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Abstract

Articular cartilage has a low propensity for self-repair, due to which 27 million people are
affected by osteoarthritis every year in North America. The current repair techniques used for
cartilage defects possess flaws that reduce long-term clinical success. Tissue engineering carries
with it the promise of engineering hyaline-like cartilage with physical and biochemical properties,

similar to that of native cartilage.

This being said, the primary objective of my project was to engineer clinically relevant sized
articular cartilage constructs. To achieve my objective, first, | investigated the effect of
continuous culture on cartilaginous tissue growth. Constructs grown under continuous media flow
significantly accumulated more collagen and proteoglycans, and displayed a stratified
morphology, similar to that found in native cartilage. The second goal was to further increase
chondrocyte proliferation, and extracellular matrix (ECM) accumulation. To achieve this,
constructs were grown in a bioreactor with media supplemented with 14 mM sodium bicarbonate
(NaHCOs). Constructs cultivated in the bioreactor with NaHCO; supplementation exhibited a
significant (p<0.05) increase in ECM accumulation (a 98-fold increase in glycosaminoglycans
and a 25-fold increase in collagen content), cell proliferation (a 13-fold increase), and thickness (a
28-fold increase) compared to all other conditions (static and reactor without NaHCO;

supplementation).

The third goal was to engineer cartilage constructs with as little cells as possible, reducing donor
site morbidity. From the results obtained, it was evident that the monolayer constructs

outperformed all the other constructs (pellet, biopsy, and minced).

The final goal was to understand the underlying reason for the increased proliferation. First, |

investigated if there were any differences present in intracellular pH (pHi) and intracellular



buffering capacity. Second, | determined the role of extracellular pH (pHe) on cell proliferation.
In an effort to accurately achieve this, I, for the first time, have reported on measuring pHi of
chondrocytes while still in culture (2D and 3D cultures) using a confocal microscope. This study
demonstrated the importance of extracellular environments, such as pHe, extracellular buffering

capacity, and the presence of carbon dioxide and bicarbonate ions for chondrocyte proliferation.
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Chapter 1

Introduction and Literature Review

1.1 Cartilage Anatomy and Function

Articular cartilage is a load bearing soft tissue that lines the surfaces of subchondral bones, like
the knee, elbow and shoulder joints. Figure 1.1 is a pictorial representation of a human knee joint.
Cartilage provides these surfaces, with low friction and wear resistance essential for repetitive
gliding motion and shock absorption, while evenly spreading the applied load on to the
underlying bone. Articular cartilage is an acellular and an avascular tissue made up of a sparse
population of highly specialized cells known as chondrocytes. Chondrocytes make up only 1-10%
of the total cartilage volume depending on the location and thickness of the cartilage [1-7]. The
major components of the extracellular matrix (ECM) are water, proteoglycans and collagens
(Figure 1.2). Articular cartilage has a high water content (approximately 65-80% wet weight)[8].
Ten to twenty percent of cartilage by wet weight is collagen type Il, while 4-7% is aggrecan.
Molecules such as proteins, glycoproteins, lipids and phospholipids are also present in the ECM.

These molecules account for less than 5% of the wet weight of cartilage [2-5, 8].
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Figure 1.1: Pictorial Representation of the Knee Joint (Unmodified Image)[9].
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1.1.1 Architecture of Articular Cartilage

Avrticular cartilage is a very specialized tissue made up of four distinctive zones, with the
arrangement, structure and composition varying between the individual zones [3, 8, 11-13]. The
chondrocytes in each zone respond differently to stimuli and secrete different proteins [14].
Figure 1.3 is a pictorial representation of the architecture of articular cartilage. The uppermost
zone, also known as the superficial zone, has the highest amount of water content and the lowest
amount of proteoglycan content compared to the other zones. Chondrocytes in the superficial
zone are elongated and orientated horizontally [5, 8]. Collagen fibrils found in the superficial
zone are thin, closely-knitted and aligned along their horizontal axis [5, 8]. The superficial zone
possesses the highest tensile strength, compared to the other zones [15, 16]. The middle zone just
below the superficial zone has collagen fibrils with a larger diameter, which are arranged in no
particular fashion [8]. The chondrocytes found in the middle zone are more rounded in
appearance and are characterized with a low cell density [5]. The deep zone found below the
middle zone is characterized with spherical chondrocytes arranged in a columnar fashion, high
proteoglycan content, low water content and thick, yet sparse, collagen fibril content when
compared to the other zones [8]. The cells in the deep zone have the highest rate of synthesis,
approximately ten times higher than the cells in the superficial zone [17, 18]. The calcified zone,
found below the deep zone is composed of smaller hypertrophic chondrocytes that produce type
X collagen [5]. These cells have the ability to calcify the surrounding matrix. All chondrocytes

are surrounded by a pericellular region consisting of collagen type VI and decorin [5].
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Figure 1.3: Zonal Organization of Articular Cartilage Tissue. Articular cartilage is made up of
four zones: superficial, middle, deep and calcified, with the composition and arrangement varying
between the individual zones (Unmodified Image) [19].

1.1.2 Extracellular Matrix Molecules

1.1.2.1 Water

Water makes up 65-80% of the tissue’s wet weight [20]. Approximately 30% of this water is
found in the collagen intrafibrillar space while the rest is found in the extracellular matrices
microscopic pores [8]. The percentage of water present varies between the individual zones, with
the highest percentage, approximately 80%, being in the superficial zone and the lowest
percentage, approximately 65%, being in the deep zone [8]. Inorganic salts, such as calcium,
chlorine, sodium, and potassium, are found dissolved in the water present in articular cartilage
[8]. Water is moved across the extracellular matrix by either applying a pressure gradient across
the tissue or by compression when the tissue is loaded. Articular cartilage possesses low

permeability because of the high frictional resistance present; therefore, high pressure is required
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to overcome the frictional resistance, thus, allowing movement of water within the tissue [21].
The flow of water through the ECM plays a very important role as it provides lubrication and
allows distribution of nutrients within the tissue [21]. Articular cartilage has a high affinity for

water due to the hydrophilic nature of proteoglycans [22-26].

1.1.2.2 Collagen

Collagen fibril diameter and orientation change throughout the depth of the four zones in articular
cartilage. Collagen provides cartilage with its tensile strength and shear properties while
immobilizing the proteoglycans within the ECM. Although collagen is responsible for providing
the articular cartilage with tensile strength, it does not contribute much towards compression.
This is due to the length-to-diameter ratio of the collagen fibrils, resulting in very slender fibers
[15, 27-29]. Fifty percent of articular cartilage by dry weight is collagen of which 90-95% is
collagen type Il, while the remaining comprises of collagen types I, V, VI, IX, X, and XI [8].
Collagen type Il has more carbohydrate groups than any of the other types of collagen; thus, it
interacts better with water than the other collagens [17]. Collagen has a characteristic triple
helical structure, with the width of each fiber varying from 10 to 100 nm (Figure 1.4) [8]. The
collagen fibrils are approximately 20 nm in width (diameter) in the superficial zone and
approximately 70 to 120 nm in width (diameter) in the deep zone [5]. Fibers in the triple helix are
composed of three a polypeptide chains, each of these chains contain glycine and proline. Due to
the presence of proline in these chains, they, on their own, exhibit a left-handed helical
configuration, while in the triple helix, they exhibit a right-handed helical configuration giving
the collagen molecule the ability to resist tensile forces [30]. Glycine molecules can only be

present at the junctions between each of the three o chains [30]. The location of glycine in the o



chain is very crucial for the triple helical form of collagen [8, 30]. Every third residual functional
group occupies the interior of the helix, and the sequence is represented by (Gly-X-Y), where X
and Y is generally proline and hydroxyproline [7, 8, 30]. Hydroxyproline, by forming the
intramolecular hydrogen bonds along the length of molecule, stabilizes the helical structure of
collagen [8]. The distribution of a particular type of collagen in the matrix can be localized, or it
can be present throughout the ECM [8]. Collagen type Il has uninterrupted triple helical chains
aligned head-to-tail and side-by-side, overlapping each other, creating a 3-dimentional structure
[30]. The strength and stability of the ECM in articular cartilage is due to the insoluble properties
of the collagen fibrils. The insoluble nature of collagen is due to the covalent and non-covalent

crosslinks between the collagen molecules and interactions between different collagen fibrils [8].
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Figure 1.4: Structure and Assembly of Collagen Fiber. Collagens have a characteristic triple
helical structure. Collagen type Il has uninterrupted triple helical chains aligned head-to-tail and
side-by-side, overlapping each other, creating a 3-dimentional structure (Unmodified Image) [8].



