis
between the two construct morphologies for either short term and long term cultures
(Figure 6.25A, C). This was the case for both TL and DC groups. In a similar manner,
normalised GAG synthesis was not significantly different in the two construct
morphologies. However, as in previous data, total GAG synthesis was enhanced with
dynamic compression (Figure 6.25B).
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Experiment X (intermittent)
A

B

C

Figure 6.25 The effects of dynamic compression on freshly isolated chondrocytes seeded in
either constructs with endplates or cylindrical constructs (denoted by (C)) on the DNA A),
normalised GAG B) and normalised collagen C).
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f) Correlation between Total Amounts of GAG and Collagen in Constructs with
Endplates Exposed to Intermittent Mechanical Conditioning
A regression analysis was performed to correlate the total amount of newly synthesised
GAG and collagen detected in both constructs and culture medium (Sections 2.3) for
control and strained groups subjected to the loading regimens as prescribed by Protocol
3 (Figure 6.26). Results showed that chondrocytes seeded in agarose constructs with
endplates pre-cultured for 16 hours synthesized significantly higher amounts of GAG
when exposed to intermittent DC and DC&DS compared to control (TL) group. Close
examination reveals that in the short-term experiments both the dynamic loading
regimens produced equivalent values of GAG in the constructs with endplates, although
the normalised collagen synthesis was enhanced in the DC&DS group. It was evident
with the long term experiments (6 days pre-incubation) all group yielded enhanced
GAG synthesis values, particularly those associated with dynamic compression. By
contrast, the comparable data for normalised collagen synthesis was consistently lower
than in short term experiments.

Figure 6.26 Regression models illustrating the relationship between the amount of newly
synthesised GAG and collagen in constructs with endplates under intermittent tare load (green)
dynamic compression (red) and dynamic shear superimposed to dynamic compression (black).
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6.6 Discussion
Mechanical conditioning plays a pivotal role in modulating the biosynthetic activity of
chondrocytes. In several studies involving cartilage explants (Raveenthiran et al., 2009;
Fitzgerald et al., 2006; Darling et al., 2005; Jin et al., 2001) and chondrocyte-seeded
scaffold (Ng et al., 2009; Pingguan-Murphy et al., 2006; Kisiday et al., 2004; Waldman
et al., 2003; Mauck et al. 2000; Bader and Lee, 2000) a strong correlation was reported
between the application of mechanical loads and the composition and organization of
the ECM. The resulting local deformations evoke a number of events involving, for
example, alterations in cell structure and volume each of which are implicated in
chondrocyte mechanotransduction (Quinn et al., 1998). Indeed, variations in
chondrocyte volume have been shown to generate alterations in several trans-membrane
transport mechanisms (Urban et al., 1993; Hall, 1995; Wright et al., 1996; Guilak et al.,
1994), while the deformation of nucleus and intracellular organelles has been related to
changes in ECM synthesis (Buschmann et al., 1996; Quinn et al., 1998; Janmey, 1998).
However, despite numerous investigations the precise modalities for active remodelling
of the ECM via mechanotransduction remain unclear.
The composition of the ECM is known to be critical for the normal chondrocyte
metabolism, since its structure and function significantly influence the mechanical
environment of the embedded chondrocytes (Quinn et al., 2002; Poole et al., 1997;
Poole et al., 1991), regulating the magnitude of internal deformation and fluid flow
experienced by the cells during physiological loading and contributes to metabolic
processes such as retention, assembly and spatial migration of newly synthesised
macromolecules within the pericellular matrix.
The application of dynamic compression, at well-defined load amplitudes and
frequencies, has been shown to up-regulate the proteoglycans synthesis by chondrocytes
seeded in polymeric scaffolds (Chowdhury et al. 2003; Mauck et al., 2000; Kisiday et
al., 2004; Roberts et al., 2001; Buschmann et al., 1995; Davisson et al., 2002). The
corresponding synthesis of collagen was modest. However, investigations of the effects
of alternative loading regimens on the chondrocytes anabolic and catabolic responses
suggested that dynamic shear loads can up-regulate collagen synthesis (Ng et al. 2009;
Fraser et al, 2006; Wimmer et al., 2009; Jin et al., 2001; Fitzgerald et al., 2006;
Waldman et al., 2003). Accordingly, the present work describes a series of experiments
designed to examine the metabolic response of chondrocytes seeded in agarose
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constructs to dynamic shear strains superimposed on dynamic compression, when
compared with dynamic compression alone. Furthermore, the effects of continuous and
intermittent loading regimens and varying periods of pre-culture on the ECM evolution
were examined, with particular reference to collagen production and organization
around single chondrocytes.
Study 1 (Section 6.3) investigated the metabolic response of chondrocytes seeded in
cylindrical constructs and subjected to continuous loading regimens. It revealed a
biosynthetic activity comparable with that reported from studies in the host laboratory
(Chowdhury et al. 2008; Chowdhury et al. 2003; Bader and Lee, 2000; Lee and Bader,
1997), using a previous version of the bioreactor system albeit with an identical Perspex
culture chamber (Figure 3.16).
As revealed in Chapter 5, the findings associated with the specially designed constructs
with endplates were very similar to those observed with cylindrical constructs for all
test conditions i.e. accommodating various pre-culture periods and loading modalities.
Additionally, the application of cyclic compression on constructs will promote fluid
flow and, in turn, enhance the diffusion behaviour of metabolites, thereby reducing the
moderate differences in GAG content observed for the two constructs morphologies in
the free swelling state (Figure 5.7).
Assessment of the cell viability of chondrocyte seeded in control constructs (TL) and
constructs subjected to cycling loading, (DC and DC&DS) demonstrated high values
(Tables 6.3 and 6.7) and low proliferation rates with culture period (Figure 6.3, Tables
6.8 and 6.14). Again these findings were observed for various pre-culture periods and
loading modalities (intermittent or continuous). Furthermore, values of cell viability for
cylindrical constructs and constructs with endplates were comparable. However,
cylindrical constructs exposed to 15% continuous static compression presented slightly
lower values for cell viability (~87%) than the other two groups (Table 6.3). These
findings are consistent with previous in vivo and in vitro studies for which static
compression of cartilage tissue decreased chondrocyte viability and inhibited the
synthesis of aggrecan (Buschmann et al., 1996; Ramage et al., 2009). These effects are
related to limitations in the diffusive transport of nutrients and small molecules in the
serum-supplemented medium, induced by static compression.
Biochemical and histochemical findings demonstrated a consistent synthesis of
proteoglycans and their deposition in the pericellular region (PCM) of the chondrocyte
(Figures 6.19-6.21), with a more significant GAG up-regulation in the case of
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constructs exposed to continuous dynamic regimens (DC and DC&DS) (Figures 6.20 6.21). A monotonic increase in GAG synthesis with increasing pre-culture time was
observed for both construct morphologies with either continuous or intermittent loading.
The temporal evolution of GAG content within the construct was associated with a
moderate reduction in the proportion of total GAG released into the culture medium
(Figure 6.5 and Tables 6.10 and 6.16). The observed GAG up-regulation is consistent
with findings of previous investigations on the synthesis of proteoglycan in cyclically
compressed gels (Lee and Bader, 1997). The deposition of proteoglycans and their
localization around the chondrocytes may be prompted by the cells to provide a
competent structure to withstand the imposed loads. Indeed the formation of a
chondron-like structure, also revealed in Figures 5.16 and 5.20, may alter both the
magnitude and the modality by which the mechanical loads are perceived by the
chondrocytes modifying their biosynthetic response.
It is important to note that in the extended experiment V (Figure 6.8A), cylindrical
constructs pre-incubated for only 2 days and post-cultured for up to 12 days presented
the highest content of newly synthesised GAG (Figure 6.8C). This suggests that preculturing times lower than 6 days may be more suitable than longer pre-culturing
periods when coupled with biomechanical conditioning protocols. It is also suggested
that the remodelling of the pericellular matrix represent a priority in chondrocytes
seeded in agarose constructs, particularly when exposed to dynamic compressive loads.
The superposition of dynamic shear on dynamic compression (DC&DS), which was
only possible for constructs with endplates significantly increased collagen content
without compromising the degree of GAG synthesis (Figures 6.18 and 6.26). These
effects were more pronounced with continuous biaxial loading (~60% in experiment
VIII), compared with intermittent biaxial loading (~19% in experiment IX).
Several studies observed that intermittent strain regimes can be beneficial to the
biosynthetic activity of chondrocytes (Burton-Wurster et al., 1993) and also bone cells
(Robling et al., 2001). A possible mechanism underpinning those findings is that during
un-stimulated periods, cells metabolism can be regulated in an autocrine manner by
growth factors, which have been produced during the period of mechanical stimulation.
Moreover, the application of continuous loading regimen may lead to an “overuse” or
fatigue of mechanosensors and/or signalling pathways and as a consequence trigger a
catabolic response, which may be associated with a protracted decrease in protein
synthesis (Cilli et al., 2004). In such cases, a refractory period is required to recover
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from the prolonged periods of continuous loading. It is interesting to note that
Chowdhury and colleagues (2004) reported that the application of dynamic compressive
strain once a day for 1.5 hours, equivalent to 5400 duty cycles, was sufficient to
enhance both the biomechanical and physiological properties of chondrocytes cultured
in agarose gel. Consequently, it can be hypothesized that prolonged continuous loading
regimen may not be a requirement for tissue homeostasis.
The free swelling pre-culture period prior to biomechanical conditioning appeared to
greatly influence the synthesis of collagen (Table 6.11). As an example, in experiment
VIII constructs pre-cultured for 16 hours and exposed to 48 hours of DC&DS
demonstrated an up-regulation of collagen of approximately 77% within in the construct
and also an increase of 52% released into the culture medium when compared to the
corresponding control groups (Figure 6.15).
Regardless of the significant up-regulation of collagen content observed in study 2, its
retention rate within the construct was moderate leading to approximately 50 to 60% of
the newly synthesised collagen released into culture medium (Tables 6.12 and 6.17). It
might be suggested that the modalities by which DC&DS were applied only partially
promote the process of maturation of the low molecular weight collagen molecules
synthesised. Noticeably, the application of dynamic compression alone to the constructs
with endplates revealed no major effects on the rate of collagen synthesis (Table 6.11)
or in its segregation into the construct, confirming several previous studies (Chowdhury
et al., 2001; Chowdhury et al., 2001; Bader and Lee, 2000).
Collagen synthesis and retention within cylindrical constructs appeared not to be
influenced by the conditioning regimen prescribed by Protocol 1 and only partially
enhanced by prolonged pre-culturing times of up to 10 days (Figure 6.5).
The histological analysis of constructs with endplates, pre-cultured for 6 days and
mechanically conditioned by DC&DS for 2 days, showed an increased segregation of
the newly synthesised collagen within the PCM surrounding the chondrocytes (Figure
6.27). Microscope images of stained sections of chondrocytes seeded in agarose
constructs and exposed to the different loading regimens prescribed by study 2
(experiment XII) revealed a consistent production of ECM and its localisation mainly in
the pericellular capsule formed around chondrocytes. The amount of ECM synthesised
and its organization around the cell were strongly influenced by:
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•

the construct pre-culture time, with increased matrix accumulated in constructs
incubated for 6 days when compared to constructs incubated for only 16 hours,
for all the loading conditions;

•

the prescribed loading regimen, with constructs subjected to dynamic shear
superimposed on dynamic compression exhibiting considerably enhanced
quantities of ECM when compared with constructs exposed to dynamic
compression only or tare load (DC&DS > DC > TL).

H&E stain

Pre-culture time
6 days
16 hours

6 days

DC&DS

DC

TL

16 hours

Picrosirius red stain

Figure 6.27 Microscope images of single optical sections labelled with H&E (left) and
Picrosirius red (right) stains illustrating chondrocytes seeded in constructs with endplates, precultured for 16 h and 6 days and subjected to TL, DC and DC&DS (Exp. XII, protocol 2). Scale
bar: 100 µm (63x).

Indeed, the development of a dense proteoglycan layer surrounding the chondrocytes
may contribute to the improved retention of collagen molecules which may, in turn, lead
to the production of a more organized collagen network.
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Close examination of the histological results revealed the presence of radial variations
in the staining intensity of the pericellular capsule for both control (TL) and strained
(DC and DC&DS) constructs pre-cultured for 6 days and labelled with H&E (Figure
6.27). As previously reported (Knight et al., 1998; Poole et al., 1992), this
inhomogeneity appears to be a function of the distance from the cell membrane.
Noticeably, constructs exposed to biaxial loading were characterized by a more
homogeneous staining of the capsule when compared to TL and DC groups (Figure
6.27) and also to free swelling constructs (Figure 5.22 and 5.23). Furthermore, the
unstained gap region between the PCM and the cell membrane, described in Chapter 5,
was clearly reduced or, in some cases, absent. In biaxial constructs, the gap was
replaced by a dense collagen capsule around the chondrocytes (Figure 6.28).

A

B

Figure 6.28 Microscope images of single optical sections labelled with H&E (A) and
Picrosirius red (B) stains illustrating chondrocytes seeded in constructs with endplates, precultured for 6 days and subjected DC&DS. Scale bar: 50 µm (63x).

Results of the histological analysis revealed that loading regimens appeared to also
influence the cell volume, independent of the pre-culturing period. For example,
dynamically compressed constructs revealed hypertrophic chondrocytes, of diameters
often in excess of 15 µm, when compared to cells in TL constructs. This occurrence
may be correlated to an enhanced cell activity triggered by alterations in the
chondrocytes mechanical environment of the cell niche and also to the progressive
matrix production with time.
The present series of experiments demonstrate the validity of the proposed in vitro
model and the prescribed conditioning protocols. They also strongly suggest that
proteoglycan and collagen synthesis may be triggered by uncoupled mechanosensitive
cellular responses. Indeed, GAG synthesis appear to be up-regulated predominantly by
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continuous dynamic compressive loads prescribed on chondrocyte-seeded constructs
incubated in free-swelling condition for only 16 hours. By contrast, enhanced collagen
synthesis associated with slightly lower GAG content is evident in constructs and
medium after exposure to continuous biaxial loading regimen (DC&DS) (Figures 6.18
and 6.26). Moreover, even if the biochemical results suggest a more consistent
enhancement of collagen synthesis in constructs pre-incubated for 16 hours, the
histological analyses revealed higher collagen segregation within the PCM structure of
chondrocytes pre-cultured for 6 days (Figure 6.27). This feature may contribute to the
formation of a more mature and mechanically efficient chondron-like structure.
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7.1 Introduction
The present work has investigated the biosynthetic response of chondrocytes to complex
mechanical stimulation, with particular reference to both the modalities by which the
loading regimens are applied and the deformation experienced during normal joint
activities. This was achieved through a combination of experimental and computational
methodologies. An overview of the methods employed and the approaches undertaken
is provided in Figure 7.1. In combination, they were employed to test the overall
hypothesis that a complex loading modality, incorporating dynamic shear superimposed
on dynamic compression, is required to enable a composition of solid ECM similar to
native cartilage to progressively develop with time.