1.1.2.3 Proteoglycans

Proteoglycans are composed of a protein core covalently bound to polysaccharide chains.
Proteins make up only 5% of the proteoglycans while polysaccharides make up the rest [17]. Four
major types of glycosaminoglycans have been found in articular cartilage proteoglycans, namely:
(i) chondroitin sulfate 4- and 6-isomers, which account for 55-90% of all glycosaminoglycan; (ii)
keratan sulfate, (iii) dermatan sulfate and [31] hyaluronan [8, 32]. Hyaluronan, unlike the other
glycosaminoglycans mentioned above, are un-sulfated, plus they are not covalently bound to a
protein core; instead, they are present as large un-branched chains. As hyaluronan is not
covalently attached to a protein core, it is not a proteoglycan. The size of the proteoglycan
aggregates prevent them from leaving the cartilage matrix; there are no covalent bonds formed
between the proteoglycan and collagen molecules [33]. The glycosaminoglycan chains in
articular cartilage consist of repeating carboxyl (COOH) and sulfate (SO4;) groups. These
repeating groups become negatively charged when placed in an aqueous environment; they repel
each other and other anions and attract cations, thus allowing better interaction with water [8, 17,
32]. Due to the chains being very closely packed, the charge density is very high; positive counter
ions are required to maintain their electro-neutrality [23]. The ions floating freely within the
interstitial water cause a Donnan osmotic pressure effect, and their concentration also plays a part
in determining the magnitude of the repulsive force [3, 25]. This large charge density causes a
swelling pressure [3, 25]. Eighty to ninety percent of all proteoglycans in cartilage are aggrecan.
Aggrecan consists of a long protein core with approximately 100 chondroitin sulfate and 50
keratan sulfate attached to it (Figure 1.5) [8]. Aggrecan molecules are stabilized in the ECM by
aggregation. Multiple aggrecan molecules bind to the un-branched hyaluronan chain forming a

large proteoglycan aggregate. There are other smaller proteoglycans present in articular cartilage,
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such as biglycan and decorin [8, 17]. Many of these small proteoglycan molecules present in
articular cartilage do not contribute to the physical properties of the articular cartilage, but instead
influence cell function and arrangement of collagen in the matrix [8, 17]. From a biomechanical

standpoint, aggrecan is important, as it provides articular cartilage with compressive strength [5].
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Figure 1.5: Structure and Assembly of Proteoglycans. (A). Structure of the proteoglycan
monomer consisting of chondroitin sulfate chains, keratan sulfate chains, a hyaluronate chain and
a link protein. (B) Molecular conformation of a proteoglycan aggregate (Unmodified Image) [34].



1.1.3 Chondrocytes

The cells found in articular cartilage are chondrocytes (1-10% of the entire tissue volume) [6-8].
They are responsible for the maintenance and remodeling of the ECM via catabolic and anabolic
processes, with the aid of matrix metalloproteinases (MMPS) and inhibitors of metalloproteinases
(TIMPs) [2]. The differentiation of mesenchymal stem cells (MSCs) during skeletal
morphogenesis leads to the formation of chondrocytes. The differentiated chondrocytes produce
extra-cellular matrix components while they divide [17]. During the final stages of cell division,
chondrocytes close to the bone become hypertrophic and produce proteins that will aid in the
calcification of the matrix, while chondrocytes in the other zones keep producing the extra
cellular matrix [17]. Mature chondrocytes unable to proliferate become rounded and are enclosed
within the matrix [17]. Mature chondrocytes examined under a microscope, possess a prominent
endoplasmic reticulum and Golgi apparatus [17]. These mature cells generally store glycogen,
and some of them even have cilia extending into the ECM allowing them to respond to
mechanical stimulus [7, 17]. Chondrocytes isolated from individual zones have shown different
growth rates [35, 36], gene expressions [37, 38] and level of biosynthesis [39, 40]. Chondrocytes
are sensitive to chemical signals, such as growth factors, interleukins and mechanical signals. The

responses to these signals can be either constructive or destructive to the tissue.

1.1.4 Biomechanics

Acrticular cartilage in the knee experiences extensive stress due to constant loading. The thickness
of articular cartilage in the human knee varies between 1mm and 5mm [41]. The structural
molecules present in the ECM, arranged in an organized fashion give it strength and prevent its
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failure. To understand the mechanical behavior, properties and function, articular cartilage is
looked at as a two-phase material with a free flowing fluid phase and a porous-permeable solid
phase [24, 42, 43]. The movement of water through the ECM takes place via two mechanisms.
The first mechanism involves applied pressure, while the second mechanism involves
compressive forces [8, 24, 42, 44]. While there is a direct relationship between permeability and
water content there is an inverse relationship between permeability and proteoglycan content
thus, the permeability of cartilage decreases non-linearly with increased compression [22]. The
non-linear relationship between permeability and compression is to prevent excessive fluid loss
from the matrix with compressive loading and to allow the tissue to better distribute stress by

increasing interstitial fluid pressure [8, 43].

The compressive modulus of articular cartilage matrix is 0.4 up to 1.5 MPa [8], which is due to its
viscoelastic properties. The viscoelasticity of articular cartilage can be explained by: (i) a flow
dependant, and (ii) a flow independent mechanism [45-48]. The flow independent mechanism is
due to intermolecular friction between the matrix components while the flow dependant
mechanism is due to hydrodynamic pressure and the generated drag that contribute to the

viscoelastic nature of articular cartilage [43].

The stress, strain and shear properties of articular cartilage can be attributed to the architecture of
the collagen fibrils, presence of proteoglycans and the interaction between the collagen fibrils and
proteoglycan molecules entrapped in the middle zone of the articular cartilage. The collagen
fibrils provide elasticity, while the proteoglycans provide shear. The proteoglycan-collagen

interaction provides stiffness and energy dissipation in shear [49-51].
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1.2 Metabolism

Chondrocytes control metabolism in articular cartilage, as they are responsible for ECM synthesis
(anabolism) and degradation (catabolism) [2, 3]. The anaerobic pathway is the primary means by
which chondrocytes produce energy [2]. The ECM is maintained by balancing the rate of
synthesis with the incorporation of ECM components to the rate of ECM degradation with the
release of ECM components from the articular cartilage [2]. The metabolic activity of
chondrocytes is affected by mechanical and chemical signals, which include growth factors,
matrix components along with changes in mechanical loads and changes in hydrostatic pressure
[17, 52]. Chondrocytes usually respond to these environmental changes by maintaining a stable
matrix. However, at times, chondrocytes can alter the matrix composition, which can change the

organization of the matrix components leading to degradation of the ECM [8].

1.2.1 Nutrition

Articular cartilage obtains its nutrients from the synovial fluid, which is present in the synovial
cavity. Generally, the synovial fluid forms a coating over the articular cartilage approximately 10
to 20 um thick [8, 17]. The fluid in the tissue contains water, gases, cations and other metabolites
[8, 17]. These metabolites in the tissue fluid are constantly exchanged for nutrients and oxygen
present in the synovial fluid [8, 17]. Oxygen and nutrients taken up by the tissue fluid are directed
towards chondrocytes [8, 17]. The superficial zone of articular cartilage allows only low
molecular weight components to diffuse into the tissue [8, 17]. The time required for components

to diffuse through the ECM depends on their molecular weight, structure, size and charge.

Polypeptide growth factors influence the synthesis of the ECM by interacting with the cell surface

membrane of chondrocytes. The receptors on the cell surface may be highly specific or may be
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less specific, thus encouraging competitive binding [8]. The concentration of growth factors
present surrounding chondrocytes, along with the quantity of receptors present on the cell surface,
determines the cell response [8, 36]. A number of growth factors play an active role in articular
cartilage synthesis, namely, Platelet-Derived Growth Factor (PDGF), Basic Fibroblast Growth
Factor (bFGF), Insulin and Insulin-Like Growth Factors (IGF-1 and IGF-II) and Transforming

Growth Factor-Beta (TGF-B) [8, 36].

1.2.2 Proteoglycan and Collagen Synthesis and Catabolism in Articular Cartilage

Proteoglycans are synthesized, assembled and sulfated by chondrocytes. The protein core is
synthesized at the ribosome, and the glycosaminoglycan chains are added at the Golgi complex
[8]. The carbohydrate region of the glycosaminoglycan chains are added one sugar at a time [8].
These chains are elongated and sulfated, simultaneously and are referred to as the
posttranslational enzymatic reaction [7, 8]. The glycosaminoglycan chains are secreted into the
ECM, once glycosylation is complete. The protein core makes up approximately 5% of the
proteoglycan weight; whereas, the remaining 95% comprises of glycosaminoglycan [7]. The
posttranslational enzymatic reaction is not controlled by genes; thus, there exists a variation in
glycosaminoglycan chain length [8]. Therefore, any variation in the glycosaminoglycan

composition and structure can create a significant variation in the proteoglycan structure.

As people age, they tend to produce less uniform proteoglycan and more aggrecan that varies
considerably in size and composition [7, 8]. The mechanism that controls the synthesis of
proteoglycan is extremely sensitive to biochemical, mechanical and physical stimuli [5, 7, 8, 53].
In order for articular cartilage to be fully functional, the turnover rate for proteoglycan synthesis

should be very rapid [7]. Other environmental changes that effect proteoglycan synthesis include
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interstitial hydrostatic pressures, calcium concentration, substrate serum concentration, oxygen

tension and pH [8].

Proteoglycans continuously undergo catabolic activity in an effort to remodel or repair [8]. The
rate of catabolism varies depending on the event. Soluble mediators such as interleukin-1 and
joint immobilization increase the degradation process [8]. One of the sites of proteolytic cleavage
is between G1 and G2 protein core domains. G1 is the proteoglycan containing the
glycosaminoglycan, and G2 is the hyaluronate and link protein region, which is involved in

aggregation [8].

The collagen network in articular cartilage is much more stable than the proteoglycan network. In
case of injury or disease, the synthesis of collagen is increased and is much greater when
compared to proteoglycan synthesis [7, 8, 19, 53]. Collagen a-chains are synthesized at the rough
endoplasmic reticulum [8]. Once the collagen is secreted, the propeptides are cleaved from both
ends of the triple helix, and the collagen molecule self-assembles. Finally, the enzyme, lysyl

oxidase, catalyses covalent crosslinks [8].

1.2.3 Energy Metabolism

With the absence of blood supply, nerve fibrils and the lymphatic system, chondrocytes form and
maintain articular cartilage [41]. They produce energy via carbohydrates (glucose) and amino
acids (glutamine) [54-57]. Glucose, via glycolysis, is a major contributor towards energy and
glutamine, via oxidative metabolism, is to a lesser extent [56, 57]. Glutamine has multiple
functions: it is important for metabolism (Figure 1.6); it is an amino donor during the

glycosaminoglycan synthesis; it stimulates the synthesis of glycan [54, 57]; it is required for the
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synthesis of hexosamine nucleotides for glycoproteins [58]; and in its deficiency, N-

acetylglucosamine 6-phosphate and UDP-N-acetylhexosamines quantities are decreased [56].

Glycolysis is the metabolic pathway occurring in the cytosol of the cell, that converts a 6-carbon
sugar such as glucose to a 3-carbon product such as pyruvate, and oxidative phosphorylation is
the metabolic pathway occurring in the mitochondria of the cell (Figure 1.7) [59]. NAD" is
required as a substrate and has to be generated continuously for glycolysis to continue [59]. Once
formed, pyruvate may undergo a variety of reactions either in the cytosol or the mitochondria.
Chondrocytes for the most part undergo glycolysis. [56]. This is due to chondrocyte’s low
mitochondria density [60-62], which is approximately 1-2% of the cell volume [60]. Additionally,
in vivo the mitochondria have been shown to lack certain enzymes, known as cytochromes found
on the mitochondrial membrane, involved in oxidative phosphorylation [62, 63]. Hence the rate
of oxygen consumption per cell in articular cartilage is low. The oxygen concentration in situ is
approximately 6% at the surface and 2-3% in the deep zone [64-68]. Although chondrocytes have
about the same glycolytic rate per cell as other cells in other tissues, their oxygen consumption
per cell is much lower (e.g., approximately 2% less than that consumed by cells in the vascular
tissue) [53]. Although chondrocytes hardly utilize any oxygen for energy production oxygen is

essential for cellular functions, such as matrix synthesis [62, 69-72].

Glycolysis generates 2 molecules of ATP per glucose molecule (Figure 1.7) [59]. In articular
chondrocytes, the pathway of glycolysis, rather than oxidative phosphorylation, predominates as
the source of ATP [57, 62, 71, 73] because little of pyruvate is further oxidized to form more
ATP molecules [59]. The amount of lactate present is indicative of the amount of glucose that has
undergone glycolysis; one mole of glucose produces 2 moles of lactate. The amount of ammonia

present can indicate the amount of glutamine utilized and the activity of the tricarboxylic acid
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(TCA) cycle [74]. The TCA cycle is active in cartilage to a small degree; however, 80% of

glucose is metabolized by glycolysis to lactic acid [53].
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Figure 1.6: Glutamate Metabolism (Unmodified Image) [56].
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glycolysis, Krebs cycle, citric acid cycle, and the electron transport chain. Chondrocytes undergo

anaerobic respiration; thus, the majority of their cellular respiration takes place in the cytoplasm
(Unmodified Image) [59].
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1.2.4 pH Regulation

The ECM of articular cartilage has a low pH compared to other tissue matrices found in the body,
for several reasons: (i) The high intrinsic fixed negative charge density of glycosaminoglycan
(GAG) attracts free cations, such as Na*, K*, H" and Ca*". This attraction of H* ions causes the
pH in the matrix to decrease. Additionally, GAG repels anions, such as CI" and HCOj3, reducing
the anion concentration in the ECM [1, 75-81]. This leads to a higher cation concentration in the
ECM than in the synovial fluid and the serum [81]. (ii) Because of the avascular nature of
articular cartilage, the low partial pressure of oxygen results in energy production via glycolysis,
which leads to the production of large quantities of lactic acid, acidifying the tissue matrix [71,
79]. (iii) Due to the avascular nature of articular cartilage, nutrient and metabolic waste exchange
occurs through diffusion across the entire length of the cartilage tissue. This, in turn, lowers the

pH, which is caused by the accumulation of waste, as diffusion is a slow process [71, 79].

The external extracellular environment influences the intracellular pH (pHi) of chondrocytes.
Changes in ionic concentration and/or osmotic pressure bring about a change in the pHi, which
eventually leads to the synthesis and degradation of the macromolecules [81]. Mechanical loading
due to normal day activity causes deformation of the cell and affects the permeability of the
plasma membrane and the pathways for the transport of ions [79, 82-85]. Short-term changes in
ion concentration are regulated and returned to normal physiological levels, while long term ionic
concentration changes affect the balance between matrix synthesis and matrix degradation [81].
This results in the reduction of mechanical properties and hence, tissue damage [81].
Chondrocytes are sensitive to extracellular Na® concentrations, as changes to the ion
concentration influence its metabolic pathway. [86]. Chondrocytes have various mechanisms by

which they regulate the intracellular ionic concentration such as ion channels, exchangers and
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pumps (e.g., bafilomycin-sensitive H*-ATPase pump, amiloride-sensitive Na*/H" exchanger and

CI'/HCOj3 exchanger).

Sodium ions are the most abundantly found monovalent cations in articular cartilage, and their
concentration varies zonally. Na* concentration varies between 250 and 350 mM in the tissue
matrix while chondrocyte intracellular Na* concentration is approximately 40 mM [81]. The
Na’/H* (NHE) exchanger and the H*-ATPase pump are the most active in pHi regulation, and
they work in unison with each other [79, 87-89]. Although Na*/K*/2CI" is a major Na* co-
transporter, when there is an increased concentration of Na* in the ECM, this co-transporter is not
involved in pHi regulation; instead, it is involved in regulating cell volume. Unlike the
mechanisms mentioned above, the Na® K'-ATPase pump removes excessive Na* ions from
chondrocytes maintaining a low Na': K” ratio inside the cell [81] for efficient metabolism; a high
K" concentration, about 150 mM, is required by ribosomes inside the cell for efficient protein
synthesis [90-92]. Long term increase in Na* concentration can result in the up-regulation of these
Na*® K*-ATPase pumps [93, 94]. The sensitivity of chondrocytes towards their ionic and osmotic

environments have been recorded in explants and isolated cells [93, 94].

Chondrocytes are sensitive to an acidic extracellular environment [95, 96]. The pH of the ECM in
healthy cartilage is approximately between pH 6.9 and pH 7.1 [96]. Bovine articular chondrocytes
have a resting pHi of 7.1, and any changes to this pHi affects the extracellular matrix synthesis
[97]. It has been shown by Ohshima et al. [98] and Wilkins et al.,, [96] that, in regard to
extracellular pH (pHe), matrix synthesis follows a bell shaped curve with optimum matrix
synthesis occurring between extracellular pH 6.9 and pH 7.1. Effects of acidification, due to
low pH within the ECM, has been seen in intervertebral disc explants [98], intervertebral disc
slices [98], human chondrocytes [95], bovine chondrocytes [96, 99] and bovine epiphyseal

cartilage [100]. Intervertebral discs, like articular cartilage, are avascular tissues that undergo
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anaerobic metabolism, producing lactic acid at a high rate and with the pH at the center of the

disc being acidic [98, 101].

The reduction in extracellular matrix pH (pH 6.6 and below) reduces energy metabolism
(glycolysis) [102, 103] due to the pH sensitivity of the phosphofructokinase enzyme, which is the
rate-limiting enzyme during glycolysis [31, 104]. The accumulation of lactic acid within the ECM
reduces GAG synthesis and cell proliferation [96, 98, 99, 105-107]. At a pH (pHe) between 6.6
and 7.3, no significant increase in cell proliferation was noticed [106], while an increase in
chondrocyte proliferation was observed at pHe values between 7.0 and 8.0 [95]. The optimum
GAG synthesis in articular cartilage was found to occur between pHe values of 7.0 and 7.2 [99,
108]. While glycolysis and GAG production are affected by pHe, collagen synthesis remains
unaffected [96, 98, 106, 107]. In order to sustain the general articular cartilage health, the

physiological pHi of chondrocytes needs to be maintained (Figure 1.8).

Various studies have shown that pHi is primarily regulated by the cation dependent exchangers
Na*/H* (NHE) instead of the anion dependent transporter CI'-/HCO3;. NHE is a amiloride-
sensative electroneutral exchanger that regulates the influx of one Na* ion via NHE protein for
one H" ion. NHE1 and NHE3 are found in chondrocytes (Figure 1.8) [88, 96]. The expression of
NHE3 is increased in a disease state and in the presence of growth factors and serum [109, 110].
A large number of factors can regulate the level of NHEL expression and activity [111], such as
phosphorylation, which stimulates the activity of this protein [112] and a drop in pHi, which

increases its activity [81].

The CI-/HCO;" (AE) transporter regulates the pH of cells by removing membrane-impermeant
HCO; from cells. The HCOj transporter protein, more specifically AE2 protein, the only

exchanger that has been found in chondrocytes for bicarbonate exchange, is an electroneutral
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exchanger, exchanging CI" for HCO; [113]. AE2 is found in very low density in the plasma
membrane, further suggesting the lack of AE activity in bovine chondrocytes [97]. Even though
driven by the gradient of the substrate, this exchanger causes the acidification of the cell by
removing HCOj from the cytosol in exchange for CI'. The reversal of the gradient may cause an
influx of HCO3™ and an efflux of CI" [113]. Bicarbonate, a base, on entering the cell, raises the pH
and on leaving it, makes the cell more acidic (Figure 1.9) [114]. Bicarbonate can undergo pH
dependent conversion from HCO; to CO,. At a pKa of 6.4 [97], HCO; and CO, are both present.
Unlike HCOj3 that moves across the plasma membrane with the aid of transporters, CO, has the
ability to move freely by diffusion across the plasma membrane and can be eliminated from the
cell [114]. Freshly isolated chondrocytes, unlike cultured articular chondrocytes, do not regulate
the internal pH of the cell by bicarbonate transporters [79, 87, 97, 115]. This is believed to be due
to the low activity of carbonic anhydrase, which catalyses the production of HCO; from
hydration of CO,, thereby slowing the reaction and hence limiting the amount of HCO; available
for transport across the membrane [115, 116]. Interestingly, the level of carbonic anhydrase
activity has also been reported to be low in human chondrocyte cell lines [115, 116]. In the
presence of HCO3;/CO,, the recovery rate of chondrocytes from acidification has been shown to

increase, although the recovery was largely dependent on the Na* ions present [115].