Existing knowledge
Cylindrical chondrocyteagarose construct

Mechanical
evaluation
Diffusion
evaluation 4
FRAP 4

2

Hypothesis
The imposition of shear on direct
compression
will
up-regulate
collagen production in chondrocytes
seeded in agarose constructs

Short term studies
Uniaxial loading
GAG up-regulation
Cell proliferation

FINITE ELEMENT
ANALYSIS
Elastic model

Design and evaluation
of novel construct
with endplates

Diffusion model

Diffusion
experiments 4

Design, build and
validate Bioreactor 3

Biphasic porousviscoelastic model
Deformation
of cells
4

Endplate
constructs

Cylindrical
constructs

Mechanical biaxial
conditioning
Long term study 6

Free swelling study
Long term study 5

Mechanical evaluation
Histological analysis
Developed collagen assay
Development of
enhanced neo-cartilage

Figure 7.1 General schematic of the overall study. Numbers represent the chapters in the thesis.
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7.2 Advantages of the Developed Bi-axial Mechanical
Loading System
The current study has successfully designed and validated an in vitro bioreactor system
for the accurate and reproducible application of defined cyclic compression and shear,
separately or simultaneously, to a culture model in the form of a 3D chondrocyte-seeded
agarose construct. The bioreactor can be implemented to apply biaxial loading regimens
for 48 hours to twelve samples using a wide range of strains and frequencies. The use
of 12 individual chambers provides sufficient replicates for separate batches of
chondrocytes with each representing an independent test condition (Yusoff et al., 2011).
Therefore, unforeseen failure of a single construct does not compromise the entire set of
samples within an experiment. The design also included 12 unstrained constructs, acting
as tare load controls, which were also incorporated within a 24 well plate.
Precision-made commercial actuators for compressive and shear deformations were
incorporated into the bioreactor design to deliver well defined strains to the small
individual constructs. The bioreactor is equipped with a novel gripping mechanism,
involving custom-made nylon endplates and cup-shaped loading pins, designed to
overcome the lift-off phenomenon from individual constructs (Lee et al., 1998). The
gripping mechanism demonstrated both high functionality and a considerably superior
performance compared to systems employed in previous studies (Pingguang and Nawi,
2012; Pingguan-Murphy et al., 2006; Yusoff et al., 2011; Waldman et al., 2007; Jin et
al., 2001). The introduction of nylon endplates, as opposed to the sintered glass
endplates adopted previously in the host laboratory (Sawae et al., 2004; Yusoff et al.,
2011), in conjunction with an improved loading pin design (Figure 3.1), ensured the
transmission of precise shear strains to the specimen during the loading period. The
lightweight endplates offered additional features, namely, to
•

minimise the static preload applied to the constructs,

•

facilitate sample hydration without obstructing the nutrients diffusion within the
hydrogel,

•

ensure mechanical stability of the construct,

•

enable the accurate positioning of the sample in the centre of the well and its
easy removal from the culture plate avoiding direct contact with the agarose.
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These features have made the in vitro bioreactor ideally designed to enable a systematic
investigation of the biosynthetic response of chondrocytes with particular reference to
the differential effects of dynamic shear strains (Figure 3.16).

7.3 Efficacy of the Implemented FE Models
The combined approach employed in the study has incorporated both experimental and
computational methods. Robust Finite Element (FE) models of the novel sample
morphology and endplates were developed and implemented as an optimization tool in
the design phases of the bioreactor (Figure 3.6). FE models were also used to define
the internal and local strain magnitudes and deformation modalities of cells within the
agarose construct subjected to the complex loading regimens (Figures 4.20-4.21). The
ability to predict the magnitude of cellular strain provides a considerable advantage in
the definition of appropriate conditioning regimes to up-regulate the ECM synthesis and
organisation. Indeed, previous studies have suggested that cell deformation may
mediate alterations in matrix synthesis (Bader and Knight, 2008; Campbell et al., 2008;
Lee and Knight, 2004; Quinn et al., 1998). Cell deformation is typically associated with
changes in cell volume and/or surface area that are known to activate dimensional
regulatory mechanisms involving various forms of stretch sensitive ion channels in the
cell membrane (Ramage et al., 2009; Chowdhury et al., 2006; Pingguan-Murphy et al.,
2005, 2006; Wong et al., 1997; Bavington et al., 1996). The strong associations between
ECM synthesis and alterations in cell volume and structure also support the proposal
that the intracellular signal transduction pathways can be significant in the biosynthetic
response of chondrocytes to mechanical loading.
The FE approach also informed a model used to replicate the experimental study
previously reported from the host laboratory in which changes in chondrocytes
morphology were tracked in agarose constructs subjected to increasing levels of
unconfined compression (Bader and Knight, 2008). The results, as indicated in Figure
7.2, reveal a similar predictable pattern of cell deformation from a spherical to an
elliptical morphology up to a compressive strain of 20%.
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Figure 7.2 A) Confocal images of a single isolated chondrocyte labelled with Calcein AM and
visualised in an agarose construct at 0, 5, 10, 15 and 20% gross compression strain. Scale bar
= 5 μm (Bader and Knight, 2008). B) Computational results of the simulation implemented to
reproduce the experimental data illustrated in A.

In addition, the computational model revealed that the strain magnitude experienced by
chondrocytes seeded in the agarose gel was a function of their spatial location within the
constructs. As predicted, the cells located in the centre of the construct were found to be
exposed to higher strain values compared to cells placed within the nylon endplates
(Figures 4.13-4.16). However, the range of cell deformation ratios induced in
chondrocytes by the simultaneous application of dynamic shear and compression were
smaller than when compression alone was prescribed, with values of y/z diameter ratio
for the biaxial loading regimen 4% lower than the latter (Figure 4.14).
The computational model was also used to investigate differences in cell deformation
ratios due to the modalities by which compressive and shear strains were prescribed to
the cell seeded constructs. The results, as illustrated in Figure 7.3, reveal that when
dynamic compressive and shear strains are prescribed using a trapezoidal (Figure 7.3E,
black) and semi-sinusoidal (Figure 7.3E, red) waveforms respectively, the cell
distortions in the planes YZ and XZ more closely resemble those observed when
chondrocytes were exposed to compression alone (Figure 7.3A). By contrast, when the
loading regimens illustrated in Figure 7.3D were prescribed, the cells deformation
ratios y/z (Figure 7.3A) and y/x (Figure 7.3C) are higher than when compression alone
was prescribed.
FE analysis was also employed to identify both the diffusion rate and the diffusive
behaviour of nutrients and critical ECM molecules within the cell-seeded agarose
constructs. Molecule transport is highly relevant in both native tissues and in tissue
engineered systems (Leddy and Guilak, 2008; Leddy et al., 2006; Lazzara and Deen,
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2004; Mauck et al., 2000) since, for example, insufficient oxygen, glucose and nutrient
supply to cells seeded in 3D constructs will impair the development of cartilage tissue.

A

B

D

E

Compression (15%) & Shear (10%)-A

Compression (15%) & Shear (10%)-B

C

Compression

Shear

Figure 7.3 Comparison of the diameters ratio y/z (A), z/x (B) and y/z (C) for cells subjected to
two different bi-axial loading regimens (D, E) and to compression alone. The simulations were
implemented using Model 4 (Chapter 4).

One of the main advantages of the numerical approach is that it enables the estimation
of spatial concentration profiles within the construct (Figure 4.26), which are not easily
obtained experimentally. Indeed, the diffusion models permitted a rapid assessment of
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the various prescribed conditioning states (free swelling and tare load conditions),
demonstrating good agreement with the experimental data (Figure 4.25), and indicating
that the culture environment was not a limiting factor to early ECM development.

7.4 Metabolic Performance of Chondrocytes Seeded in the
Novel Constructs Morphology
Results of the biosynthetic analysis performed on chondrocytes/agarose constructs in
free swelling culture demonstrated that the performance of the constructs was not
affected by its morphology or by the presence of the nylon endplates per se. Although
the endplates slightly reduced the diffusivity by restricting diffusion to the lateral
surfaces alone, the construct presented a metabolic behaviour comparable with that
observed previously in cylindrical constructs (Lee and Bader, 1997).
In the present study the spherical morphology adopted by chondrocytes isolated from
the full depth of articular cartilage and seeded in agarose, was preserved throughout the
8 days of culture. A rapid synthesis of proteoglycans and their deposition in the
chondrocytes pericellular region was evident within three days and continued to
progress with culture period. From previous studies, it could be assumed that a
consistent proportion of the newly synthesised ECM surrounding the chondrocytes was
represented by keratan sulphate (Quinn et al., 2002; Knight, 1997; Poole, 1990, 1992).
This was supported by the immunohystological analysis in the present work, in which
isolated chondrocytes cultured in agarose were found to elaborate substantial quantities
of sulphated GAG which included keratan sulphate (Figure 5.22).
Histological and biochemical examinations confirmed that chondrocytes encapsulated in
agarose and cultured in free swelling conditions maintained a high viability at a
relatively low proliferation rate throughout the culture period (Figures 5.2 and 5.3C,
D). The progressive increase of matrix deposition was complemented by a gradual
increase in the chondrocyte volume which, as suggested in earlier studies (Quinn et al.,
2002; Aydelotte and Kuettner, 1988), may be regarded as an index of enhanced
metabolic activity. This may be associated with an increase in number, size and activity
of intracellular organelles which would enhance the volume of the cytoplasm.
Noticeably, the presence of FCS in culture medium, which enhances matrix synthesis
(Lee and Bader, 1995), also has been shown to lead to cell hypertrophy.
Collagen synthesis and retention within the construct did not appear to be influenced by
culture time for either of the construct morphologies. This trend was consistent with
256

Chapter 7: General Discussion

comparable studies describing the metabolic response of chondrocytes seeded in
agarose constructs either in free swelling or subjected to compressive loading regimens
for short culture periods, which revealed no major effects of free swelling culture on the
rate of collagen synthesis (Hunter et al., 2004) or in its retention within the construct. It
is noteworthy that in the current work images of picrosirius red stained sections
revealed some retention of collagen within the pericellular matrix after 8 days in free
swelling culture (Figure 5.23 line C), an occurrence which may be triggered by the
formation of a dense proteoglycan shell surrounding the isolated chondrocytes (Figure
5.22).
The synthesis of proteoglycans by chondrocytes seeded in agarose constructs is initiated
almost immediately after an equilibration period of 16 hours and in the absence of any
external mechanical stimulation (Figure 5.5). However, GAG synthesis in free swelling
conditions is not accompanied by significant collagen deposition (Figure 5.9). This may
reflect the very low turnover of collagen in native adult cartilage (Silver et al., 2002)
compared to GAGs and aggrecan which are synthesized more rapidly, particularly in the
pericellular regions (Goldring et al., 2009).
It may also be hypothesized that chondrocytes seeded in a non-physiological substrate
are initially motivated to produce GAGs in order to replicate the charged environment
provided by the natural ECM, so as to restore values of pH, streaming potential and
osmolality typical of native cartilage. In addition, chondrocytes may have started to
synthesise a proteoglycan capsule in order to establish connections with the surrounding
hydrogel. Findings of the current research are consistent with several previous studies
involving the chondrocyte/agarose culture system and provide compelling evidence that
the proposed change in construct morphology is suitable for longer term mechanical
conditioning studies.

7.5 Limitations of the Mechanical Loading-system
The bioreactor was designed and implemented in the present study for the mechanical
conditioning of cell seeded constructs for periods of up to 48 hours. It was not equipped
for the automated exchange of culture medium although it would be possible to perform
long-term experiments by manually exchanging the culture medium. However, the
design of the bioreactor was such that its features could be easily modified to include a
system for the automated exchange of medium.
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7.6 A Critique of the Chondrocytes-agarose Culture
System
The current study employed the well-established chondrocytes/agarose model, namely a
homogeneous culture system able to ensure maintenances of chondrocytes phenotype
and to provide mechanical stability and reproducibility (Chowdhury et al., 2008; Bader
and Knight, 2008; Knight et al., 2006; Pingguan-Murphy et al., 2006; Bader and Lee,
2000; Lee and Bader, 1997). This culture system is commonly used to expose
chondrocytes in a 3D environment to physiological levels of strain. Indeed, hydrogels,
which can be easily moulded into specific shapes, have been widely used in culture
systems and, provided the constructs are not too large, their diffusion characteristics
permit the adequate transport of nutrients and the removal of waste products (Heywood
et al., 2004, 2006). This extremely versatile model system has been employed to
investigate the influence of different mechanical conditioning regimens on the
metabolism of chondrocytes, separately from other factors also involved in the
mechanotranduction process (Chowdhury et al., 2008; Lee and Bader, 1997; Aydelotte
& Kuettner, 1988; Benya & Shaffer, 1982; Chang and Poole, 1996). Nonetheless,
hydrogels such as agarose are not biodegradable, a feature which is beneficial for a
number of reasons namely,
•

it permits progressive synthesis of neo-cartilage components with time

•

it provides increased space progressively with time, thereby minimising steric
inhibition.

In the native tissue chondrocytes are surrounded and bonded to a relatively stiff ECM
through which strains can be transferred to the mechano-sensitive structures within the
cell membrane. By contrast, isolated chondrocytes devoid of native pericellular matrix
and seeded in agarose are embedded in a soft polysaccharide matrix to which they are
not directly bound. Additionally, as distinct from ECM, agarose is not electrostatically
charged and therefore its compression per se will not produce streaming potentials and
changes in osmotic pressure. Therefore, the modalities through which mechanotransduction may occur are limited in agarose constructs, at least in the early phases of
culture, to an increase in hydrostatic pressure and direct deformation of both the ECM
and chondrocytes. All these factors contribute to the differences in modalities by which
the mechanical loads are perceived by the chondrocytes within agarose constructs and
consequently the nature of their metabolic response.
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As extensively described in previous research, the mechanical properties of the agarose
hydrogels varies depending on the methodology used to encapsulate the chondrocytes,
with particular reference to the cooling rate, the hydrogel concentration and the cell
seeding density. Consequently, an accurate quantiﬁcation of the mechanical properties
of the hydrogel is an essential prerequisite to adequately interpret the results of
mechanotransdution studies of chondrocyte seeded in agarose constructs (Buckley et al.,
2009; Likhitpanichkul et al., 2007; de Freitas et al., 2006; Gu et al., 2003; Normand et
al., 2002; Mauck et al., 2000; Buschmann et al., 1992).
In the present investigation, as in many previous studies (Chowdhury et al., 2008; Lee
and Bader, 1997), primary bovine articular chondrocytes were isolated from the
proximal surface of the adult metacarpal-phalangeal joints. On harvesting, each joint
provides between 40 and 50 million primary cells. This number is critical when
conducting experiments with a large number of replicates. For direct relevance to the
clinical situation, human primary cells would be used. However their number is limited
and they are associated with intrinsic variability when sourced from individuals of
differing ages and clinical history. An alternative is to use commercially available cell
lines, e.g. C-28112 chondrocyte cell line, although these have generally been expanded
in monolayer, a protocol which is known to compromise the phenotype of
chondrocytes. Thus, primary bovine chondrocytes provide the most practical cell source
when examining their response to mechanical stimulation, although extrapolation of the
findings to a clinical situation should proceed with caution.
The selected culture model provides a relatively low variability within experiments with
effective control of parameters. Nonetheless, some variance in performance was
observed in chondrocytes batches harvested from different animals employed in the
current investigation. As an example, given the prescribed seeding density of 4x106
cells/mL and an equivalent cylindrical construct volume of approximately 0.1 mL, then
the predicted content of DNA at the start of each experiment (T0) should be 3-4 μg.
This was indeed the case for many of the experiments (Figure 5.3A). However, in some
of the early experiments e.g. experiments I and II, the corresponding DNA content was
significantly less than predicted with mean values of 1.3 μg and 1.9 μg, respectively.
This may be caused by inaccuracies in the constructs preparation during the early stages
of developing test protocols.
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7.7 Relative Proportion of Up-regulated ECM components
in Chondrocytes/Agarose Constructs
In chondrocytes/agarose constructs cultured in free swelling conditions, the observed
temporal progression of proteoglycan synthesis was not associated with a marked
collagen up-regulation. In particular, total collagen synthesis and collagen retention
within the construct was minimally affected by free swelling culture time (Figures 5.8
and 5.9). Accordingly, the GAG to collagen ratio was approximately 2 after three days
in free swelling condition (FS3) and reached a maximum value of 8 for culture periods
up to 8 days (FS8). This compares with the equivalent ratio in native tissue, which
varies from 0.20 to 0.75 dependent on the zonal region of cartilage (Bader and Lee,
2000).
By contrast, the experiments described in Chapter 6 generally yielded a substantial upregulation of collagen synthesis by cell-seeded constructs subjected to biaxial loading
conditions. However, the proportion of total collagen retained within the construct was
still significantly lower than that in native cartilage. For example, in experiments VII,
VIII, XII and XIV, continuous DC&DS strains induced a significant up-regulation of
collagen of approximately 56%, 77%, 55% and 32%, respectively, in constructs preincubated for only 16 hours when compared to the control group (TL) (Figures 6.15
and 6.16). These absolute values were equivalent to values for the GAG to collagen
ratio of approximately between 2 and 3 for conditioned construct pre-incubated for 16
hours and between 4 and 5 when pre-cultured for 6 days. Clearly these ratio values are
much higher than those in native tissue.

7.8 Implication for Tissue Engineered Cartilage Repair
7.8.1 Mechanoregulation of Chondrocytes Biosynthetic Activity
Several studies have demonstrated that cell deformation resulting from mechanical
loading, triggers mechanotranduction processes in chondrocytes, (Bader and Lee, 2000;
Lee and Bader 1997; Ingber 1994; Urban 1994). As an example, dynamic compressive
strain represents the main stimulus associated with the up-regulation of proteoglycans.
The present work tests the hypothesis that dynamic shear strains can contribute to the
enhancement of collagen synthesis. Findings have revealed that:
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•

Dynamic shear superimposed on dynamic compression prescribed
continuously to cell-seeded constructs significantly enhanced the synthesis
of collagen after only 3 days, without compromising the up-regulation of
proteoglycans (Figures 6.13-6.16). This result confirms the involvement of
dynamic shear loads in the mechanism by which collagen up-regulation is
mediated through the cell (Ng et al. 2009; Fraser et al, 2006; Wimmer et al.,
2009; Jin et al., 2001; Fitzgerald et al., 2006; Waldman et al., 2003).

•

By contrast, when the dynamic biaxial loading regimens were applied in an
intermittent manner there was a more modest up-regulation of both
proteoglycans and collagen. This supports a previous study which reported
that the application of several intermittent compression regimes to cartilage
explant lead to negligible effects on the synthesis of collagen and other ECM
proteins (Wolf et al., 2007).

•

The free swelling pre-culture period prescribed to constructs prior to
mechanical conditioning greatly influenced the ECM evolution. In
particular, if the constructs were pre-incubated for only 16 hours there was a
more consistent enhancement of the overall collagen synthesis than if the
constructs were incubated for 6 days (Figures 6.16). However, results of the
histological

analysis

showed

higher

collagen

segregation

around

chondrocytes pre-cultured for 6 days (Figure 6.21), an occurrence which
may be due to the formation of a more mature PCM structure composed
mainly of proteoglycans. Indeed the development of a dense PCM capsule
around the chondrocytes may also alter both the magnitude and the means by
which the mechanical loads are perceived by the chondrocytes. This will
alter cell response and lead to the moderate enhancement in collagen and
proteoglycan up-regulation observed for constructs pre-cultured for extended
periods.
It can be summarised that proteoglycan and collagen synthesis by chondrocytes seeded
in agarose constructs may be regulated by distinct mechanosensitive cellular responses.
Indeed, GAG synthesis appeared to be up-regulated predominantly by continuous
dynamic compressive loads alone, whereas a consistent up-regulation of collagen
associated with a slightly lower proteoglycan synthesis was observed in constructs
exposed to continuous bi-axial loads. In a similar manner Lee and colleagues (1998)
demonstrated that mechanotransduction-induced controls of glycosaminoglycan
synthesis and proliferation in chondrocyte sub-populations embedded in agarose are
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uncoupled. In particular, dynamic compressive strain stimulated proliferation in
superficial cells, while up-regulating the glycosaminoglycan synthesis in deep cells.
The implications of uncoupled mechanisms associated with collagen and proteoglycans
synthesis are that future investigations might require tuned conditioning protocols,
which vary with time dependent on the status of the composition and their structural
interaction. A potential mechanical conditioning protocol may, for example, prescribe
the application of dynamic compressive and shear strains separately and/or at different
moments within the in vitro culture period.

7.8.2 Advantages of a Combined Computational/Experimental
Approach
In the present study, the implementation of a theoretical model which efficiently defines
the experimental culture system enabled the accurate prediction of cell strain as a result
of the mechanical loading regimen. This method may also inform further knowledge of
the mechanisms by which cell deformation determined by external mechanical stimuli is
related to the resulting chondrocyte activity. For example, in the current investigation
the slightly lower overall up-regulation of GAG in chondrocytes/constructs exposed to
continuous bi-axial loading compared to construct subjected to dynamic compression
alone (Figure 6.14) may be related to differences in the deformation index of the cells
under the two different loading regimens (Figure 4.14).
Relationships established in the model system can be used to predict the temporal
progression of conditions in the bioreactor, as the finite element approach can be readily
extended to describe
•

the temporal evolution of the mechanical behaviour of biodegradable scaffolds
based on their characteristic degradation rates;

•

the molecular mass transport within the construct as a function of both the
applied mechanical loads, the progressive development of extracellular matrix
and the progressive degradation of the scaffolds;

•

the variations in the construct stiffness due to deposition of newly synthesised
ECM.

Results of the FEA provide essential feedback regarding the degree of cell deformation,
enabling the optimisation of the prescribed mechanical conditioning protocols. Indeed,
it may be hypothesized that maintaining the level of cell/membrane deformation
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constant with culture time can sustain the mechanotransduction mechanisms which
underpin the up-regulation of ECM components, in particular collagen.
The simplified computational model could be made more sophisticated to account for
the cellular utilisation of nutrients during culture and conditioning periods. This would
enable further modelling of the metabolic response of chondrocytes subjected to the
prescribed loading regimens. The results of such a modelling approach could be directly
applicable to the development of a bioreactor which, via feedback mechanisms, could
progressively control the process of tissue development and the properties of the tissue
engineered construct. Such a schematic is illustrated in Figure 7.4.

7.8.3 Scaffolds for Tissue Engineered Cartilage
Scaffold optimization by the design of biomimetic hydrogels with altered biological
properties and chondrocytes–hydrogel interactions may also provide an essential
contribution to the development of tissue engineered substitutes for cartilage
regeneration. Several studies have demonstrated that the overall characteristics of the
scaffold, such as its mechanical properties, degradation rate, biological interactions,
together with diffusion through the material, play a central role in regulating most cell
functions (Wang et al., 2014; Johnstone et al., 2013; Abrahamsson et al., 2010; Agrawal
et al., 2000).
It is well recognised that the scaffold should provide adequate structural stability, which
will vary during the conditioning period. This will enable
•

cell adhesion and development of ECM,

•

maintenance of construct volume and shape,

•

the construct to be manipulated at implantation,

•

withstand stresses associated with in vivo loading.

Although the main challenge of a tissue engineered implant is to match the mechanical
properties of native tissue, at present the mechanical integrity (e.g. stiffness, strength) of
candidate materials is inferior to that of native cartilage, which restricts their application
in vivo as load-bearing implants. Indeed, natural hydrogels are characterised by a
maximum compression modulus of 10% to 20% of that of healthy cartilage (Lee et al.,
2000; Buschmann et al., 1995; Ma and Langer, 1999; Martin et al., 2000), although
photopolymerized PEG hydrogels can be produced with a modulus of over 500 kPa
(Bryant et al., 2002). In addition, the mechanical properties of hydrogel constructs can
be enhanced by introducing covalent crosslinks (Anseth et al., 1996) or increasing their
263

Chapter 7: General Discussion

density, adding fillers and biodegradable fibres, or by simply allowing the embedded
cells to synthesise mature functional ECM prior to implantation (Figure 7.4).
Noticeably, increasing crosslinking density and polymer concentrations may increase
the mechanical strength of a hydrogel, but it can also compromise the integrity of
entrapped substances and impede the nutrient diffusion. This can result in steric
impedance typical of non-degradable scaffolds, which may prevent proteins deposition
and also affect the signalling process between the cell and the ECM.
Several studies have shown that agarose gel is especially suited for cartilage tissue
engineering. As an example, BMP2-transduced MSCs seeded in agarose gels form more
cartilage-like tissue when compared to other matrices, such as collagen or alginate (Xu
et al., 2005). Also intervertebral disc cells encapsulated in agarose were recently shown
to produce high levels of proteoglycans (Benz et al., 2012). Agarose resists blood vessel
invasion allowing the maintenance of low oxygen tension which mimic the state in
native cartilage. Nonetheless Guaccio et al., (2008) demonstrated that the oxygen
consumption rate by chondrocytes embedded in agarose is two-fold higher than in
collagen scaffolds. These findings suggest the potential active role of agarose in
controlling oxygen uptake and consequently the chondrocytes metabolism.
However agarose, along with many other hydrogels, do not provide an ideal
environment for anchorage-dependent cells, such as chondrocytes and osteoblasts, due
to its lack of suitable binding sites. Its inherent hydrophilic nature will also preclude its
adsorption of ECM adhesion proteins, such as laminin, fibronectin and vitronectin. To
overcome this limitation and promote adhesion, migration, and proliferation of cells
within the gel, its chemical structure can be modified to incorporate adhesive linkages,
which usually are represented by covalent immobilization of ECM molecules or
peptides containing the adhesion domains for ECM proteins (Burdick and Anseth, 2002;
Yang et al., 2005). As an example, a number of studies have investigated the role of
arginineglycine-aspartic acid (RGD), an integrin-binding peptide, as a ligand. Indeed,
RGD molecules have been shown to stimulate differentiation of skeletal cells (Yang et
al., 2005; Shin et al., 2004), promote cellular migration in nanoscale clustering of RGD
(Maheshwari et al., 2000) and significantly increase the amount of synthesised bone in
alginate scaffolds (Alsberg et al., 2001).
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Other ECM molecules or peptide sequences used to enhance cell performance in
hydrogels include fibronectin, glycosaminoglycans (Sechriest et al., 2000; Suh et al.,
2000) and heparin-binding domains (Dee et al., 1999). Noticeably, the integration of
collagen mimetic peptides in the hydrogel chemical structure enhances the material
adhesiveness increasing ECM synthesis within scaffold intended for cartilage tissue
engineering (Lee et al., 2006; Renner et al., 2004; Myles et al., 2000).
To overcome the non-degradable nature of agarose, degradable crosslinks can be
introduced in the gel molecular structure. Soluble bioactive molecules, such as
glucosamine and covalently linked dexamethasone incorporated in PEG gels, have been
shown to enhanced ECM production in both cartilage and bone tissue engineered
constructs (Ng et al., 2009; Hwang et al., 2006; Varghese et al., 2006). Moreover, the
introduction of degradable linkages such as hydrolysable poly(α-hydroxy esters)
(Bryant and Anseth, 2002) and protease-sensitive substrates (Park et al., 2004) in
poly(ethylene) glycol-based hydrogels affects ECM distribution and enhances
transcription of major cartilage matrix proteins by the embedded chondrocytes.
Another aspect to consider in the implementation of a suitable cartilage replacement is
the inhomogeneity of the native tissue. A few studies have aimed to reproduce the depth
inhomogeneity typical of the native cartilage employing different strategies (Ng et al.,
2009, 2005; Kim et al., 2003; Klein et al., 2003, 2009). These have included the design
of a bilayer hydrogel construct in which the upper and lower sections were composed of
agarose layers at different concentrations, 2% and 3% respectively (Ng et al., 2009).
Accordingly, the definition of an optimal bioactive hydrogel substrate can enhance cell
attachment, stimulating their proliferation and migration, improve the ECM synthesis
and organization via the gel degradation process, while providing adequate mechanical
support for the cells that the natural ECM will eventually replaces. Most importantly,
the tissue engineered implant must integrate with the native tissue surrounding the
defect. Indeed, physiological loading may trigger cartilage remodelling to integrate the
implant. Therefore, the molecular structure of a hydrogel scaffold for tissue engineered
cartilage may be modified to include an optimal number of
•

covalent crosslinks to enhance mechanical stiffness and strength without hindering
the diffusion of solutes;

•

adhesive linkages to enables the chondrocytes to adhere to the scaffold and migrate
within the gel;
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•

degradable crosslinks to provide increased space for the newly synthesised ECM
components progressively with time.

When the hydrogel degradation rate is comparable to the rate of the ECM synthesis, the
structural stability of the scaffold can be maintained constant during the conditioning
period (Figure 7.4). Moreover, the engineered cartilage replacement should present
initial mechanical properties sufficient to withstand moderate stresses associated with in
vivo loading. The development of a hydrogel scaffold characterised by these properties
may significantly reduce both the conditioning time prior to implantation (Figure 7.4)
and the time necessary to integrate into the defect. It should be noted that for practical
reasons, the ECM will not fully replace the load bearing function of the scaffold at the
time of implantation (Figure 7.4). Furthermore, the implementation of such as scaffold
may also reduce the postoperative rehabilitation time following surgical repair (Reinold
et al., 2006; Negrin et al., 2012). Generally, the rehabilitation procedures, which are
designed to accommodate the critical biological phases of cartilage healing, namely
proliferation, transitional, remodelling, and maturation, will necessarily involve limited
weight-bearing and joint range of motion. Indeed, during the first phase of the healing
process, which covers 4 to 6 weeks following surgery, the weight bearing is partially
restored. Through the transition phase (4 to 12 weeks post-surgery) a progressive
enhancement of the repair tissue stiffness can be observed (Reinold et al., 2006; Negrin
et al., 2012) while in the remodelling phase, which can last 3 to 6 months
postoperatively, the tissue assumes a more organized structure. The subsequent
maturation phase can last up to 15 to 18 months post-surgery depending on the lesion
size and location, and the specific surgical procedure performed. During this phase
impact-loading activities are gradually introduced (Reinold et al., 2006; Negrin et al.,
2012). Although in the case of chondrocyte implantation (ACI) the rehabilitation may
begin as early as 4 hours postoperatively, 8 weeks are required to reach the full body
weight bearing capacity (Reinold et al., 2006; Negrin et al., 2012).
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7.9 Future work
7.9.1 Modification

of

the

Bi-axial

Loading

System

and

Implementation of Long-term Experiments
In the present study, the period of mechanical conditioning was restricted to 48 hours of
uniaxial or biaxial loading. This was applied after various periods of free-swelling
culture. Therefore, the mechanical conditioning protocols implemented prescribed only
short-term mechanical loadings (48 h). It would be interesting to examine the effects of
longer periods of mechanical conditioning on the synthesis of the main ECM
components with particular reference to collagen. In order to perform long term culture
experiments, it would be necessary to incorporate in the current bioreactor a system for
the automated exchange of medium, every 48-72 hours, during the conditioning
process.