According to Wilkins et al., [117] bovine chondrocytes show minimal HCOj; dependent pHi
regulation. A study done by Simpkin et al., [118] showed that the HCO3; dependent transporter
regulates the pHi of chondrocytes found in the superficial zone but not the pHi of chondrocytes
isolated from other regions of bovine articular cartilage. According to Xu et al., [107] bovine
chondrocytes grown in media with HCO;™ had a slightly more basic pHi than those grown in
media without bicarbonate. Xu et al., [107] also speculated that the increase in pHi of

chondrocytes could be due to the fact that they adapt to increased levels of HCO; ions.
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Chondrocytes grown in long-term cultures in the presence of HCO3 ions have not only shown an
increase in the pHi by 0.2 units, but also an increase in the GAG synthesis, along with cell
proliferation [107]. According to Browning et al., [115] in C-20/A4 human chondrocyte cell
lines in the absence of HCO;™ ions, the NHE exchanger regulates the pHi. Dascalu et al., [87]
have shown a Na'-independent HCO; transporter as the primary acid loader of avian
chondrocytes, while a NHE exchanger and Na® dependent HCOj; transporter as the acid
extruders. When isolated avian chondrocytes are transferred from a HEPES buffered solution to a
medium rich in HCOjs  ions, an immediate diffusion of CO, gas takes place inside the cell causing
acid loading. Alongside this process, the CO, gas reacts with the water forming HCO5 ions. This
acidification process activates the transporters to stabilize the pHi to physiological pH levels [87].
When avian chondrocytes were placed in a HCO; rich media, the HCOs transporter was
responsible for the majority of the acidification response in comparison to a HEPES-buffered
medium in which the NHE exchanger was responsible for the majority of the acidification
response (Figure 1.8) [87]. This could be due to the fact that chondrocytes in culture
dedifferentiate to a fibroblastic phenotype, at which physiological state all the pH regulatory
mechanisms operate [87, 118, 119], or it could also be due to species differences [115].
According to Mobasheri et al., [81] under certain conditions the proton extruding H*-ATPase
pump, HCO; transporter and NHE exchangers, all work together to regulate the pHi of the

chondrocytes.
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Figure 1.8: Transporters involved in intracellular pH regulation of chondrocytes (Modified
Image) [88].
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Figure 1.9: pH dependent bicarbonate reaction. Carbonic anhydrases accelerate the rate of
conversion of bicarbonate ions to carbon dioxide (Unmodified Image) [114].
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1.3 Development and Aging of Articular Cartilage Tissue

Immature articular cartilage differs from adult articular cartilage; it contains more cells per unit
volume or per unit mass. On the other hand, adult articular cartilage has fewer cells per unit
volume and is well organized into specific zones. In immature articular cartilage, the superficial
zone contains larger cells; the middle zone is deeper, and the cells are more randomly arranged;
the deep zone cells are arranged in columns [7, 8]. The columns in the deep zone are irregular
from the start of the deep zone into the middle of the deep zone, after which the columns get more
regular [7, 8]. Further into the deep zone, cells increase in size with larger intracytoplasmic

vacuoles that have been shown to contain glycogen [7, 8].

Immature articular cartilage actively undergoes mitosis, which occurs in two distinct zones [7, 8].
The first layer lies just underneath the superficial zone, while the second layer lies under this in
the form of a thin layer of cells [7, 8]. As articular cartilage matures, the pattern for cell
replication changes; mitosis only occurs at the lowest region of the deep zone, which eventually
stops in an adult as that region is replaced with a calcified zone [7, 8]. Along with cellularity,
even the chemistry changes from immature to adult articular cartilage. In immature articular
cartilage, the water and proteoglycan content is much higher, while the collagen content is much
lower [7, 8]. The total chondroitin sulfate concentration decreases with age, while keratan sulfate

increases with age, and in adults represent 25-50% of the total glycosaminoglycan [7, 8].

1.4 Current Techniques, their Challenges and the Promise of Tissue Engineering

Avrticular cartilage is a highly specialized avascular tissue with a low ability to self-repair which
makes the treatment of chondral injuries difficult for scientists and surgeons. In the United States

alone, 27 million people are affected by osteoarthritis [120, 121]; more than half these people
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undergo total joint replacement. The societal cost is more than $15 billion USD per year [121].
Chondrocytes lack the ability to divide and migrate to the injury site [122]. There are two types of
chondral defects: partial thickness defects, which are restricted to the superficial layer of the
tissue, and full-thickness defects penetrating into the underlying subchondral plate. Partial
thickness defects tend to be asymptomatic and are not associated with major clinical problems
[123]. Having said this, they deserve attention because they can progress into full thickness
chondral defects. These are symptomatic in nature, coupled with pain during movement, and
hence restrict motion. Intrinsic repair only occurs in full thickness chondral defects [124], but the
MSCs penetrating from the underlying bone form fibrocartilage instead of hyaline cartilage [36,
125-127]. The tissue synthesized by these cells possesses inferior stiffness and resilience [3, 36,
128]. As a result of the above-mentioned limitations, scientists and surgeons have started to work

in close cooperation, looking at various strategies to repair chondral defects.

1.4.1 Surgical Techniques

The size and depth of the incurred lesion, patient age, level of activity and the success and failure
of previous treatments decide the treatment approach. The treatment can be palliative, reparative

or restorative [122].

Palliative: This treatment option includes arthroscopic lavage and debridement. The two
mentioned procedures involve the removal of fibrillated surfaces, shaving off osteophytes that
hinder motion and extracting inflamed synovium. This is followed by washing away the
fragments of tissue from the injury site [129]. This treatment provides temporary relief from pain

and is ideal for patients with low physical demands [122, 130].
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Reparative: Microfracture is a reparative treatment, and entails making small holes in the
underlining subchondral bone plate and causing MSCs to seep out of the underlying bone and
into the defect [131, 132]. The body looks at this as an injury and forms a fibrin clot that over a
period of 12 to 16 months remodels into fibrocartilage repair tissue, which is largely collagen
type 1 [133]. Smaller lesions (less than 2 cm?) surrounded by normal articular cartilage intact
along the underlying subchondral bone, can be repaired by microfracture. The normal cartilage
protects the lesion from shear and compressive force allowing it to develop [122]. This treatment

is best for patients with an active life style, who have sustained small lesions [134].

Restorative: Osteochondral grafting, also known as mosaicplasty, is used as a restorative
technique. Osteochondral grafting can be done with an autograft or allograft. This treatment is for
full-thickness defects when the cartilage along with the underlying bone is damaged. It is a one
step procedure; articular cartilage is taken from a low load-bearing region of a joint and is
transferred to the lesion site [132]. Autograft procedures are used to treat defects of 2 cm in
diameter or less, due to the limited tissue availability, while larger defects are treated by allograft
tissue taken from a cadaveric donor [122]. Mosaicplasty is carried out with minimally invasive
arthroscopic surgery and without any additional procedures [135, 136]. The graft is held firmly in
place and secured to the subchondral bone [135, 136]. Allografts eliminate the problems of donor
site morbidity, but it does present the problem of graft availability, cell viability, immune
response and disease transmission. Osteochondral autograft treatment is well-suited for patients
with small chondral lesions, while osteochondral allografts are ideal for larger chondral lesions

involving the subchondral plate [137].

Autologous Chondrocyte Implantation (ACI) is a cell based replacement technique generally used
when all of the above fail. The procedure involves two surgeries; in the first, the lesion is

examined arthroscopically, taking a biopsy sample approximately 200-300 mg in weight [138]
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with about 10,000 cells, from a non-load bearing region of the joint. The chondrocytes are
expanded in vitro for a period of 6 weeks to 18 months. Once the cell number reaches roughly 10-
12 million, the patient undergoes a second surgery, involving suturing a periosteal patch to
healthy cartilage around the defect, forming a watertight lid [125]. Cells are then injected into this
periosteal patch. Over a period of time, the cells under the patch divide and form tissue [125].
ACI can be used to treat medium to large lesions that have not penetrated into the subchondral
plate. This procedure does not result in a homogeneous distribution of cells; the surgery takes a
long time, as periosteal grafts have to be harvested and sutured into place [35]. For the most part,
this procedure produces fibrocartilage instead of hyaline cartilage [3, 36, 139-141]. This

treatment is better for patients with larger chondral lesions [122].

Matrix Induced Autologous Chondrocyte Implantation (MACI) is similar to ACI; the only
difference being that instead of injecting cells into a periosteal patch, chondrocytes are seeded in
between layers of bilaminate collagen [35]. The collagen used is purified porcine collagen types |
and 111, resistant to absorption and tear [142, 143]. This construct is held in place by fibrin glue or
sutures. This technique gives a homogeneous distribution of cells in the membrane, and the
surgery takes a shorter time [35]. So it is recommended for patients with larger chondral lesions

[122].

The above mentioned techniques possess flaws that reduce long-term clinical success [144].
These techniques produce fibrocartilage instead of articular cartilage, which is composed of
collagen type | instead of collagen type Il. Collagen type I lacks the structural arrangement seen
in native articular cartilage, and therefore falls short of the biomechanical and biochemical
properties in the native tissue. Another major problem is the lack of new tissue integration with
the surrounding native tissue [145, 146], causing tissue deterioration. During surgery when the

defect site is being prepared for the treatment or when the defect undergoes shaving and
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debridement, the cells along the cut surfaces undergo cell apoptosis and necrosis [147-150].
Considering the cellularity of articular cartilage and its low metabolic activity cell death can
create a biologically unfavorable environment for the construct implanted [130]. Osteochondral
grafts have additional problems which include chondrocyte death at the circumference of the
osteochondral graft [151], along with recipient tissue edge. These problems further prevent the
integration of the graft with the recipient tissue, increasing degradation and graft failure [152,
153]. In severe cases when an individual is over 60 years of age, the articular surface is replaced

with an artificial prosthesis [135].

As all the above-mentioned techniques are associated with problems that reduce the longevity of
the repair tissue construct, researchers are focusing their attention on tissue engineering
techniques to develop a construct that would improve the quality of tissue being formed along

with its longevity.

1.4.2 Tissue Engineering

Tissue Engineering, as defined by the pioneers of the field, Robert Langer and Joseph Philip
Vacanti, is "an interdisciplinary field that applies the principles of engineering and life sciences
toward the development of biological substitutes that restore, maintain, or improve tissue function
or a whole organ" [154]. Tissue engineering, unlike the other techniques, presents the possibilities
of engineering hyaline-like cartilage tissue with similar mechanical properties and structure,
forming tissue with better long-term performance and a construct large enough to fill the entire
lesion without causing donor site morbidity and infection. Along with this, it can create good

integration with the native tissue and remodel within the body.
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Tissue engineering is composed of three components, namely: cells, scaffolds and signals [3,
155]. The tissue can be completely constructed in vitro and then transplanted into an individual or
partially grown in vitro, laying down the ground substance, and then being implanted, with the

remaining growth taking place in vivo or in situ [130].

1.4.2.1 Cells

Most researchers face the challenge of finding an optimal cell source from which cells can be
easily isolated. Additionally, the source has to provide enough cell numbers for expansion. The
cells should be expanded without loss to their phenotype and should produce appropriate articular
cartilage specific molecules. Mesenchymal stem cells (MSCs) from the bone marrow and
adipose-derived stem cells from adipose tissue are being explored by various research groups as
alternative cell sources for cartilage tissue engineering [156-159]; instead, chondrocytes may be
the ideal choice for this, as they are responsible for articular cartilage extracellular matrix
synthesis and maintenance in the body [135, 160]. Although, these cells might seem to be the best
choice there are a few concerns associated with their use. Firstly, these cells are present in very
low quantities in the tissue (approximately 2% of the tissue volume) [1]; harvesting of these cells
from the tissue for expansion can cause donor site morbidity. Secondly, chondrocytes, when
expanded in monolayer, tend to dedifferentiate [130, 160]. A way around this is to culture
chondrocytes in 3D cultures, such as pellets or high-density culture systems, so as to preserve the
phenotype. Expanded dedifferentiated chondrocytes, when placed in a 3D culture, system from a
2D culture system, can re-differentiate. This can be accomplished by seeding dedifferentiated
cells on a scaffold, in a high-density culture system or in a pellet [161, 162]. Thirdly, after a few

passages, they tend to lose the ability to produce the correct extracellular matrix molecules and
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lose potency [14, 163-165]. Chondrocyte expansion, proliferation and bioactivity vary with their
age; aged chondrocytes lose sensitivity to most chemical and environmental factors [166, 167].
On the other hand, immature chondrocytes proliferate faster with a high rate of bioactivity [38].
Additionally, primary chondrocytes possess proliferation rates and activity that vary not only
between the different zones and locations, but also greatly vary between individual cell batches.
In spite of having the same trend between different experimental conditions, it could be difficult
to average results for different cell batches without getting large standard deviations. Lee et al.,

[71] has also pointed out batch differences in primary chondrocytes.

Stem cells have been researched as an alternate cell source for articular cartilage tissue
engineering. The use of stem cells helps overcome the problems of donor site morbidity, limited
cell supply and cell expansion; however, stem cells present their own set of challenges. A
common problem faced by using stem cells and chondrocytes is that they undergo fibroblastic de-
differentiation expressing a hypertrophic phenotype in vivo [160, 168, 169]. Another, concern of
working with MSC, is to obtain and maintain permanent differentiation into the desired cell type,
in this case differentiation into chondrocytes. This is done with the help of growth factors,
signaling molecules and physical factors [121, 170, 171]. Although cell lineage has been
maintained in vitro, there is no research to-date showing proof of cell lineage being maintained in
vivo. A further concern is that in order to maintain the chondrogenic phenotype in vivo, the cells
might have to be supplemented with specific growth factors which can result in side effects [172].
MSCs are multipotent cells that possess the ability to differentiate into adipocytes, chondrocytes,
fibroblasts and osteoblasts under appropriate signal conditions [160, 173-175]. Signals in the
form of growth factors push the cells toward the chondrogenic lineage and prevent them from de-
differentiating. Adipose-derived stem cells have lower chondrogenic capabilities than bone

marrow-derived stem cells [176-179].
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1.4.2.2 Scaffolds for Tissue Engineering

As mentioned previously chondrogenic cells require a 3D environment to produce the correct
extra cellular matrix molecules. This can be mimicked by a biomaterial-based scaffold or cells

seeded in high-density scaffold free cultures.

Scaffolds: Cells are seeded on a scaffold that possess a defined architecture, helping the cells
proliferate and develop tissue after which the cell-scaffold complex is implanted in the defective
site [180, 181]. The design criteria required for articular cartilage scaffolds are: (i)
biocompatibility, (ii) biodegradability, (iii) architectural similarity of the scaffold to native
articular cartilage, [31] (iv) cell-scaffold interaction, coupled with tissue formation, and (v)
mechanical properties matching native tissue at the site of implantation [182, 183]. The presence
of biodegradability is an added benefit; however, its absence is not a disadvantage so long as it
does not trigger an immune response. The architecture of the scaffold should closely mimic the
native architecture created by collagen and proteoglycans in articular cartilage [2, 182-184]. Cell
attachment and tissue formation depend on scaffold dimensions [182]; the micro-dimensions of
the scaffold have to be small enough, to invoke a three-dimensional matrix interaction [182]. The
scaffold should be designed to withstand dynamic loading, especially at the implant site [182,
183]. The types of scaffolds used for articular cartilage tissue engineering can be broadly
classified into natural and synthetic, based on their source [181, 184]. Polymers (natural and
synthetic) and ceramics have been used as scaffolds for articular cartilage tissue engineering.
Based on their forms, polymer scaffolds, are classified into: (i) hydrogels, (ii) sponges and (iii)
meshes [2, 151, 182, 185]. The most widely used ceramic scaffolds for articular cartilage tissue
engineering are hydroxyapatite and hydroxyapatite-based scaffolds [2, 151, 182, 185].
Biomaterials are a vital aspect of articular cartilage tissue engineering [3, 132, 169, 185, 186],

however, biomaterials aimed at articular cartilage tissue engineering are not part of this thesis
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project, primarily because the focus of my thesis was to generate scaffold free constructs.
Furthermore, the chondrocyte-biomaterial interaction aimed at articular cartilage tissue

engineering, is a Ph.D. thesis unto itself, and hence beyond the scope of my project.

High-Density Scaffold Free Culture Systems: These systems have also shown to provide a 3D
environment. Various researchers have looked into growing articular cartilage tissue from a pellet
[187-190] or growing articular cartilage tissue on a membrane seeded with chondrocytes in high
density, placed in a culture vessel [191-193]. Like a scaffold, this method of culturing and

growing tissue also provides a 3D environment allowing cells to communicate with each other.

1.4.2.3 Environmental Factors

Signaling molecules can inhibit growth or increase growth. The environment in which the tissue
is being grown plays a very important part in the type and quality of tissue produced.

Chondrocytes are known to be very sensitive to biochemical and mechanical factors.

Various signaling molecules are used to increase tissue growth; they may be in the form of
chemical compounds or growth factors. They can bind to the cell surface receptors to activate cell
proliferation and extracellular matrix molecule production, or they may be transporter molecules
and through channels, exchangers or simply diffusion though the plasma membrane, they may

affect the function of the cell.

Bioreactors play an important part in both biochemical and mechanical signaling and are
becoming increasingly important in articular cartilage tissue engineering. Bioreactors can be
defined as systems in which biological, biochemical or both biological and biochemical processes

can develop under carefully monitored and strictly controlled operating conditions, such as pH,
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temperature, pressure, nutrient supply and waste removal [194]. Tissue engineers face the
challenge of constructing a graft at least a few millimeters in size without causing a hypoxic or
necrotic centre. A good nutrient supply and waste removal system is essential in order to mimic
native tissue. Lack of oxygen and nutrients can inhibit cell growth and reduce the proliferation
and matrix formation in vitro. Articular cartilage in vivo undergoes shear stress due to the load-
bearing bone-on-bone contact in the joint. Bioreactors can increase and improve tissue growth by
providing a more efficient nutrient supply, waste removal system and a hydrodynamic
environment with a fluid-induced shear stress [2]. Tissue engineers have shown a low shear
environment positively affects the tissue-engineered cartilage composition in vitro [195, 196].
Bioreactors have also been used to seed chondrogenic cells on a porous scaffold which has been
shown to cause faster adhesion and even distribution of cells along with providing a 3D
environment [2, 197, 198]. There are a number of bioreactors used for the purpose of articular
cartilage tissue engineering, such as a rotating wall bioreactor [199], a spinner flask bioreactor
[190, 200], a concentric cylinder bioreactor [201], and a perfusion bioreactor [202-204] (Figure

1.10).

Mechanically Stirred Bioreactor: These bioreactors are essentially spinner flask bioreactors with
a magnetic stir bar or impeller to mix the nutrients, which provide constant mixing at various
speeds. For articular cartilage, these have not shown much success because there is non-uniform
mass transfer as well as non-uniform mechanical stress [205]. This is due to variation in shear

force because this force at the surface of the impeller is ten times higher than else where [206].