7.9.2 Development of Computational Models
The FE models employed in this study, which proved to be particularly valuable in the
interpretation of biological results, can be extended to the fine tuning of the mechanical
conditioning regimen. The findings of the current study suggest that the up-regulation of
proteoglycans and collagen may be triggered by different mechanosensitive responses
of chondrocytes. Accordingly, to consistently improve the synthesis of both the main
components of the cartilage ECM, the definition of more complex mechanical
conditioning protocols, which address the structural and mechanical adaptation of the
chondrocytes to those different stimuli, may be necessary. Considerable advantages
may be derived by the application of FE models in the definition of appropriate
conditioning regimes aimed to up-regulate the ECM synthesis and organisation,
enabling future studies to investigate the role of cell deformation in mechanotransduction.
As an example, through the computational approach it would be possible to calibrate the
magnitude of compressive and shear loads to obtain deformation modalities of
chondrocytes seeded in appropriate scaffolds comparable with the cells deformation
observed in vivo during physiological loading of the cartilage tissue. A sensitivity
analysis could be performed to accommodate variations in mechanical properties to
simulate either degrading systems on different scaffold materials.
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Moreover, the diffusion models described in Chapter 4, as demonstrated in the present
study, can be easily applied to different construct morphologies and support several
boundary conditions of interest for solute transport. These models could be adapted to
evaluate the molecular diffusion of nutrients during dynamic loading and used as
monitoring/control system to implement a more refined bioreactor (Figure 7.4).

7.9.3 Metabolic response of chondrocytes sub-populations to biaxial loading regimens
It is well established that chondrocytes are heterogeneous in nature with respect to depth
in native cartilage. Early research (Archer et al., 1990; Lee et al., 1998; Zanetti et al.,
1985) has demonstrated that cells from the different zones of articular cartilage maintain
their morphological and metabolic characteristics when cultured in vitro in
homogeneous conditions. In particular, research in the host laboratory revealed that
different chondrocyte sub-population, in particular surface and deep cells, responded to
dynamic compression (15% strain at a frequency of 1 Hz) in an uncoupled manner (Lee
et al., 1998). Therefore, future work could be designed to investigate variations in the
metabolic response of chondrocytes sub-populations exposed to biaxial loading
regimens depending upon their position within the tissue.
A separate approach with obvious clinical relevance would be to examine the response
of human chondrocytes to biaxial loading regimes. In a previous study involving
uniaxial compression, a response was only observed when the human chondrocytes
were cultured in medium containing the grow factor TGFβ (Chowdhury et al., 2004).
This would be again used in the proposed study with human chondrocytes from a
variety of sources.

7.9.4 Quantitative determination of type and concentration of
collagen cross linking
In the present study, the up-regulation of collagen which was retained within the
construct was relatively small. Indeed, a high proportion, about 50-60% of the newly
synthesised collagen was released into the culture medium. This may be a direct
consequence of the production of immature collagen fragments, characterised by a low
molecular weight, which can easily diffuse out of the agarose constructs particularly
during dynamic loading. Thus, it may be speculated that the synthesised collagen
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molecules did not undergo the process of maturation, which requires their incorporation
into stable cross-linked collagen fibrils, remaining in a pro-collagen state (Avery et al.,
2009; Kjaer, 2004; Lamande and Bateman, 1993; Trelstad and Silver, 1981).
Conceivable explanations may implicate
•

an increased collagen content not complemented by concurrent up-regulation of
collagen fibril-associated proteins;

•

an altered mechanotransduction pathway determined by both the provided nonphysiological environment and the prescribed conditioning protocols.

The integrity of cartilage and its mechanical properties appears to be related to the
composition and organization of the collagen network in the tissue. Indeed, in vivo the
aggregated forms of collagen monomers are stabilised by a series of intermolecular
cross-links which determine the capacities of the tissue of bearing loads (Vinardell et
al., 2009; Hunter et al., 2004). Bank and colleagues (1998) investigated the biochemical
changes of the articular collagen network as a function of depth, topography and age
through estimation of the crosslinks amount and typology using a Reversed-phase high
performance liquid chromatography (RPHPLC) and related it with the tissue
mechanical properties. The RPHPLC technique has been widely used in previous
research since it enables the accurate measurement of small amounts of collagen
crosslinks,

e.g.

Hydroxylysyl-pyridinoline

(HP),

lysyl-pyridinoline

(LP)

and

Pentosidine (Avery et al., 2009; Eyre et al., 1984).
Accordingly, future investigations should therefore place greater emphasis on the
estimation of collagen composition and organisation in tissue engineered cartilage, with
particular reference to
•

the definition of the collagen typology, mainly type II and VI collagen.

•

the quantitative determination of type and concentration of collagen cross linking.
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Appendix A
A.1 Design sheets for biaxial loading bioreactor
A.1.1 Chamber bottom surface

A-1

Appendix

A.1.2 Chamber top surface

A-2

Appendix

A.1.3 Chamber shaft lock

A.1.4 Chamber positioning ring

A-3

Appendix

A.1.5 Chamber wall-A

A.1.6 Chamber wall-B

A-4

Appendix

A.1.7 Chamber sliding wall-A

A.1.8 Chamber sliding wall-B

A-5

Appendix

A.1.9 LVTD holder

A.1.10 Pin holder

A-6

Appendix

A.1.11 Pin holder: shaft connection-A

A.1.12 Pin holder: shaft connection–B

A-7

Appendix

A.1.13 Shaft-A

A.1.14 Brake

A-8

Appendix

A.1.15 Shaft-B

A.1.16 Loading pin-cup & rod

A-9

Appendix

A.1.17 Sample holder

A-10

Appendix

A.1.18 Deflecting plate

A.1.19 Top endplate

A.1.20 Bottom endplate

A-11

Appendix

A.1.21 Mould

A-12

Appendix

A.1.22 Mould glass

A.1.23 Mould stopgap

A-13

Appendix

A.1.24 Removal sample

A-14

Appendix

A.2 Design sheets for loading rig (dynamic shear & static
compression)

A.2.1 Sample locator-A

A-15

Appendix

A.2.2 Sample locator-B

A-16

Appendix

A.2.3 Connection deck

A.2.4 Connection bar

A-17

Appendix

A.2.5 Pin holder

A.2.6 Loading pin

A-18

Appendix

A.2.7 Punch

A.2.8 Holding plate

A-19

Appendix

A.2.9 Tank

A-20

Appendix

A.2.10 Primer rod

A.2.11 Prime rod lock

A-21

Appendix

A.2.12 Connection base

A-22

Appendix

A.2.13 Lid

A.2.14 Reinforcement plug

A-23

Appendix

Appendix B
B.1 Fluorescence Recovery After Photobleaching (FRAP)
The diffusion coefficient of FTIC-dextran macromolecules of different molecular
weights in 3% w/v agarose gel was determined by FRAP technique, a well-established
method used to quantifying the diffusive properties of fluorescently labelled molecular
species both in natural and engineered tissues (Gefen et al., 2008; Fetter et al., 2006).
This technique requires to photobleach a confined area of the sample by a high intensity
laser pulses and then evaluate the fluorescence recovery of the bleached area as a
function of time to provide information about mobility and diffusion rate of the
molecules under investigation. The FRAP method offer several advantages over other
diffusion measurement techniques as
•

the ease in implementing an adequate protocol,

•

the use of specimens of reduced dimensions,

•

the ability of measuring local diffusion properties.

In free solution and in the absence of any interactions with other macromolecules, the
diffusion process is controlled by the dimension of the molecule as described by the
Stokes- Einstein relation (Crank, 1979):
𝐷𝐷0 = 𝑘𝑘𝐵𝐵 𝑇𝑇/(6𝜋𝜋𝜋𝜋𝑅𝑅𝐻𝐻 )

(B. 1)

where k B is Boltzmann’s constant, T the temperature in Kelvin, η the solvent viscosity,

and R H the hydrodynamic radius. In gels, the diffusion phenomenon is explained by
different models essentially associated to the nature of the diffusing molecule, rigid or
flexible. Although R H or R s , (molecular spherical radius) are the critical parameters in
the investigation of globular proteins diffusion. Noticeably, FITC-Dextran, which
utilisation in biological transport studies is well established (Pluen et al., 1999; Yuan et
al., 2001), is a linear flexible macromolecule that exhibit greater mobility in the gel
compared to molecules in globular configuration.

B.2 Theoretical background: Hankel method
Typically, a mathematical model is used to calculate the diffusivity from the integrated
fluorescence recovery within the bleached region. In the present study the Hankel
transform method was adopted. This model, which was implemented in MATLAB, is
an alternative version of the Fourier transform method based on circular averaging of
B-1

Appendix

each image followed by spatial frequency analysis of the averaged radial profile data.
This procedure permits to avoid processing the entire image (Jonsson et al., 2008; Berk
et al., 1993). Noticeably, the Hankel transform method requires no prior knowledge of
the shape of the bleached area, differently to other methods that necessitate as initial
input the designation of a well-defined shape to yield accurate values of the diffusion
coefficients. Moreover, the Fourier transforms method, which is limited to short times
or large fields of view, is based on the assumption that the intensity outside the image
does not change during recovery. This supposition is not valid when the bleached spot is
not completely contained within the image but has diffused out of its edge (Jonsson et
al., 2008).
Compared to traditional methods of FRAP analysis, the Hankel transform model is less
sensitive to noise and temporal drifts in the image. The occurrence of temporal and
spatial fluctuation in the emitted intensity and/or bleaching during the recovery period
may have detrimental effects on the outcome of the analysis, compromising the
accuracy of the estimated diffusion coefficient. The circular median averaging also
permits to disregard scattering objects or intensity spikes in the image; however it
restricts the use of the method to diffusion measurement in isotropic systems (Jonsson et
al., 2008). For a plane, isotropic system, the recovery of fluorescently labelled
molecules after photobleaching can be modelled with Fick’s second law,
𝜕𝜕𝐶𝐶𝑟𝑟,𝑖𝑖 (𝑟𝑟,𝑡𝑡)
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑖𝑖 ∇2 𝐶𝐶𝑟𝑟,𝑖𝑖 (𝑟𝑟, 𝑡𝑡),

(𝐵𝐵. 2)

where r is the radial distance from the centre of the bleached spot, t the time, and D i the
characteristic diffusion coefficient of the ith diffusing component. The variable C r,i (r,t),
which is defined as C r,i (r,t)=C i (r,t)/C i,eq, represent the relative concentration of the ith
labelled molecule, while C i and C i,eq denote its actual and equilibrium concentration
(unbleached), respectively. In equation B.2, the initial concentration of the molecule
after photobleaching is assumed to have circular symmetry and the local diffusion
coefficient D i , to be isotropic (Jonsson et al., 2008). The Hankel transform f i (k,t) (B.3),
which can determine the solution of equation B.8 in the case of systems larger in size
than the initial bleached spot, has the following general dependence on time t and
spatial frequency k,
𝑓𝑓𝑖𝑖 (𝑘𝑘, 𝑡𝑡) = 𝑓𝑓𝑖𝑖 (𝑘𝑘, 0) exp(−4𝜋𝜋 2 𝐷𝐷𝑖𝑖 𝑘𝑘 2 𝑡𝑡).

f i (k,t) is defined at the spatial frequency k as
B-2
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𝑓𝑓𝑖𝑖 (𝑘𝑘, 𝑡𝑡) = 2𝜋𝜋 ∫0 (1 − 𝐶𝐶𝑟𝑟,𝑖𝑖 (𝑟𝑟, 𝑡𝑡))𝐽𝐽0 (2𝜋𝜋𝜋𝜋𝜋𝜋)𝑟𝑟𝑟𝑟𝑟𝑟,
with J 0 denoting the 0th order Bessel function.

(𝐵𝐵. 4)

Thus, f i (k,t) provides information about the distribution of the labelled molecule as
function of their spatial frequency (k). Noticeably, for high values of k the method
solution may be affected by the noise level in the system (Jonsson et al., 2008).
Accordingly, the values of spatial frequency that can be considered in the analysis
should be limited to an appropriate range. In Figure B.1 is shown an example of the
Hankel method implementation.
A

B

C

D

E

Figure B.1 (A) Typical variations in
total image intensity prior and post
bleaching. The slow increase is due to
the net influx of molecules from outside
the field of view. (B) Curves fits of
F(t,k)/F(k,0). (C) Normalized Hankel
transform F(t,k)/F(k,0) vs 4π2k2t for
diffusion of single component and (D)
considering the immobile molecular
fraction. (D)Values of D(k) determined
for each individual value of k.
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The relative concentration C r,i (r,t) is usually associated to the profile of the fluorescent
intensity emitted by the ith component, consequently f i (k,t) can be determined from a
FRAP image only in the eventuality that one diffusing component is present in the
system. Additionally, the diffusion coefficient D i (k) may also be influenced by the
fraction of immobile molecules in the system, which act as stationary obstacles on the
path of the diffusing molecule.
Commonly, the developed mathematical models employed in FRAP analysis are based
on the following assumptions.
•

The bleaching occurs instantaneously (no diffusion occurs during bleaching).

•

The scanning effects are negligible.

•

The bleached spot presents a uniform concentration profile.

However, should be acknowledged that with finite bleaching times both bleached and
unbleached molecules diffuse within and outside the bleached region during the
bleaching period, generating a transition area surrounding the target characterised by
intermediate levels of photobleaching.

B.3 Materials and Methods
Tracer solutions of fluorescein isothiocyanate (FITC)-labeled

dextran molecules

(Figure B.2) with average molecular weights of 4 kDa (FD4, Sigma-Aldrich, Poole,
UK), and 2,000 kDa (FD2000S, Sigma, Sigma-Aldrich, Poole, UK) were prepared
dissolving the FITC-dextran powder in EBSS (Earle’s Balanced salt Solution, Sigma,
UK) at a concentration of 0.004% wt/v.
A

B
Mw (kDa) Stokes’ radii (Å)
14
4,000
23
10,000
33
20,000
45
40,000
60
70,000
85
150,000

Figure B.2 (A)Chemical structure
of FTIC-dextran. (B) Approximate
Stokes’ radii for FITC-dextrans
with different molecular weight.

B-4

Appendix

A 3%w/v low gelling agarose solution (Type VII, Sigma-Aldrich, Poole, UK), obtained
as described in Section 2.2.3, was casted between porous glass endplates (5×5×4 mm3)
into a custom-made Perspex mould (Figure B.3), to produce 5×5×5 mm3 cubical
constructs. The resultant constructs were incubated separately in 10 ml Falcon tubes
containing 4 ml of tracer solution in a 37˚C oven for 24 hours prior performing the
FRAP analysis. All the experiments were conducted in a light-protected environment
and each tube was wrapped in aluminium foil.