Perfusion Bioreactor: The nutrients in a perfusion bioreactor are forced through the three-
dimensional construct. There is no space between the construct and the walls of the reactor which
forces the nutrients to flow through the construct causing a mechanical stress [207]. The fluid

flow, set at an optimal velocity or close to optimal velocity, can overcome the problem of mass
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transfer and provide mechanical stimulus to the cartilaginous tissue, increasing cellular
metabolism, cell proliferation and matrix formation [208]. If the flow rate is high, greater
mechanical stress is experienced by the cells that are closer to the inlet causing damage to the cell
and non-uniform extracellular matrix deposition. Additionally, some of the matrix products can
also be washed out, while if the fluid flow rate is low, the force might not be enough to allow the
fluid to reach the cells further from the inlet, causing cell death [207]. Presently no optimal flow

rate has been found for a perfusion bioreactor system.

Low-shear Bioreactor: These bioreactors consist of a rotating wall that provides low shear and
greater diffusion through the construct. This bioreactor has two concentric cylinders that rotate
independent to each other at the same rate or at different rates. Nutrient rich fluid is present
between the two cylinders; the rotation of the cylinders creates a shear force on the tissue, and
gravity and fluid force keeps the construct suspended in the fluid. For low shear, both the
cylinders are rotated at the same slow speed [207]. This bioreactor to-date has shown the best
results in articular cartilage tissue engineering, and it also gives a more even distribution of

extracellular matrix [199, 209].

On a broader perspective bioreactors used for articular cartilage tissue engineering to-date have
produced more extracellular matrix, of better quality, than batch-fed cultures. The reactors
mentioned above, that are extensively used for this purpose, rely on convection as the primary
means of providing mass transfer. This convective transport imparts uncontrollable mechanical
stimuli to the cells resident in the construct. It is important to better understand the factors that
cause tissue growth in bioreactors. Mechanical stimulus and increased mass transfer are the major
factors contributing to the increased growth. In order to optimize the process, the effects of
mechanical stimulus and mass transfer have to be studied individually and in combination. The

reliance on diffusive transport may not necessarily be ineffectual, as previous studies have
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observed improving cartilaginous tissue growth when the constructs were cultured in elevated
volumes of media [210-212]. Hence, a way to determine the effects of increased mass transfer of
the culture media is to continuously replenish the media at a specified rate (continuous culture).

This can provide an infinite reservoir of media to maximize diffusive transport to the construct.
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Figure 1.10: Schematic representation of bioreactors for articular cartilage tissue engineering (A)
Spinner-flask (B) Direct-perfusion (C) Rotating-wall bioreactor (Modified Image) [194].
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Chapter 2
Objectives

The primary objective of this project is to engineer clinically relevant sized (greater than 1
cm? [172]) articular cartilage constructs by increasing chondrocyte proliferation and

extracellular matrix (ECM) accumulation.
This objective will be achieved through the following discrete aims:
1. Optimize a continuous flow bioreactor to support cartilaginous tissue growth in vitro

2. Enhance cell proliferation and cartilaginous tissue growth in the bioreactor by supplementing
the media with sodium bicarbonate (NaHCO3), and also establish a feasible seeding

technique to manufacture cartilage constructs without causing donor site morbidity

3. Determine the underlying mechanism responsible for the increased cell proliferation and

cartilaginous tissue growth as a result of bioreactor cultivation and NaHCO; supplementation

2.1 Development and Optimization of a Continuous Flow Bioreactor

Most tissue engineering bioreactors rely on convection as the primary means to provide mass
transfer [194, 203, 208, 213-222]; however, convective transport can also impart potentially
unwanted and/or uncontrollable mechanical stimuli to the cells resident in the construct. The
reliance on diffusive transport may not necessarily be ineffectual, as previous studies have
observed improved cartilaginous tissue growth when the constructs were cultured in elevated
volumes of media [193, 210-212]. Additionally, it is not readily possible to maximize the

diffusive transport to the tissue construct, as there are size restrictions on the culturing vessels that
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can be used. Continuously replenishing the culture media at a specified rate (continuous culture)
may potentially be an effective means to approximate an infinite reservoir of media to maximize

diffusive transport to the construct.

Hypothesis: Cultivating the tissue construct in a continuous flow bioreactor will up-regulate
extracellular matrix (ECM) synthesis and accumulation. This hypothesis will be tested by
cultivating the construct with and/or without a continuous media flow of 5 ul/min or 10 ul/min

for a period of one week after a two-week pre-culture period.

2.2 Media Supplementation with Sodium Bicarbonate as a Buffering Agent

In our previous study, we found that chondrocytes cultured in the continuous flow bioreactor
accumulated considerably more matrix than those cultured under static conditions when both
systems were supplemented with only 20 mM HEPES [223]. Hence, a second buffering agent
was added (sodium bicarbonate) to help maintain a pHe between pH 6.9 and pH 7.2 in the
bioreactor, and thus further enhance cell proliferation and ECM accumulation. Furthermore,
various seeding techniques were tested in the continuous flow culture with NaHCO;
supplementation in order to engineer cartilage constructs from as few cells as possible, in an

effort to prevent donor site morbidity.

Hypothesis: The combined effects of the continuous flow bioreactor and supplementation of the
media with NaHCO; would further regulate pH, maintaining it between pH 6.9 and pH 7.2 in the
bioreactor, and therefore, will increase cellular proliferation and cartilaginous tissue growth, in
vitro. This hypothesis will be tested by cultivating the constructs in a bioreactor and in static
culture, with media supplemented with and without 14 mM NaHCO; for a period of five weeks.

Furthermore, to establish a feasible seeding technique, thereby decreasing donor site morbidity,
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the following construct forms will be studied, namely: monolayer, pellet, biopsy and minced. The
constructs will be grown in a continuous flow bioreactor with media supplemented with 14 mM
NaHCO; for a period of six weeks. At the end of six weeks, the constructs formed will be

assessed for DNA, ECM accumulation (collagen and proteoglycan), and tissue thickness.

2.3 Effects of Extra- and Intracellular Factors on Chondrocyte Proliferation and
ECM Synthesis

Chondrocytes are present in low numbers in cartilage, making them inaccessible due to donor site
morbidity. For this reason, it is important to determine mechanisms that could increase their
proliferation, especially to improve clinical applications of regenerative medicine and tissue
engineering of articular cartilage constructs. The constructs | have grown previously in a
continuous flow bioreactor supplemented with NaHCO; increased cell proliferation and
extracellular matrix accumulation substantially [224]. In this study, I investigated the underlying
reason for the increased proliferation. It is well-established that chondrocytes obtain their energy
by anaerobic glycolysis and produce lactic acid at high rates [56], causing the environment to
acidify. The rate of acidification not only depends on the rate of lactate production but also on the
buffering power. Chondrocyte matrix synthesis rate and rates of cell proliferation are very
sensitive to pHe and fall steeply in a pH-dependent manner under acidic conditions [95-99, 106,
107, 225]. Acidic extracellular environments are known to influence the pHi of chondrocytes [96,
97]. The pH of cartilage ECM is between pH 6.9 and pH 7.1 [96]. It is known that bovine
articular chondrocytes have a resting pHi of 7.1 and any changes to this pHi have been shown to

affect cell metabolism [97].
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Hypothesis: Firstly, the increase in matrix production arose mainly from the increase in cell
proliferation. Secondly, this increase in cell proliferation and matrix production was due to
differences in buffering capacity between cultures containing HEPES and NaHCO; under CO,,

and HEPES in air, and consequently, influences extracellular pH (pHe) and intracellular pH
(pHi).

This hypothesis will be tested by investigating the role of buffering capacity on cell proliferation
by studying it in media supplemented with HEPES and NaHCO; under 5% CO, and in media
supplemented with HEPES in air. Additionally, here, for the first time, | have reported on
measuring pHi of chondrocytes while still in culture (2D monolayer and 3D alginate beads),
using a confocal microscope without removal from their attached or encapsulated form to avoid
artifacts, as far as possible. Specifically, carboxy SNARF-1 AM (carboxy-

seminaphthorhodafluor-1), a fluoroprobe, will be used to measure pHi.
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Chapter 3
The Effect of Continuous Culture on the Growth and Structure of

Tissue-Engineering Cartilage

3.1 Relation to Overall Project

The results and discussions in Chapter 3 encompass Objective 1 (Section 2.1), which was to
develop and optimize a continuous flow bioreactor, aimed at articular cartilage tissue engineering.
This section has been published in Biotechnology Progress in 2009 (PMID: 19294749). | am the
first author of this manuscript and was involved in the design and execution of experiments, data
analysis and in drafting the manuscript. Jocelyne Suits and Dr. Stephen Waldman were co-

authors of this manuscript.

3.2 Introduction

Articular cartilage is the load-bearing tissue that lines the articulating surfaces of synovial joints.
It is relatively simple in composition and is almost entirely composed of extracellular matrix
(ECM) interspersed with a small population of specialized cells called chondrocytes [5]. As
articular cartilage is not innervated with blood vessels [226, 227], the chondrocytes in situ must
draw almost all their nutrients from the surrounding synovial fluid. [73, 228]. Because of the low
oxygen tension in synovial fluid, chondrocytes rely upon the anaerobic metabolism of glucose
(glycolysis) as their primary energy source [71, 228]. During glycolysis, available glucose is
rapidly converted to pyruvate with very little entering the citric acid cycle (aerobic pathway)
[229]. The majority of pyruvate is then converted to lactic acid by lactate dehydrogenase and
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NADH [229]. Isolated chondrocytes grown in 3D culture tend to maintain their phenotype [230,
231] and also primarily consume glucose anaerobically [74]. Traditional culturing methods (such
as batch-fed culture) tend to result in a rapid reduction in the supply of nutrients (with the
possible exception of oxygen) and accumulation of metabolic waste products in the culture media

[73].

As it has been long understood that batch-fed culture is not optimal for cartilaginous tissue
growth in vitro, a number of different bioreactor systems for cartilage tissue engineering have
been investigated [194, 203, 208, 213-222, 232]. The primary focus of these systems has been on
using convection to increase the mass transfer of nutrients to the developing tissue. Although
these reactors have proven effective at increasing the rate of cartilaginous tissue growth in vitro,
the effects of increased mass transfer and mechanical stimulation (e.g. fluid-induced shearing)
cannot be easily separated. In certain bioreactors (such as through-thickness perfusion
bioreactors), if the flow rate is constant, these forces can be applied statically to the construct
which may be detrimental to cartilaginous tissue growth [225, 233-235]. However, the reliance on
diffusive transport alone may not necessarily be ineffectual. Previous studies have observed
improved cartilaginous tissue growth when the constructs were cultured in elevated volumes of
media [210-212]. With this approach it is not readily possible to maximize the diffusive transport
to the tissue construct, as there are size restrictions on the culturing vessels that can be used.
Alternatively, continuously replenishing the culture media at a specified rate (continuous culture)
may potentially be an effective means to approximate an infinite reservoir of media to maximize
diffusive transport to the construct. Thus, the purpose of this study was to investigate the effect of

continuous culture on the growth of tissue engineered cartilage in vitro.
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3.3 Materials and Methods

3.3.1 Continuous Flow Bioreactor

The continuous flow bioreactor system was composed of a vented 8-chamber polypropylene
culture vessel with an inlet port (at the base) and an outlet port (at the top to prevent overflow).
Each chamber was 20 mm in diameter and held 2 mL of culture media and housed one tissue
construct (approximately the same dimensions as a standard 24-well culture plate used to house
the control cultures). Flow through the chambers was provided by two peristaltic pumps (Ismatec,
Cole Parmer Canada, Anjou, QC) and vented media reservoirs (fresh and waste) through gas-
permeable PharMed® tubing (Cole Parmer Canada). The flow rate of the peristaltic pumps were
validated by determining the time needed to collect a known volume of media. The entire
apparatus (including the pumps) was housed in an incubator maintained at 37°C and 95% relative

humidity supplemented with 5% CO,: 95% atmospheric air.

3.3.2 Cell Isolation and High-Density 3D Culture (Static and Continuous flow)

Cartilaginous tissue constructs were generated by isolated chondrocytes harvested from calf (12—
18 months old) metacarpal-phalangeal articular cartilage by sequential enzymatic digestion
described previously [236]. Tissue obtained from several joints (up to 4 per experiment) was
pooled to collect enough cells for an experiment. The cells were seeded on the surface of type Il
collagen-coated Millicell™ filters in high-density, 3D culture (2 x 10° cells/filter or 160,000
cells/mm?®) and maintained in Ham’s F-12 media (without NaHCO; and HEPES and with 10 mM
glucose and glutamine) (HyClone, Logan, UT) which was supplemented with 20% fetal bovine

serum (FBS), 100 ug/mL ascorbate and 20 mM HEPES (N-2-hydroxyethylpiperazine-N’-
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ethanesulfonic acid) (Sigma Aldrich, St. Louis, MI). The cultures were grown in an incubator
maintained at 37°C and 95% relative humidity supplemented with 5% CO,: 95% atmospheric air.
The culture medium (2 mL per filter) was changed every 48-72 hr and fresh ascorbic acid was
added with each change after day 7 of the culturing. Cultures were grown under static (no-flow)
conditions for two weeks to generate a layer of cartilaginous tissue prior to being cultured in the
continuous flow bioreactor. Cultures were supplied with a continuous flow of media at a rate of
either 5 or 10 puL/min (corresponding to average residence times of 6.7 and 3.3 hr, respectively)
or were grown under static (no flow) culture conditions. All experiments were repeated at least

three times using separate cell isolations.

3.3.3 Determination of ECM Accumulation and Cellularity

After 7 days of either static or continuous culture, tissue constructs were harvested, lightly patted
dry, and weighed (wet weight). Tissues were lyophilized overnight, and the dry weight of the
tissue was determined. Tissues were then digested with papain (40 ug/mL in 20 mM ammonia
acetate, 1 mM EDTA and 2 mM DTT) for 48 hr at 65°C and stored at -20°C until analysis.
Aliguots of the digest were analyzed for glycosaminoglycans, collagen and DNA contents.
Proteoglycan content was estimated by quantifying the amount of sulphated glycosaminoglycans
using the dimethylmethylene blue (DMB) dye binding assay (Polysciences, Washington, PA)
[237, 238]. The glycosaminoglycan was measured using a plate reader at 525 nm. To determine
the collagen content, aliquots of the papain digest were hydrolyzed in 6 N HCI at 110°C for 18 hr.
Hydroxyproline content of the hydrolyzate was determined using chloramine T/Ehrlich’s reagent
assay [239]. Hydroxyproline was measured using a plate reader at 540 nm after reaction with

chloramine-T and p-dimethylaminobenzaldehyde. Collagen content was estimated by assuming
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that hydroxyproline comprised approximately 10% the weight of collagen [240]. DNA content
was determined using the Hoechst dye 33258 assay (Sigma Aldrich Ltd) with calf thymus DNA
as the standard [241]. Digest was mixed with Hoechst dye and the fluorescence was measured at

excitation of 360 nm and emission of 430 nm.

3.3.4 Determination of Media Metabolites

Medium samples were also collected at the end of the culture period and analyzed for residual
glucose, accumulated lactate and pH. Residual glucose and accumulated lactate in the conditioned
culture media were detected using colourimetric assays based on the coupled activities of either
glucose oxidase/horseradish peroxidase [242] or lactate oxidase/horseradish peroxidase [243]
with the product of an oxidative couple between 4-aminoantipyrine and N-ethyl-N-sulfopropyl-
m-toluidine as the chromophore. Glucose and lactate levels in the media were expressed both in
terms of concentration (mM) and consumption/production (nmol/h). To prevent loss of dissolved
CO, which will influence media pH, [116] pH measurements were taken immediately after

collection using a pH micro-probe.

3.3.5 Histological and Immunohistochemical Evaluation

Selected cultures (continuous culture and no-flow controls) were collected for histological and
immunohistochemical evaluation. Upon harvest, tissue constructs were fixed overnight in 4%
paraformaldehyde (Sigma Aldrich) and embedded in paraffin. Thin sections (5-um thick) were
cut and stained with hemotoxylin-eosin (H&E) (general connective tissue stain), toluidine blue

(TB) (sulfated proteoglycans) and periodic-acid Shiff (PAS) (Sigma Aldrich) (intracellular
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glycogen) [244]. For the PAS staining, sections were also pretreated with diastase (a-amylase to
preferentially digest glycogen) prior to staining to confirm the presence of glycogen. All sections
were examined by light microscopy. Immunohistochemistry with antibodies against types I, II,
and X collagen (type X collagen is an early marker of chondrocyte hypertrophy and
differentiation towards an osteogenic linage) [245, 246] was performed according to a standard
ABC protocol (Vector Laboratories, Burlingame, CA) with diaminobenzidine for color
development [247]. Prior to incubation with the primary antibody, sections were predigested with
0.25% trypsin (Sigma Aldrich) and 2.5% hyaluronidase (Sigma Aldrich) to facilitate
immunostaining [248]. The following primary antibodies and dilutions were used: rabbit
polyclonal type | collagen antibody (T40113R: Biodesign International, Saco, ME), 1:200
dilution; mouse monoclonal type Il collagen antibody (lI-116B3: Developmental Studies
Hybridoma Bank, University of lowa, 1A), 1:10 dilution; mouse monoclonal collagen type X
antibody (C7974: Sigma Aldrich), 1:50 dilution. Nonspecific staining was assessed (for each

section) by omission of the primary antibody.

3.3.6 Statistical Analyses

All numerical results were expressed as the mean + standard error of the mean (SEM). Data were
compared between each of the experimental groups using a one-way ANOVA and the Fisher’s
LSD post-hoc test (SPSS 12.0 for Windows, SPSS, Chicago, IL). Significance was associated

with P-values less than 0.05.
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3.4 Results

3.4.1 Effect of Continuous Culture on ECM Accumulation and Cellularity

To determine the effect of continuous culture on cartilaginous tissue growth, tissue constructs
(after 2 weeks of pre-culture) were cultivated in the reactor for the duration of one week under a
media flow rate of either 5 or 10 uL/min. Irrespective of flow rate, cultures grown in the reactor
accumulated significantly more ECM which contained more proteoglycans and collagen (p <
0.001) (between 50 and 70%) compared to the static (ho-flow) controls (Figure 3.1, Table 3.1).
There was, however, potentially an effect of media flow rate on tissue cellularity (p = 0.077) as
cultures grown under a flow rate of 5 uL/min had DNA contents approximately 25% lower than
the static (no-flow) controls. This resulted in an apparent two-fold increase in amount of ECM
macromolecules accumulated per microgram DNA (p < 0.05) in the constructs cultured under the
low media flow rate (5 uL/min) (Table 3.1). Under higher media flow rates (10 pL/min), there
was no observable effect on DNA content and the amount of ECM macromolecules accumulated
per microgram DNA was approximately increased by 1.4-fold compared with the static (no-flow)
controls (p < 0.05) (Table 3.1). The changes in ECM accumulation of a representative experiment

have been presented in Table 3.2.
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Figure 3.1: The effect of continuous culture on cartilaginous ECM accumulation.