Mould components
Mould
divider

Mould assembly

Base

Porous glass endplates placed
into each mould cavity
Porous glasses
endplates

Lid

Agarose solution casting into
the mould cavities

Lid positioning

Figure B.3 Schematic showing the custom made Perspex mould at different stages of sample
preparation.

B.4 FRAP measurement
The constructs were mounted individually on a computer controlled compressive rig
(Pingguan-Murphy et al. 2005; Knight et al. 2003) and imaged on an inverted Leica
TCS SP5 confocal microscope (Leica Microsystems) with an oil-immersion 63x
objective and a numerical aperture (NA) of 1.4 (Figure B.3). The tracer solution (4 ml)
was transferred from the falcon tube onto the compressive rig cover slip to keep the
sample bathed in the FITC-dextran solution and hydrated through the test. FITC-dextran
fluorescence was excited with a 488 nm wavelength laser line (argon) and detected
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using a 500 - 650 nm spectral bandwidth. To improve the efficiency of the mathematical
analysis process the fluorescence intensity images were acquired with a resolution of
16-bit. Pre-bleached image scans were acquired at 10% of the maximum laser intensity
followed by a bleach pulse of 9.8 s at 100% laser intensity on a 30 µm diameter spot. A
stack of 30 images was then acquired in the bleached area at intervals of 1.635 seconds
between each image (Figure B.4). Fluorescence intensity image size was fixed to 512
by 512 pixels (pixel size = 238 µm). During the post-bleaching imaging, the laser power
was attenuated to its initial value (10% of the bleach intensity). The protocol was
implemented on three different specimens for each FITC-dextran molecular weight and
on two different regions of the construct, in the centre and close to its edge as illustrated
in Figure B.4. The fluorescence scans were acquired at approximately 20 µm from the
surface of the construct in contact with the compressive rig glass bottom coverslip
(thickness no. 1.5, VWR, Lutterworth, UK).

Plunger
Locking
screw
Coverslip
Microscope
objective

Porous glasses
endplates
Positions of the bleached
spots in the sample
Agarose construct

Figure B.4 Schematic of the specimen mounted in the computer controlled compressive rig.

In the case of 20,000 kDa FITC-dextran molecule the FRAP analysis was also
performed on a different batch of constructs after prescribing 20% compressive strain
and a relaxation period of 30 minutes.
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B.5 Results and Discussion
Values of the diffusion coefficient attained for the two different FITC-dextran
molecules, measured in the central and lateral regions of the construct and in the case of
compressive strain was applied, are reported in Table B.1.

Table B.1 Diffusion coefficient of 4 kDa and 2,000 kDa FITC-dextran in 3 %v/w agarose
construct

Diffusion coefficient (µm2/s)
Mw (kDa)
4

Bleached area position
Centre
Edge
45.90 ± 0.93
48.62 ± 1.01

2,000
15.45 ± 0.64
16.72 ± 1.17
(20% static compression*) (13.33 ± 0.87) (18.58 ± 1.32)
*FRAP analysis performed after 30 min relaxation period

Predictably, the diffusivity of FITC-dextran molecules in the agarose construct
decreases sharply with increasing molecular weight with values in the central area of the
construct ranging from 45.90 µm2/s to 15.45 µm2/s for 4 kDa and 2,000 kDa molecules,
respectively. Noticeably, the diffusion coefficients measured in the region of the
construct near to its edge are approximately 6% to 8% higher than the values attained in
the centre. The decrease in diffusivity observed between central and lateral region of the
construct may be due to the physical resistance of the gel matrix to macromolecule
motion, suggesting that D is a function of both, the interstitial agarose structures as well
as the diffusant molecular weight.
The application of 20% static compressive strain to the construct leads to a reduction of
the 2,000 kDa dextran diffusivity in the specimen central region of 14% when compared
to the unstrained construct while it increases of approximately 11 % on its lateral
region. Consequently, when static compressive strain is prescribed to the construct, the
differences in diffusivity between the two areas rise to about 28%. It can be hypnotised
that the application of static compression yields to a barrelling deformation of the
agarose construct with consequent effect on porosity and porous dimension which is
expected to reduce in its central area and increase around the construct edge.
In Figure B.5 are illustrated typical 2D and 3D intensity profiles of the bleached region
obtained during FRAP experiments.
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A

B

Time

C

Figure B.5 (A) Sequence of post-bleaching scans. (B) 3D projection of the bleached spot
profile. (C) Sequence of 2D fluorescence intensity contours.
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Appendix C
C.1 Free swelling study
In this appendix, the DNA (grey), GAG (blue) and collagen (red) content in
chondrocytes seeded agarose constructs cultured in free swelling condition (Chapter 5)
and corresponding culture medium are reported singularly for each experiment
performed.

Experiment I

Experiment II
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***
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*

**

#†

***

#†
#

#
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#

#: statistically different from T0

****

#
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#: statistically different from T0

†: statistically different from FS2
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Experiment III

Experiment IV
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Experiment V

Experiment VI
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Experiment VII

*

*
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Experiment IX

Experiment X

*
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Experiment XI

Experiment XII
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Experiment XIIIa

Experiment XIIIb
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Experiment XIVa

Experiment XIVb
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Table C.1 DNA content and number of cells in chondrocytes seeded in cylindrical constructs
and constructs with endplates cultured in free swelling condition.
Cylindrical construct
DNA (μg) N˚ cells (x106)
T0
FS2
FS4
FS6
FS8
FS10
T0
FS2
FS4
FS6
FS8
FS10
T0
FS2
FS4
FS6
FS8
FS10
T0
FS2
FS4
FS6
FS8
FS10
FS12
T0
FS2
FS4
FS6
FS8
FS10
FS12
T0
FS3
FS4
FS6
FS8
T0
FS3
FS6
FS8
T0
FS3
FS6
FS8

Experiment I
1.32 ± 0.27
0.17 ± 0.03
1.61 ± 0.56
0.21 ± 0.07
1.53 ± 0.44
0.20 ± 0.06
1.77 ± 0.19
0.23 ± 0.02
1.76 ± 0.32
0.23 ± 0.04
2.06 ± 0.43
0.27 ± 0.06
Experiment II
1.86 ± 0.35
0.24 ± 0.05
1.73 ± 0.45
0.23 ± 0.06
2.10 ± 0.33
0.27 ± 0.04
2.85 ± 0.87
0.37 ± 0.11
2.84 ± 0.58
0.37 ± 0.07
3.07 ± 0.64
0.40 ± 0.08
Experiment III
1.56 ± 0.49
0.20 ± 0.06
1.53 ± 0.38
0.20 ± 0.05
1.39 ± 0.36
0.18 ± 0.05
1.85 ± 0.39
0.24 ± 0.05
2.19 ± 0.32
0.28 ± 0.04
3.06 ± 0.43
0.40 ± 0.06
Experiment IV
3.07 ± 0.31
0.40 ± 0.04
3.39 ± 0.61
0.44 ± 0.08
2.68 ± 0.25
0.35 ± 0.03
2.47 ± 0.35
0.32 ± 0.05
2.84 ± 0.73
0.37 ± 0.10
2.95 ± 0.57
0.38 ± 0.07
3.94 ± 0.89
0.51 ± 0.12
Experiment V
2.90 ± 0.24
0.38 ± 0.03
2.95 ± 0.36
0.38 ± 0.05
3.26 ± 0.60
0.42 ± 0.08
2.98 ± 0.17
0.39 ± 0.02
3.48 ± 0.47
0.45 ± 0.06
3.98 ± 0.63
0.52 ± 0.08
3.81 ± 0.48
0.49 ± 0.06
Experiment VI
2.64 ± 0.80
0.34 ± 0.10
2.95 ± 0.32
0.38 ± 0.04
3.05 ± 0.14
0.40 ± 0.02
3.46 ± 0.41
0.45 ± 0.05
3.88 ± 0.71
0.50 ± 0.09
Experiment XIIIa
2.22 ± 0.33
0.29 ± 0.04
2.48 ± 0.16
0.32 ± 0.02
2.37 ± 0.20
0.31 ± 0.03
2.19 ± 0.35
0.28 ± 0.05
Experiment XIVa
3.97 ± 0.22
0.52 ± 0.03
4.27 ± 0.07
0.55 ± 0.01
3.82 ± 0.24
0.50 ± 0.03
4.11 ± 0.27
0.53 ± 0.03

Construct with endplates
DNA (μg) N˚ cells (x106)
T0
FS3

Experiment VII
4.23 ± 0.30
0.55 ± 0.04
4.43 ± 0.57
0.57 ± 0.07

T0
FS3

Experiment VIII
4.21 ± 0.23
0.55 ± 0.03
4.11 ± 0.27
0.53 ± 0.03

T0
FS3

Experiment IX
3.92 ± 0.25
0.51 ± 0.03
3.88 ± 0.17
0.50 ± 0.02

T0
FS3
FS6
FS8

Experiment X
3.11 ± 0.08
0.40 ± 0.01
3.32 ± 0.22
0.43 ± 0.03
3.44 ± 0.14
0.45 ± 0.02
3.45 ± 0.29
0.45 ± 0.04

T0
FS3
FS6
FS8

Experiment XI
3.11 ± 0.08
0.40 ± 0.01
3.32 ± 0.22
0.43 ± 0.03
3.44 ± 0.14
0.45 ± 0.02
3.45 ± 0.29
0.45 ± 0.04

T0
FS3
FS6
FS8

Experiment XII
3.76 ± 0.33
0.49 ± 0.04
3.63 ± 0.30
0.47 ± 0.04
3.66 ± 0.24
0.48 ± 0.03
3.86 ± 0.18
0.47 ± 0.02

T0
FS3
FS6
FS8
T0
FS3
FS6
FS8

Experiment XIIIb
2.86 ± 0.11
0.37 ± 0.01
3.18 ± 0.02
0.41 ± 0.03
2.56 ± 0.64
0.33 ± 0.08
2.76 ± 0.50
0.33 ± 0.07
Experiment XIVb
3.99 ± 0.20
0.52 ± 0.03
3.95 ± 0.36
0.51 ± 0.05
3.94 ± 0.25
0.51 ± 0.03
3.87 ± 0.20
0.50 ± 0.03
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Table C.2 GAG/DNA and collagen/DNA total content and amount in chondrocytes seeded in
cylindrical constructs cultured in free swelling condition.
Cylindrical construct
GAG (μg/µg DNA)
Collagen (μg/µg DNA)
Construct

C-10

T0
FS2
FS4
FS6
FS8
FS10

11.21 ± 9.35
25.42 ± 9.58
34.03 ± 11.38
36.33 ± 7.17
40.85 ± 9.11
43.04 ± 16.49

T0
FS2
FS4
FS6
FS8
FS10

18.11 ± 4.15
27.66 ± 5.64
31.84 ± 7.53
31.36 ± 13.23
33.97 ± 7.07
44.82 ± 11.15

T0
FS2
FS4
FS6
FS8
FS10

13.79 ± 2.29
22.16 ± 4.49
22.88 ± 8.75
20.74 ± 6.74
24.16 ± 4.05
19.73 ± 3.21

T0
FS2
FS4
FS6
FS8
FS10
FS12

6.88 ± 1.88
10.05 ± 2.34
21.94 ± 3.95
31.28 ± 4.93
35.51 ± 8.19
40.49 ± 7.29
36.89 ± 9.87

T0
FS2
FS4
FS6
FS8
FS10
FS12

5.29 ± 0.91
6.31 ± 1.56
8.68 ± 1.50
15.86 ± 1.43
19.59 ± 1.76
19.96 ± 2.88
22.55 ± 2.85

T0
FS3
FS4
FS6
FS8

6.65 ± 1.65
12.17 ± 1.90
12.44 ± 0.98
20.12 ± 2.25
21.86 ± 3.02

T0
FS3
FS6
FS8

5.11 ± 1.04
15.06 ± 1.51
26.26 ± 2.97
42.75 ± 6.82

T0
FS3
FS6
FS8

4.75 ± 0.16
8.81 ± 0.34
16.72 ± 1.13
21.14 ± 1.49

Total amount
Experiment I
17.46 ± 2.56
30.05 ± 5.01
40.10 ± 9.76
43.23 ± 7.34
50.01 ± 11.46
51.51 ± 20.16
Experiment II
24.61 ± 4.99
34.49 ± 7.14
36.73 ± 8.08
36.03 ± 14.05
38.64 ± 7.59
50.08 ± 12.36
Experiment III
18.01 ± 3.88
27.07 ± 5.37
27.64 ± 11.08
27.99 ± 8.06
31.75 ± 5.57
25.59 ± 3.79
Experiment IV
9.22 ± 2.01
12.49 ± 2.74
24.73 ± 4.19
35.77 ± 5.51
38.67 ± 9.01
44.74 ± 7.79
40.38 ± 10.92
Experiment V
8.61 ± 1.30
9.48 ± 2.03
11.40 ± 1.74
19.36 ± 1.54
22.76 ± 2.34
24.56 ± 3.44
27.98 ± 3.70
Experiment VI
10.35 ± 2.83
15.32 ± 2.60
15.55 ± 1.09
22.94 ± 2.47
24.45 ± 3.60
Experiment XIIIa
9.17 ± 1.52
18.83 ± 1.82
30.19 ± 3.10
46.91 ± 7.91
Experiment XIVa
7.18 ± 0.19
11.31 ± 0.40
19.49 ± 1.26
24.09 ± 1.64

Construct

Total amount

5.77 ± 1.77
4.84 ± 2.46
5.61 ± 2.61
5.15 ± 1.23
5.61 ± 1.69
5.00 ± 2.08

11.69 ± 2.46
9.92 ± 1.92
10.54 ± 2.77
9.61 ± 2.54
11.07 ± 2.92
9.77 ± 2.46

4.77 ± 3.15
4.08 ± 3.46
4.84 ± 1.38
4.77 ± 1.69
4.15 ± 1.31
4.38 ± 1.69

10.15 ± 3.46
9.30 ± 5.84
10.00 ± 3.15
8.92 ± 3.00
8.23 ± 2.92
10.00 ± 4.08

6.00 ± 2.69
5.77 ± 1.61
6.46 ± 2.69
4.84 ± 0.77
5.69 ± 1.85
5.08 ± 1.85

10.46 ± 4.92
10.07 ± 2.54
11.84 ± 4.08
9.00 ± 1.61
9.69 ± 2.38
8.92 ± 2.54

4.61 ± 1.00
4.46 ± 1.92
6.61 ± 1.69
6.23 ± 1.31
6.46 ± 2.61
6.61 ± 1.46
5.38 ± 1.54

9.92 ± 1.69
9.38 ± 3.00
10.69 ± 2.23
11.30 ± 2.08
10.92 ± 3.46
11.23 ± 1.31
8.77 ± 2.46

3.23 ± 1.00
3.38 ± 0.77
3.38 ± 0.62
4.69 ± 0.31
5.15 ± 1.00
5.38 ± 1.08
5.61 ± 0.62

5.31 ± 1.31
5.84 ± 1.00
7.77 ± 1.46
8.46 ± 0.85
9.15 ± 1.15
9.46 ± 1.08
10.23 ± 1.23

4.15 ± 1.31
3.46 ± 0.46
3.38 ± 0.85
3.00 ± 0.54
3.00 ± 0.92

8.31 ± 2.31
7.00 ± 1.31
6.08 ± 1.61
5.38 ± 0.85
5.69 ± 1.31

5.31 ± 0.77
4.69 ± 0.85
5.00 ± 0.46
5.92 ± 1.69

9.38 ± 1.77
9.07 ± 1.23
11.38 ± 1.08
9.61 ± 2.85

2.23 ± 0.46
2.15 ± 0.31
2.38 ± 0.54
2.31 ± 0.31

6.08 ± 0.46
6.31 ± 0.31
7.31 ± 0.54
7.38 ± 0.31
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Table C.3 GAG/DNA and collagen/DNA total content and amount in chondrocytes seeded in
constructs with endplates cultured in free swelling condition.
Construct with endplates
GAG (μg/µg DNA)
Collagen (μg/µg DNA)
Construct
T0
FS3

5.74 ± 0.47
7.33 ± 0.92

T0
FS3

5.44 ± 0.32
8.27 ± 0.80

T0
FS3

6.02 ± 0.50
8.56 ± 0.45

T0
FS3
FS6
FS8

4.68 ± 0.12
6.94 ± 0.50
10.15 ± 0.25
12.63 ± 1.22

T0
FS3
FS6
FS8

4.55 ± 0.54
7.21 ± 0.30
13.85 ± 0.52
16.01 ± 1.39

T0
FS3
FS6
FS8

7.03 ± 0.46
8.97 ± 0.61
15.15 ± 0.98
21.49 ± 1.04

T0
FS3
FS6
FS8

4.15 ± 0.32
10.03 ± 0.31
21.70 ± 5.94
33.68 ± 6.85

T0
FS3
FS6
FS8

5.05 ± 0.22
7.73 ± 1.03
14.30 ± 0.75
20.08 ± 1.20

Total amount
Construct
Experiment VII
7.40 ± 0.54
2.31 ± 0.15
9.97 ± 1.24
2.38 ± 0.31
Experiment VIII
6.92 ± 0.47
2.69 ± 0.31
11.21 ± 0.79
2.38 ± 0.15
Experiment IX
8.65 ± 0.99
4.61 ± 1.23
13.14 ± 0.33
4.77 ± 0.69
Experiment X
7.52 ± 0.19
4.92 ± 0.77
10.98 ± 1.08
4.61 ± 0.85
14.10 ± 1.24
4.31 ± 0.69
16.44 ± 1.54
4.77 ± 0.62
Experiment XI
5.98 ± 0.67
3.00 ± 0.23
9.14 ± 0.49
3.23 ± 0.08
15.53 ± 0.52
4.00 ± 0.38
18.04 ± 1.52
4.23 ± 0.23
Experiment XII
9.63 ± 0.83
4.46 ± 0.62
12.41 ± 1.28
4.00 ± 0.38
18.40 ± 1.36
4.46 ± 0.62
25.01 ± 1.21
4.31 ± 0.38
Experiment XIIIb
6.73 ± 0.43
4.15 ± 0.46
13.53 ± 1.07
3.92 ± 0.69
25.58 ± 6.34
5.46 ± 1.46
33.68 ± 6.85
5.46 ± 1.38
Experiment XIVb
7.75 ± 0.45
2.31 ± 0.23
10.54 ± 1.27
2.46 ± 0.15
17.21 ± 0.91
2.31 ± 0.31
23.12 ± 1.27
2.46 ± 0.31

Total amount
4.15 ± 0.46
6.61 ± 0.69
4.69 ± 0.31
7.15 ± 0.69
10.23 ± 1.92
10.77 ± 2.23
10.07 ± 0.85
8.54 ± 1.00
9.07 ± 1.54
8.69 ± 1.15
7.38 ± 1.38
7.92 ± 1.08
8.77 ± 1.46
9.38 ± 1.54
7.69 ± 1.46
7.54 ± 1.23
9.07 ± 1.08
7.92 ± 0.62
7.46 ± 1.23
7.15 ± 1.61
12.46 ± 4.23
11.77 ± 2.77
6.77 ± 0.23
7.31 ± 0.15
6.92 ± 0.31
7.15 ± 0.31
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Table C.4 Hydroxyproline content in culture medium and Foetal calf serum.
Hydroxyproline content (μg/ml)
Culture medium
Foetal calf serum (FCS)
Experiment

C-12

I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV

0.15 ± 0.07
0.14 ± 0.01
0.16 ± 0.04
0.15 ± 0.09
0.16 ± 0.05
0.16 ± 0.08
0.21 ± 0.12
0.19 ± 0.05
0.11 ± 0.10
0.15 ± 0.03
0.25 ± 0.09
0.21 ± 0.08
0.16 ± 0.09
0.23 ± 0.10

Batch

1
2
3
4
5

0.66± 0.14
0.72 ± 0.09
0.95 ± 0.17
0.69 ± 0.11
0.74 ± 0.21
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Appendix D
D.1 Mechanical conditioning study
In this appendix, the DNA (grey background), GAG/DNA (blue background) and
collagen/DNA (red background) content in chondrocytes seeded agarose constructs
subjected to different mechanical conditioning protocols (Chapter 6) and corresponding
culture medium are reported singularly for each experiment performed.
Proteins content in constructs and culture medium for the different loading conditions
are also presented as percentage of the control (tare load).
TLn: tare load
SCn: static compression
DCn: dynamic compression
DC&DSn: dynamic compression & dynamic shear with
n: pre-incubation period+2 days loading regimen
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*

#
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#

*

†, #: statistically different from TL4 and DC4 respectively

†
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*

*

**

**

**

*
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#
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**

#: statistically different from TL4
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D-5

D-6

# # #

#

#†

***

*

#†: statistically different from TL4(d12) and DC4(d12)
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*
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*

**

*

*

*

*

Experiment V
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*#†: statistically different from TL3, SC3 and DC3 respectively

**

*#†

*#†: statistically different from TL3, SC3 and DC3 respectively

*#†
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**

*

*

Experiment VI

**

Appendix

D-7

*

*

*

D-8
*

*

*

Experiment VII

Appendix

*

*

*

*

*

*

*

#: statistically different from TL3

#

Experiment VIII

#

Appendix

D-9

*

D-10
#: statistically different from TL3

#
#

*

Experiment IX

Appendix

*

**

***

****

#†: statistically different from DC8, and DC&DS8 respectively

#†

*

#

#: statistically different from TL3

#

#

#: statistically different from DC&DS3

#
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D-11

D-12

***

*#†: statistically different from TL8, DC8 and DC&DS8 respectively

**

*#†

****

#

#: statistically different from DC&DS3

#

*

Experiment XI

Appendix

*

*: statistically different from DC&DS3
#: statistically different from SC8

#

#

*

#

*#†: statistically different from TL8, DC8 and DC&DS8 respectively

*#†

#

*

#: statistically different from DC&DS3

#
*

*

**

*

Experiment XII

*
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D-13

D-14

#

#

*

#

***

*#†: statistically different from TL8, DC8 and DC&DS8 respectively

*#†

**

*#†: statistically different from TL8, DC8 and DC&DS8 respectively

#

**
*

*

*

*

Experiment XIII
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**

**

#: statistically different from DC&DS3
†: statistically different from DC&DS8

#†

#

#†

*, #, †: statistically different from TL8, DC8 and DC&DS8 respectively
**: statistically different from TL8(C)
‡, √: statistically different from TL3(C) and DC3(C) respectively
***: statistically different from DC8(C)

*#†

***
‡√

#

#: statistically different from TL3

#
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D-15

D-16
2.57 ± 0.29

4.13 ± 0.48
4.40 ± 0.28
3.58 ± 0.31
3.42 ± 0.22
3.57 ± 0.27
4.45 ± 0.19
3.68 ± 0.32
2.89 ± 0.46
4.21 ± 0.24
4.35 ± 0.24

2.81 ± 0.29

2.72 ± 0.35

DC3

4.55 ± 0.46
4.23 ± 0.36
3.64 ± 0.27
3.61 ± 0.55
3.60 ± 0.13
4.48 ± 0.26
3.79 ± 0.23
2.87 ± 0.31
4.32 ± 0.39
4.49 ± 0.21

SC3

TL3

1.85 ± 0.31
2.91 ± 0.65
3.90 ± 0.93
5.40 ± 1.45
2.56 ± 0.54
3.47 ± 0.21

DC3

1.60 ± 0.34
2.67 ± 0.22
2.83 ± 0.58
2.66 ± 0.51
2.92 ± 0.30
3.58 ± 0.26

1.77 ± 0.56
2.71 ± 0.53
2.44 ± 0.59
4.83 ± 0.45
3.31 ± 0.31
3.46 ± 0.17

DC4

TL3

SC4

TL4

*Cylindrical constructs

VII
VIII
IX
X
X*
XI
XII
XIII
XIV
XIV*

VI

I
II
III
IV
V
V*

Exp
ID
SC8

4.19 ± 0.44
3.87 ± 0.32
3.58 ± 0.15
3.63 ± 0.23
4.49 ± 0.26
3.49 ± 0.07
4.05 ± 0.56
4.18 ± 0.19
-

TL12

SC12

DC12

TL8

3.81 ± 0.31

DC8

-

3.41 ± 0.66
3.85 ± 0.35
4.78 ± 0.42
3.76 ± 0.14
2.26 ± 0.40
4.76 ± 0.55
4.58 ± 0.34

DC8

SC12

TL12

3.79 ± 0.27
4.78 ± 0.32
3.85 ± 0.24
3.64 ± 0.36
4.66 ± 0.57
-

DC&DS8

-

DC12

2.03 ± 0.32
3.07 ± 0.32
4.19 ± 0.35
5.27 ± 0.91 5.26 ± 0.54 5.09 ± 0.50 5.49 ± 0.81
3.03 ± 0.57 4.28 ± 0.27 4.79 ± 0.26 3.84 ± 0.57
3.99 ± 0.32
-

DC8

3.68 ± 0.34
3.80 ± 0.33
4.25 ± 0.39
3.77 ± 0.27
2.95 ± 0.61
4.56 ± 0.57
4.37 ± 0.37

3.60 ± 0.37

SC8

1.88 ± 0.27
2.39 ± 0.60
3.61 ± 0.33
5.39 ± 0.65
2.95 ± 0.12
3.44 ± 0.10

DC&DS3

3.65 ± 0.46

TL8

2.07 ± 0.29
2.48 ± 0.37
3.59 ± 0.33
5.22 ± 0.93
3.25 ± 0.24
3.48 ± 0.18

TL8

DNA content (μg)

Table D. 1 DNA content in chondrocytes seeded in cylindrical constructs and constructs with endplates subjected to different
mechanical conditioning protocols (TLn=tare load, SCn=static compression, DCn=dynamic compression, DC&DSn=dynamic
compression & dynamic shear with n=pre-incubation period+2 days loading regimen).
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SC4

32.92 ± 6.16
(39.10 ± 6.81)
23.96 ± 2.94
(28.52 ± 3.04)
10.35 ± 2.43
(13.32 ± 3.09)
22.84 ± 4.69
(25.85 ± 5.36)
8.58 ± 0.71
(10.42 ± 0.87)
15.40 ± 1.22
(20.27 ± 2.17)

SC3

9.37 ± 1.56
(12.35 ± 1.83)

TL4

33.66 ± 9.25
(38.72 ± 10.31)
23.54 ± 4.66
(27.91 ± 5.13)
14.06 ± 4.13
(17.65 ± 5.43)
13.24 ± 2.64
(14.97 ± 2.92)
8.91 ± 1.24
(11.38 ± 1.71)
20.57 ± 3.09
(25.23 ± 3.13)

TL3

11.04 ± 1.01
(14.48 ± 1.54)

*Cylindrical constructs

VI

V*

V

IV

III

II

I

Exp
ID

12.11 ± 1.50
(17.33 ± 3.04)

DC3

34.34 ± 6.49
(41.28 ± 8.43)
25.82 ± 4.66
(30.52 ± 5.43)
10.86 ± 3.48
(13.54 ± 3.87)
12.61 ± 3.56
(15.92 ± 4.35)
9.41 ± 2.34
(13.46 ± 3.92)
18.11 ± 2.10
(24.00 ± 2.27)

DC4

22.92 ± 1.72
(25.88 ± 2.04)

TL8

39.97 ± 6.52
(45.59 ± 7.34)
36.52 ± 5.13
(42.21 ± 5.44)
14.80 ± 1.70
(19.42 ± 2.19)
19.39 ± 6.38
(23.01 ± 7.06)
16.90 ± 1.41
(20.18 ± 1.63)
17.44 ± 2.86
(22.55 ± 3.15)

TL8

23.23 ± 1.80
(25.55 ± 1.99)

SC8

38.49 ± 6.63
(44.88 ± 7.84)
39.06 ± 8.63
(45.51 ± 10.25)
13.95 ± 2.88
(18.39 ± 3.51)
17.46 ± 2.56
(20.40 ± 2.74)
16.26 ± 1.15
(19.68 ± 1.02)
15.28 ± 1.50
(20.53 ± 1.38)

SC8

23.52 ± 1.98
(25.67 ± 2.13)

DC8

44.80 ± 7.45
(51.97 ± 8.96)
32.39 ± 4.09
(38.11 ± 4.48)
15.02 ± 1.70
(20.58 ± 2.08)
22.61 ± 4.85
(25.31 ± 5.14)
16.60 ± 3.65
(21.21 ± 5.16)
16.24 ± 1.41
(21.24 ± 1.77)

DC8

-

TL12

-

SC12

26.01 ± 4.22
(28.12 ± 4.58)
16.09 ± 0.68
(19.42 ± 1.12)
-

18.65 ± 3.20
(21.47 ± 3.73)
17.47 ± 0.72
(21.23 ± 0.89)
-

SC12
-

TL12
-

GAG (μg/µg DNA) in construct and (total amount)

-

DC12

32.04 ± 15.62
(36.05 ± 17.95)
17.62 ± 3.14
(21.32 ± 3.43)
-

-

DC12

protocols (TLn=tare load, SCn=static compression, DCn=dynamic compression, DC&DSn=dynamic compression & dynamic shear with n=preincubation period+2 days loading regimen).

Table D.2 GAG/DNA total content and amount in chondrocytes seeded in cylindrical constructs subjected to different mechanical conditioning
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D-17

D-18
DC3
9.02 ± 1.18
(13.17 ± 1.56)
8.36 ± 0.55
(12.41 ± 0.95)
12.95 ± 0.99
(18.43 ± 1.44)
9.92 ± 0.66
(11.71 ± 1.16)
10.27 ± 0.62
(12.29 ± 1.03)
7.42 ± 0.30
(9.24 ± 0.39)
11.27 ± 0.92
(12.57 ± 1.09)
5.07 ± 0.64
(8.61 ± 1.01)
9.20 ± 0.48
(11.92 ± 0.65)
9.64 ± 0.62
(12.19 ± 0.74)

7.54 ± 0.69
(10.56 ± 0.77)
8.40 ± 1.06
(11.62 ± 1.16)
8.87 ± 1.17
(14.42 ± 1.43)
6.34 ± 0.87
(8.17 ± 1.37)
6.70 ± 0.38
(8.27 ± 0.50)
5.66 ± 0.39
(7.39 ± 0.39)
8.04 ± 0.48
(9.25 ± 0.63)
5.00 ± 0.60
(8.23 ± 0.91)
6.69 ± 0.76
(9.33 ± 0.91)
7.23 ± 0.65
(9.72 ± 0.72)

9.22 ± 0.89
(13.56 ± 1.17)
9.95 ± 0.72
(14.60 ± 1.24)
12.65 ± 0.51
(17.98 ± 1.09)
9.57 ± 0.56
(12.55 ± 0.58)
7.11 ± 0.52
(9.00 ± 0.66)
10.71 ± 0.61
(12.14 ± 0.59)
5.76 ± 1.44
(8.50 ± 1.74)
8.47 ± 0.19
(11.52 ± 0.34)
-

DC&DS3
11.99 ± 1.12
(14.97 ± 1.40)
13.58 ± 1.57
(16.39 ± 2.05)
14.78 ± 1.77
(17.40 ± 1.68)
20.05 ± 1.43
(21.32 ± 1.57)
21.88 ± 4.39
(25.14 ± 5.26)
14.94 ± 1.95
(17.85 ± 2.31)
19.01 ± 1.56
(22.16 ± 1.83)

TL8
15.89 ± 4.30
(19.28 ± 5.11)
15.46 ± 1.55
(18.47 ± 1.56)
14.33 ± 1.50
(16.53 ± 1.80)
23.62 ± 1.03
(25.01 ± 1.13)
28.31 ± 4.20
(32.98 ± 4.67)
17.33 ± 2.31
(20.42 ± 2.69)
21.55 ± 1.71
(24.65 ± 2.07)

DC8

GAG (μg/µg DNA) in construct and (total amount)
TL3

*Cylindrical constructs

XIV*

XIV

XIII

XII

XI

X*

X

IX

VIII

VII

Exp
ID
14.53 ± 1.21
(17.50 ± 1.41)
13.61 ± 1.46
(15.38 ± 1.63)
20.89 ± 1.33
(22.19 ± 1.44)
18.63 ± 2.42
(21.44 ± 2.61)
16.78 ± 2.24
(19.80 ± 2.47)
-

DC&DS8

Table D.3 GAG/DNA total content and amount in chondrocytes seeded in constructs with endplates
subjected to different mechanical conditioning protocols (TLn=tare load, SCn=static compression,
DCn=dynamic compression, DC&DSn=dynamic compression & dynamic shear with n=preincubation period+2 days loading regimen).
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SC4

5.15 ± 2.15
(10.84 ± 2.61)
5.08 ± 0.85
(9.92 ± 1.31)
5.92 ± 1.38
(11.77 ± 2.46)
9.77 ± 3.77
(16.53 ± 4.61)
3.38 ± 0.38
(8.69 ± 1.00)
5.54 ± 0.46
(11.00 ± 1.54)

SC3

3.92 ± 0.46
(7.46 ± 0.69)

TL4

5.15 ± 2.31
(10.61 ± 3.15)
5.61 ± 0.85
(10.15 ± 1.92)
5.61 ± 2.00
(11.07 ± 3.61)
6.15 ± 1.31
(10.92 ± 1.77)
3.38 ± 0.69
(8.00 ± 0.92)
5.77 ± 0.31
(11.61 ± 1.08)

TL3

4.08 ± 0.62
(7.38 ± 1.15)

*Cylindrical constructs

VI

V*

V

IV

III

II

I

Exp
ID

4.00 ± 0.54
(7.84 ± 1.310

DC3

4.61 ± 2.08
(10.38 ± 2.69)
4.38 ± 1.08
(9.54 ± 2.00)
6.08 ± 2.23
(12.07 ± 4.38)
6.54 ± 1.77
(11.15 ± 2.61)
4.00 ± 1.00
(10.38 ± 2.31)
5.77 ± 0.38
(11.46 ± 0.77)

DC4

3.77 ± 0.54
(7.03 ± 0.92)

TL8

5.77 ± 1.08
(10.46 ± 1.77)
5.46 ± 1.46
(10.23 ± 2.46)
4.77 ± 1.23
(10.54 ± 1.08)
6.23 ± 1.23
(12.00 ± 2.85)
6.08 ± 0.54
(11.54 ± 0.77)
5.84 ± 0.31
(11.38 ± 0.32)

TL8

3.77 ± 0.38
(7.15 ± 0.77)

SC8

5.54 ± 0.85
(10.92 ± 1.46)
5.38 ± 1.77
(11.07 ± 2.85)
4.84 ± 1.38
(11.38 ± 1.08)
5.69 ± 0.77
(12.3 ± 2.00)
6.61 ± 0.31
(12.38 ± 0.46)
6.08 ± 0.23
(12.10 ± 0.38)

SC8

3.54 ± 0.31
(6.92 ± 0.62)

DC8

5.31 ± 1.31
(11.15 ± 2.15)
4.23 ± 1.15
(10.15 ± 1.92)
5.00 ± 1.23
(11.84 ± 1.85)
5.69 ± 1.08
(12.00 ± 2.31)
6.63 ± 1.23
(12.61 ± 2.38)
5.31 ± 0.31
(10.92 ± 0.85)

DC8

TL12

-

TL12

5.69 ± 1.23
(11.38 ± 2.46)
5.84 ± 0.46
(11.15 ± 0.69)
-

Collagen (μg/µg DNA) in construct and (total amount)

-

SC12

5.92 ± 0.85
(12.53 ± 1.54)
5.31 ± 0.62
(9.84 ± 0.46)
-

SC12

-

DC12

6.46 ± 3.38
(13.77 ± 7.31)
6.69 ± 1.08
(12.77 ± 2.15)
-

DC12

Table D.4 Collagen/DNA total content and amount in chondrocytes seeded in cylindrical constructs subjected to different mechanical conditioning
protocols (TLn=tare load, SCn=static compression, DCn=dynamic compression, DC&DSn=dynamic compression & dynamic shear with n=preincubation period+2 days loading regimen).
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D-19

D-20
DC&DS3
4.05 ± 0.38
(10.84 ± 0.77)
4.77 ± 0.46
(12.69 ± 1.15)
5.77 ± 1.23
(12.77 ± 1.69)
4.54 ± 0.38
(10.07 ± 0.85)
3.54 ± 0.38
(8.92 ± 0.85)
5.54 ± 0.15
(10.69 ± 0.92)
5.38 ± 0.69
(10.61 ± 1.08)
3.15 ± 0.15
(7.84 ± 0.23)
-

DC3
2.69 ± 0.46
(7.77 ± 0.62)
2.54 ± 0.46
(7.46 ± 0.69)
6.15 ± 0.85
(12.3 ± 1.03)
4.23 ± 0.69
(8.92 ± 0.54)
3.38 ± 0.54
(9.07 ± 1.54)
2.85 ± 0.77
(7.54 ± 1.61)
4.31 ± 0.69
(8.69 ± 1.15)
4.92 ± 1.06
(10.77 ± 2.01)
2.46 ± 0.69
(6.69 ± 0.77)
2.61 ± 0.31
(6.69 ± 0.46)

2.54 ± 0.31
(7.15 ± 0.38)
2.69 ± 0.38
(7.92 ± 0.92)
5.15 ± 1.31
(10.69 ± 1.61)
4.46 ± 1.54
(9.77 ± 2.02)
3.54 ± 0.77
(9.07 ± 0.54)
3.23 ± 0.31
(8.12 ± 1.31)
3.54 ± 0.31
(7.69 ± 0.31)
5.15 ± 0.46
(11.07 ± 1.00)
2.38 ± 0.31
(6.61 ± 0.69)
2.77 ± 0.38
(6.84 ± 0.38)

3.69 ± 0.85
(8.54 ± 1.31)
3.23 ± 0.46
(7.61 ± 0.85)
3.61 ± 0.69
(8.61 ± 1.15)
4.31 ± 0.46
(8.23 ± 0.62)
4.69 ± 1.23
(10.23 ± 2.31)
2.69 ± 0.54
(6.69 ± 0.85)
2.31 ± 0.31
(6.15 ± 0.69)

TL8
3.77 ± 0.92
(9.07 ± 2.46)
3.69 ± 0.46
(8.61 ± 1.23)
3.23 ± 0.46
(7.38 ± 0.77)
4.46 ± 0.31
(8.15 ± 0.38)
5.46 ± 0.77
(12.23 ± 1.92)
2.46 ± 0.54
(6.08 ± 1.15)
2.08 ± 0.23
(5.61 ± 1.00)

DC8

Collagen (μg/µg DNA) in construct and (total amount)
TL3

*Cylindrical constructs

XIV*

XIV

XIII

XII

XI

X*

X

IX

VIII

VII

Exp
ID

5.21 ± 0.62
(10.23 ± 0.77)
4.08 ± 0.62
(8.84 ± 0.92)
5.54 ± 0.54
(9.92 ± 0.92)
6.08 ± 0.38
(11.69 ± 0.77)
3.08 ± 0.46
(7.69 ± 1.05)
-

DC&DS8

Table D.5 Collagen/DNA total content and amount in chondrocytes seeded in constructs with
endplates subjected to different mechanical conditioning protocols (TLn=tare load, SCn=static
compression, DCn=dynamic compression, DC&DSn=dynamic compression & dynamic shear with
n=pre-incubation period+2 days loading regimen).
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a b s t r a c t
Physiological loading is essential for the maintenance of articular cartilage by regulating tissue remodelling, in the form of both catabolic and anabolic processes. To promote the development of tissue
engineered cartilage which closely matches the long term functionality of native tissue, bioreactors have
been developed to provide a combination of loading modalities, which reﬂect the nature of normal physiological loads. This study describes the design and validation of an in vitro mechanical system for the
controlled application of bi-axial loading regimes to chondrocyte-seeded agarose constructs.
The computer-controlled system incorporates a robust gripping system, which ensures the delivery
of precise values of cyclic compressive and shear strain to 3D cell-seeded constructs. Sample prototypes were designed, optimised using ﬁnite element analysis and validated performing compressive and
shear fatigue mechanical tests. The horizontal and vertical displacements within the bioreactor are precisely controlled by a dedicated programme that can be easily implemented. The synchronisation of the
orthogonal displacements was shown to be accurate and reproducible.
Constructs were successfully loaded with a combined compressive and shear loading regimen at 1 Hz
for up to 48 h with no appreciable loss of cell viability or mechanical integrity. These features along with
the demonstrated high consistency make the system ideally suitable for a systematic investigation of the
response of chondrocytes to a complex physiologically relevant deformation proﬁle.
© 2013 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Articular cartilage is a highly organised connective tissue consisting of chondrocytes surrounded by an extracellular matrix
(ECM), composed of a proteoglycan gel, enclosed within a complex
network of collagen ﬁbres [1]. The interaction of both solid components is critical in providing mechanical competence to support
the normal physiological loading experienced within the synovial
joints. Changes in the ECM composition can dramatically alter the
load bearing capacity of articular cartilage, thereby initiating a process which can eventually result in its total degradation [2,3].
Since articular cartilage is avascular it exhibits a very limited
capacity to regenerate and to repair itself into a fully functional
tissue [4]. Accordingly, a number of clinical strategies have been
established to repair partial thickness cartilage defects, each of
which provides additional metabolically active cells to the defect
site. However such clinical options rarely provide long term functional stability, thereby motivating considerable tissue engineering

∗ Corresponding author. Tel.: +44 (0) 20 7882 8877.
E-mail address: e.difederico@qmul.ac.uk (E. Di Federico).

research focused on the in vitro development of neo-cartilage tissues prior to implantation [5,6].
It is well established that physiological loading is essential for
the maintenance of articular cartilage by regulating tissue remodelling, in the form of both catabolic and anabolic processes [7,8].
Indeed a variety of forces are active during joint loading and
have been shown to affect cartilage composition and integrity,
including compression [9–11], tension [12], shear [13,14], and
hydrostatic pressure [15]. This has motivated the design of several
bioreactor systems [16,17] to apply mechanical loading at a magnitude and frequency to match the physiological loading conditions
[11,18–20].
Several groups have used mechanical conditioning, generally
in the form of uniaxial compression, to modulate the response
of chondrocytes embedded in polymeric constructs. For example,
it has been reported that the application of dynamic compression can regulate a number of biosynthetic activities [19,21,22],
which are strongly dependent on both the strain magnitude and
frequency.
Most of these studies have revealed a signiﬁcant up-regulation
of proteoglycans while the synthesis of type II collagen has been,
at best, modest in comparison [23]. Accordingly few studies have

1350-4533/$ – see front matter © 2013 IPEM. Published by Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.medengphy.2013.11.007
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addressed this issue by adopting strategies to enhance the presence
of type II collagen. These have included the temporal degradation of
hydrogel scaffolds [24], the use of mature functional units, incorporating the chondron [25] and the superposition of shear on uniaxial
compression [14]. An example of the latter approach used a rotating
ball system, which simultaneously applies compression and shear
to simulate joint kinematics [26]. Although this system has enabled
the application of multi-axial loading on cell-seeded constructs or
cartilage explants, the precise levels of stress and/or strain imposed
on the specimens have not been quantiﬁed. Nonetheless, the combined application of dynamic compression coupled with oscillating
sliding contact has been shown to increase the dynamic stiffness of
the construct, associated with a signiﬁcant increase in the synthesis
of proteoglycans and proteins [14,23].
It may be hypothesised, therefore, that the superposition of
shear on direct compression may up-regulate collagen production
in articular chondrocytes seeded in constructs. Accordingly the current study is focused on the design and validation of an in vitro
loading system for the accurate and reproducible combined application of prescribed magnitudes of cyclic compression and shear to
3D chondrocyte-seeded agarose constructs. The system will apply
biaxial loading for 48 h to samples located in independent wells
within a culture plate.
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Each sample was designed to be positioned immediately beneath
a corresponding loading pin. All elements of the rig were easy to
dismantle and sterilise in an autoclave.
2.2. Control system
The linear stage was connected to the Bose system PCI output
channel through a multi-function Analogue I/O Device for Data
Acquisition (14-Bit, 48 kS/s Multifunction DAQ, National Instruments Corp, Newbury, UK) which provides high-speed ADC.
A Labview (LabVIEW 8.2, National Instruments, Newbury, UK)
routine was implemented to synchronise the vertical and horizontal displacements in the bioreactor. The time delay between
the movement of the stage and the vertical actuator was adjusted
by using a closed loop control system with a Linear Variable Differential Transformer (LVDT DG 2.5 Guided, Solartron
Metrology, RS Components Ltd, Corby, UK) to provide feedback of the position of the stage. The moving tip of the LVDT
was positioned in contact with a deﬂection plate mounted on
the stage platform (Fig. 1C). Dedicated programmes enabled a
range of waveforms, strain amplitudes and frequencies to be
selected.
2.3. Validation protocol

2. Materials and methods
2.1. Bi-axial loading bioreactor
A bioreactor was designed to feature a controlled loading system
(ElectroForce 5500, BOSE, Minnesota, USA), placed in a tissue culture incubator (BINDER, D-78532, Tuttingen, Germany) equipped
with a 225 N load cell (BOSE ElectroForce System Group, Minnesota,
USA). The loading system provides strain via a vertical actuator,
which is connected by a central shaft to a mounting plate located
within a Perspex chamber. The chamber was aligned to the loading
system and its bottom surface was secured to the system platform.
The pin holder plate includes 12 holes which restrain the vertical movement of each of the loading pins (Fig. 1C). The loading
pins consist of a 316L stainless steel rod (∅3 mm, 30 mm length)
connected to PTFE cylindrical cups (∅12 mm, 10 mm deep). This
arrangement permits the simultaneous testing of 12 constructs,
centred individually in the outer wells of a 24 well culture plate,
whilst being maintained in aseptic culture conditions (Fig. 1). Control constructs prepared from the same batch of chondrocytes, were
left either in a free swelling state or under tare load equivalent to
a static strain of 0.2%.
The internal lateral surfaces of the cylindrical cups were
designed with a chamfered surface to facilitate the positioning of
the loading pins on each construct. Each loading pin can be locked
in the pin holder.
It is well reported that viscoelastic behaviour of the agarose
constructs during dynamic compression leads to permanent deformation of each construct [27], resulting in “lift-off”, the loss of
contact between loading systems and the top surface of the construct. To provide shear deformation even with lift-off, the cups on
the loading pins were designed with sufﬁcient depth to accommodate a permanent deformation of 2 mm (equivalent to 40% strain).
Shear strain was applied using a linear positioning motorised
stage (Zaber Technologies, T-LSM025A-KT03 Miniature Linear
Slide, Laser 2000 Ltd., UK) with built-in controller, accuracy of
±4 m and adequate speed capabilities (Maximum Speed 7 mm/s,
Speed Resolution 0.00022 mm/s).
The sample holder, connected to the linear stage, located a 24well plate (Corning Costar culture plate, Sigma–Aldrich, Poole, UK).

To ensure the consistency and reproducibility of the system a
validation protocol examined the synchronisation of the vertical
and horizontal movements. The time delay between the two distinct waveforms and the efﬁcacy of the compensation system was
monitored. The vertical displacements of the actuator were compared with the displacements of the stage. The vertical actuator
was prescribed to move sinusoidally between 0 and 0.75 mm at a
frequency of 1 Hz, while a triangular waveform (0.5 mm, 1 Hz) was
employed for the lateral translation of the linear stage. The data
collected over 48 h were processed and the time delay determined
between the peaks.
2.4. Design and characterisation of the construct
A cylindrical construct was developed, which could be gripped
in the bioreactor using nylon endplates (component a, Fig. 2A).
These endplates, with their inherent material porosity were
designed to minimise the static preload applied to the cell-seeded
constructs and ensure hydration of the constructs. To increase
the contact between the sample and the endplates, improving
the interlock between the two materials and minimising the
sliding between their surfaces, a thread (ISO STD M8X0.5 mm)
was introduced onto the internal surface (Fig. 2B) of the nylon
endplate.
2.4.1. Optimisation of the sample proﬁle by ﬁnite element
analysis (FEA)
Finite element analysis (FEA) was performed to optimise the
sample proﬁle and ensure the design of an experimental model
with a well characterised and uniform strain distribution across the
construct. This would avoid the presence of strain concentrations,
leading to premature construct failure during the dynamic loading
experiments.
Models of agarose cylindrical construct and nylon endplates
were achieved using a commercial software package (ABAQUS/CAE
standard 6.9). The hydrogel was idealistically modelled as a single
phase, homogenous, linear isotropic and elastic material [28], with
E = 100 kPa [21], =0.32 [29] and mass density = 1.64·10−6 g/cm3 .
The 3D solid models of endplates and constructs, produced with
representative dimensions, were meshed using tetragonal shaped
elements (C3D4: 4-node linear tetrahedron) [28] with a global
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Fig. 1. Images of the assembled tissue culture sterile chamber positioned in the incubator (A and B). Schematic of the bi-axial loading system (C).

size of 0.48 mm. A local seed with an approximate element size
of 0.3 mm was applied to the edge of the thread to provide a higher
mesh density. The constructs contained a maximum number of
nodes and elements equal to 64,470 and 38,735 respectively while,
both top and bottom endplates were characterised by a maximum
of 37,634 nodes and 22,293 elements.
A range of simulations were generated using different
internal thread designs (M8, pitch 0.5, 0.75 and 1 mm) and
using a range of inclinations of a chamfered surface (90,
121, 129, 135, 141 and 149◦ ), deﬁned as M8-pitch-chamfered
inclination.
A two stage process was initiated. Initially each model was
conﬁgured such that a compression strain was applied along
the y-direction, followed by a shear strain in the x-direction.
The interaction between sample and endplates was modelled as
“general contact” characterised by isotropic frictional behaviour.
A sensitivity analysis was performed in which the friction was
varied between 0.25 and 1.00 under the conditions of 15% compression strain and shear strains of 5– 15%. The maximum
Principal Stress value was minimally affected (approximately
2% at 15% shear strain) by the change of friction coefﬁcient.
Consequently a value of 0.3 was selected for all subsequent
analyses.
During the FE simulations, the numerical problems were solved
using the standard implicit direct equation solver. The numerical

simulations were performed using the Static/General step. A full
Newton solution technique with unsymmetric matrix storage was
adopted [28].
The maximum Principal stresses and their distributions were
determined in response to the applied compression and shear loading regimes.
2.4.2. Sample validation under dynamic shear
The sample integrity and functionality under dynamic shear
was estimated using a bespoke rig, accommodating two constructs.
The rig body was composed of three blocks, two sample locators,
placed laterally and connected together through their bottom surface and a moveable grip (Fig. 4). One endplate of each sample was
located in the sample locator block, while the other was located
in the loading pin. 15% static compression strain was applied to
the each of samples using precision length punches (Fig. 4). When
the rig was assembled, it was ﬁxed in a sterile chamber with culture medium and transferred to an incubator (BINDER, D-78532,
Tuttingen, Germany). The rig was coupled by a shaft to a mechanical loading system (BOSE ElectroForce System Group, Minnesota,
USA). During set up the loading pin was supported; this support
was removed immediately prior to testing so that the loading
pin was free to move vertically and apply dynamic shear strain
to the samples. Each construct was tested under static compression and a cyclic shear strain of 10%, equivalent to a maximum
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Fig. 2. (A and B) Schematic of agarose construct (c: ∅5 mm × height 5 mm) located in custom designed nylon endplates (a: ∅10 mm × 5 mm, b: ∅15.5 mm × 5 mm), loaded
through a cup shaped pin (d), within a single well of a 24 well tissue culture plate (e). (C) Construct before and after shear fatigue test.

amplitude of 0.5 mm, using a sinusoidal waveform at a frequency
of 1 Hz for 48 h (172,800 cycles) [27]. Storage (G ) and loss moduli
(G ) were calculated over 40 cycles at three times over the test
period.
2.5. Cell viability
Different loading regimes over 48 h were applied to bovine
chondrocytes seeded in 3% w/v agarose gel (Low gelling, Type VII,
Sigma–Aldrich, Poole, UK), representing a well-established model
system in the host laboratory [30]. Both free swelling constructs and
constructs subjected to a tare compressive load acted as controls.
These regimes were applied to constructs pre-cultured in low glucose Dulbecco’s modiﬁed Eagle’s medium (DMEM, Sigma–Aldrich)
with 16.1% (w/v) foetal calf serum (FCS, all from Sigma–Aldrich,
Dorset, UK) for 24 h.
At the end of each experiment, cell viability was assessed by
removing vertical slices from the centre of the agarose constructs
and incubating them in 5 M per ml of calcein AM and Ethidium homodimer-1 (both Life Technologies Ltd, Paisley, UK) for
30 minutes. The cells were viewed on an epiﬂuorescence microscope (Leica Microsystems GmbH), and the percentage of viable
cells was determined.

2.6. Statistical analysis
All results were expressed as the mean ± standard deviation
(SD). Mechanical characterisation and cellular viability results were
analysed using a one-way ANOVA. A level of 5% (p < 0.05) was considered statistically signiﬁcant for each test.
3. Results
Mean values of chondrocyte viability were maintained above
90% for all test conditions (Table 1). Close examination revealed no
Table 1
Viability of agarose-chondrocyte constructs subjected to different loading regimes.
At the 0.05 level the population variance are not signiﬁcantly different.
Conditions

Cells viability (%)

24 h FS (control)
72 h FS
24 h FS + 48 h TL
24 h FS + 48 h DC
24 h FS + 48 h DC & DS

93
90
92
92
91

±
±
±
±
±

3
1
2
4
1

FS, free swelling; TL, tare load; DC, 15% dynamic compression (1 Hz); DS, 10%
dynamic shear (1 Hz).

538

E. Di Federico et al. / Medical Engineering & Physics 36 (2014) 534–540

Fig. 3. The relationship between maximum principal tensile stress and shear stress as predicted from the simulation of 3D-models for (A) three different models and (B) one
model (M8×05) with ﬁve different chamfer angles, under an applied static compression of 15% and shear strains ranging from 5% to 10%.

statistically signiﬁcant differences in chondrocyte viability when
compared to control constructs, deﬁned as free swelling constructs
cultured for 24 and 72 h, respectively (Table 1).
From the validation protocols, the mean time delay between
the sinusoidal and the triangular waveforms was estimated to
be 0.014 ± 0.013 s over the 48 h period. There was no systematic
increase in the delay, which strongly indicated minimal drift in the
triangular waveform with respect to the sinusoidal waveform.
The FE analyses for each model demonstrated similar patterns of
internal stresses within the constructs under different biaxial loading regimes. The simulations indicated that the maximum principal
tensile stresses were mainly located along the chamfered surfaces.
Indeed, from the sensitivity analysis, each of the three models
exhibited comparable trends of maximum Principal tensile stress
( 1max ) (Fig. 3). However,  1max values were considerably higher
for models M8X1 and M8X075 when compared to the corresponding values for model M8X05 (Fig. 3A). Accordingly, the 3D-model
M8X05 was modiﬁed to introduce a chamfered surface with an
angle, ranging from 90◦ to 149◦ . The results, Fig. 3B, clearly demonstrated that lower values of  1max correspond to a chamfered angle
of 121◦ . Therefore to minimise the risk of sample failure, this angle
was selected for subsequent testing in the system. Due to manufacturing limitations, chamfered surfaces of less than 121◦ were not
considered.

Fig. 4. Schematic of the sample validation rig.

The fatigue test revealed no evidence of fracture or excessive
deformations, for each of the six samples tested under cyclic shear
and static compression over the 48 h test period (Fig. 2C). The
resulting dynamic parameters (G and G ) decreased approximately
3.7% during the ﬁrst 24 h and up to 6.9% at 48 h due to the viscoelastic nature of the hydrogel. Nonetheless, there was no evidence of
reduction in load-bearing capacity of the sample over the duration
of the test.

4. Discussion
The current study presents the design, manufacture and characterisation of a biaxial loading system to enable cell seeded
constructs to be dynamically loaded under compression and shear
deformations, separately or simultaneously, using a wide range of
precisely deﬁned strain and frequency regimes.
Many research groups have used chondrocytes seeded in
agarose gel to study the inﬂuence of compressive strain on the
metabolism of chondrocytes [11]. This homogeneous model system provides mechanical stability and reproducibility as well as the
capacity to be subjected to physiological levels of strain. Accordingly it is appropriate to examine the effect of shear strain on
biosynthetic activity. However, due to the inherent viscoelastic
properties of the hydrogel, in order to apply dynamic shear strain
to the constructs it was necessary to design an appropriate gripping
mechanism.
Previous studies [27] performed in the host laboratories
employed sintered glass endplates combined with agarose gel in
order to apply static shear strain. Although the bond between the
two interface materials was considered to be strong enough to support the application of static strain [27] its performance, which
was monitored under different loading conditions including 15%
dynamic compressive strain, was not adequate to support the application of dynamic loads for 48 h [30]. Indeed the constructs showed
detachment of the porous glass endplates from the hydrogel even
during their insertion in the rig. Accordingly, we developed the
novel gripping mechanism and employed custom-made nylon endplates which resolved this issue of maintaining construct integrity
during mechanical conditioning.
These nylon endplates were designed so that their light weight
would minimise the static preload applied to the cell-seeded
constructs and also facilitate its hydration, and not affect the diffusion of nutrients within the hydrogel. Furthermore, the thread
introduced onto the internal surface of the nylon endplate increases
the contact surface between the sample and the endplates and
ensures mechanical stability with the construct. The use of the
nylon endplates provided further advantages namely to allow the
easy insertion and removal of the construct from the 24 well
plate, to avoid direct contact with the relatively delicate agarose,
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as well as to allow the accurate positioning of the sample in the
centre of the well. Furthermore, coupling the endplates with cupshaped loading pins overcame the problems associated with lift-off
between pin and the construct under dynamic compression. The
improved pin shape ensured that the prescribed shear strain was
precisely transmitted to the specimen during the 48 h of dynamic
loading. The construct characteristics were further improved by
introducing chamfered ends to minimise stress concentrations, and
hence reduce the risk of premature failure during dynamic loading.
Shear fatigue tests, employed to validate the construct performance, conﬁrmed the efﬁcacy of the designed experimental model.
The biaxial bioreactor combined with the optimised sample design
has been shown to enable precise levels of gross dynamic shear
strain to be applied to the construct with no apparent failure.
Given the importance of delivering well deﬁned strains to the relatively small constructs it was critical to utilise two precision-made
commercial actuators for compression and shear. The former was
provided by a system (Bose) well established in the host laboratory [31,32]. Although, several biaxial loading systems have been
previously reported in literature, few have provided a system for
accurate application of shear deformation [30,33,34] on tissue engineered constructs. The direct contribution of the applied shear load
is not easily quantiﬁable in rotating culture bioreactors [35], where
cell seeded scaffolds are exposed to complex mechanical loading
patterns incorporating ﬂuid-induced shear.
A requirement of any bioreactor is the maintenance of cell viability and the potential for active metabolism of cell seeded constructs
within the culture system. It is evident that loading regimens may
alter transport of metabolites into the constructs. However, the
present tests conﬁrmed that the mean chondrocyte viability was
maintained above 90% for all test conditions. These results suggest that the culture conditions and the applied loading regimes
did not affect cell viability or mechanical integrity of the constructs (Table 1). Additionally, the present design can be used to
test simultaneously twelve samples located in separate wells of a
culture plate, under highly controlled environment, providing an
adequate number of replicates for each batch of chondrocytes. Furthermore, the system enables the culture and the application of the
different loading regimes to individual constructs, as opposed to
bioreactors in which the samples are all contained within the same
culture chamber [30]. Thus unforeseen failure of a single construct
would not compromise the entire experiment. The bioreactor can
also been easily adapted to incorporate a system for the automated
change of culture medium during the conditioning process, which
can enable long term (weeks rather than days) culture experiments
to be performed.
Accordingly, these features and the high consistency make this
bioreactor system ideally suited to enable a systematic investigation of the biosynthetic response of chondrocytes to dynamic
macroscopic shear deformation. In particular, we can examine the
temporal nature of the synthesised ECM components, its organisation and how it matches the functionality of native cartilage tissue.
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