Table 3.1: Relative Change in ECM Accumulation

Static Culture Continuous Culture Continuous Culture
(n=16) SuL/min (n = 8) 10pL/min (n = 8)
Wet weight 1.00 + 0.05 1.4+0.1* 1.13+0.09
Dry weight 1.00+0.04 1.09 £ 0.06 0.96 £ 0.08
DNA/dry weight 1.00+0.05 0.70 £ 0.09* 1.3+0.2
Proteoglycans/dry weight 1.00 £ 0.08* 1.4+£0.1 19+04
Proteoglycans/DNA 1.0+£0.1 2.1+0.2* 1.3+£0.1
Collagen/dry weight 1.00 £ 0.02* 15+£0.1 1.7+£0.2
Collagen/DNA 1.00 + 0.07 2.6 £0.5* 1.4+0.1*
Collagen-to-proteoglycan ratio 1.00 £ 0.06 1.2+£0.2 1.0+£0.2

* Statistically different from all other groups (p < 0.05)
n, number of samples per group
Data expressed relative to static culture and presented as mean + SEM
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Table 3.2: Change in ECM Accumulation for a Representative Experiment

2 Week Static Culture Continuous Continuous
Preculture (n=4) Culture SpL/min | Culture 10pL/min
(n=4) (n=4) (n=4)
Collagen (ug) 26+£2 39+3 69 +8 113+£12
Proteoglycans (ug) 301 34+4 515 67 £10
DNA (pg) 28+0.4 3.3+0.3 2005 5.1+0.3

n, number of samples per group
Data presented as mean + SEM

3.4.2 Effect of Continuous Culture on Glucose Utilization

Analysis of the conditioned media revealed that the continuous flow reactor was capable of

maintaining a stable nutrient environment similar to the prepared media that was provided to the

cultures (Table 3.3). Specifically, the reactor maintained pHe close to neutral values and

contained both higher levels of glucose and lower levels of lactic acid compared with the static

(no-flow) controls (p < 0.05). Interestingly, there was an increased consumption of glucose (and

associated production of lactate) by the cells when cultured under increasing media flow-rates (p

< 0.05) (Table 3.3). In addition, the yield of lactate on glucose (Y,c) was approximately 10%

lower when the constructs were cultured in the reactor in comparison with the static (no-flow)

controls (Table 3.3).
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Table 3.3; Effect of Media Flow Rate on Glucose Metabolism

Static Continuous Continuous Eresh
Culture Culture .
Culture . . Media
(n = 16) SpL/min 10pL/min (n = 6)
(n=8) (n=8)
Glucose concentration (mM) 50+0.3* 7.8+0.2 8.1+0.1 94 +0.2*
Lactate concentration (mM) 115+ 0.5* 5905 54+0.1 3.2+0.2*
Glucose consumption (nmol/h) 186 + 10* 477 + 36* 774 £ 87* n/a
Lactate production (nmol/h) 349 + 18* 815 + 63* 1320 + 133* n/a
Yield of lactate on glucose (Y c)] 1.9%0.1 1.7+£0.1 1.7+£0.2 n/a
Extracellular pH 6.66 £ 0.01* 7.09 £ 0.05 7.13+0.04 7.2+0.1

* statistically different from all other groups (p < 0.005)

n, number of samples per group

Static culture conditioned media was determined at the end of a 48hr media replacement cycle
Data are presented as mean = SEM

n/a, not applicable

3.4.3 Histological and Immunohistochemical Assessment

Histological assessment of the developed tissues revealed that the cartilaginous constructs
cultured in the continuous flow reactor appeared to be thicker than the static (no-flow) controls
(Figure 3.2). Although all of the developed tissues stained positive for sulfated proteoglycans
(Figure 3.2, B, D and F), tissues cultured in the reactor displayed depth-dependent staining with
increasingly more intense staining at the bottom of the culture and less staining at the tissue
surface (Figure 3.2, D and F). This is in contrast to the static controls which displayed uniform
toluidine blue (TB) staining under these conditions (Figure 3.2B). Tissues were also
immunostained to detect the presence of collagen types Il (cartilage-specific), | (dedifferentiation
marker), and X (early marker of chondrocyte hypertrophy). Static cultures were stained for

collagen type Il throughout the ECM, and no type | collagen was observed (Figure 3.3, A and B).
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Tissues cultivated in the bioreactor also stained diffusely for type Il collagen (Figure 3.3, D and
F). However, there was minor localized staining for type I collagen in these tissues (Figure 3.3, C
and E). At the tissue surface, type | collagen was observed in the matrix; whereas, deeper within
the tissue, type | collagen was primarily in the pericellular region (Figure 3.4). Relatively few
cells stained positive for type X collagen which was primarily noted to occur at the intracellular
and pericellular regions, and there were no observable differences between the static controls and
cultures grown in the reactor (Figure 3.5). Engineered cartilage constructs were also stained with
periodic-acid Shiff (PAS) in order to detect glycogen. The presence of intracellular glycogen was
not detectable in the static (no-flow) control cultures; whereas, the intracellular glycogen was
observed throughout the cultures grown under a continuous flow of media (5 and 10 uL/min)

(Figure 3.6).

w— |00 prm

Figure 3.2: Histological assessment of cartilaginous tissue constructs after one week of
continuous culture. Tissue sections were stained with hematoxylin and eosin (H&E) (general
connective tissue stain) and toluidine blue (TB) (sulfated PG stain). Static culture (A and B),
continuous media flow rate of 5 uLL/min (C and D), and continuous media flow rate of 10 uL/min
(Eand F).
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Figure 3.3: Immunolocalization of types | (A, C and E) and Il (B, D and F) collagen in the
cartilaginous tissue constructs after one week of continuous culture. Static culture (A and B),
continuous media flow rate of 5 uL/min (C and D) and continuous media flow rate of 10 uL/min

(E and F).

Figure 3.4: Detail of type | collagen immunolocalization in the cartilaginous tissue constructs
after one week of continuous culture (sample shown was cultured under a flow rate of 10

pL/min).
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Figure 3.5: Immunolocalization of type X collagen in the cartilaginous tissue constructs after one
week of continuous culture. Static culture (panel A), continuous media flow rate of 5 pL/min
(panel B) and continuous media flow rate of 10 uL/min (panel C).

Figure 3.6: Periodic acid-Shiff (PAS) staining for intracellular glycogen in the cartilaginous
tissue constructs after one week of continuous culture. Static culture (A), continuous media flow
rate of 5 uLL/min (B), and continuous media flow rate of 10 uL/min (C).

3.5 Discussion

As traditional batch-fed culture is not optimal for cartilaginous tissue growth in vitro, [194, 214,
216, 218, 232] the use of bioreactors has become increasingly more important. However, the
convective transport of nutrients, which most bioreactors rely on, can also elicit unwanted and/or

uncontrollable mechanical stimuli to the cells resident in the developing tissue construct.
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Alternatively, recent studies have demonstrated improved tissue growth in response to an
increased diffusive gradient (by culturing in increasingly large volumes of media) [210-212]. To
maximize this response, in this study, we have investigated whether continuous culture of
engineered cartilage would lead to improved tissue growth. Continuous culture has been
extensively used as an effective means to culture anaerobic microorganisms (e.g. fermentation)
since the development of the chemostat in 1950 [249, 250]. Although not routinely used for
mammalian cell culture (with the exception of hybridoma cultures), continuous culture should
also readily apply to the culture of other anaerobic cells, including articular chondrocytes which

are known to rapidly deplete the media of its nutrient supply [71, 228].

After one week of continuous culture (at a flow rate of 5-10 pL/min), harvested cartilaginous
tissue constructs appeared to be thicker in appearance and contained significantly more ECM
marcomolecules (50-70% increase in proteoglycan and collagen content) compared to the static
(no-flow) controls. These results were strikingly similar to previous studies that have
demonstrated improved tissue growth when the constructs were grown in through-thickness
perfusion culture for similar periods of time [214, 216, 217]. In these studies, considerably larger
flow rates of media were required to elicit increased biosynthesis compared to continuous culture
(240-800 pL/min as opposed to 5-10 puL/min). This suggests that continuous culture is both more
efficient and cost-effective than through-thickness perfusion; however, thicker constructs may
potentially require larger flow rates due to an increased diffusion distance. Although not
explicitly known, the similarity in results between these different types of reactors may be related
to the (lack of) shear stresses imparted on the construct. Using computational modeling,
Raimondi et al., [251] correlated improved proteoglycan accumulation with the application of

lower shear stresses generated in the construct during perfusion. In continuous culture, the
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constructs were subjected to minimal shear based on the low flow rates used and that the media

was not forced through the construct.

Similarly, low shear stress bioreactors (e.g. rotating wall bioreactors) also stimulate ECM
biosynthesis [252] and typically impart substantially lower magnitude shearing stresses
(approximately 10-100 times lower) than through-thickness perfusion [251]. This could
potentially explain why some studies have reported negligible effects of through-thickness
perfusion of the growth of cartilaginous tissue in vitro [208, 219]. One potential drawback of
continuous culture was the observed changes in tissue cellularity. Under low continuous media
flow rates (5 uL/min), there was an apparent decline in tissue cellularity (25%) which was not
observed under higher flow rates (10 uL/min). In contrast, through-thickness perfusion of media
typically results in increased tissue cellularity [194, 214, 216, 218, 251]. Although the exact cause
for these differences is presently unknown, Raimondi et al., [218] obtained some experimental
evidence to suggest that a slower rate of apoptosis, rather than an increased rate of proliferation,

is responsible for the increased cellularity of thickness-perfused cartilage constructs.

One week of continuous culture also led to unanticipated alterations in tissue structure. Bioreactor
cultivated cultures displayed depth-dependent staining for sulfated proteoglycans similar to that
of native articular cartilage [253]. Although all tissue constructs contained type Il collagen
(determined by immunohistochemical staining), the tissues grown in continuous culture
accumulated some type | collagen in both the superficial and deep aspects of the tissue. The
formation of a type | collagen rich region at the exterior of the construct has been observed in
both high- and low-shear bioreactors [221, 232]. This suggests that even under the low flow rates
used in this study, convection effects cannot entirely be avoided. Interestingly, however, deep

within the reactor cultivated tissues, type | collagen staining was primarily pericellular.
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Although the expression of type | collagen has been ascribed as a de-differentiation marker for
chondrocytes [254, 255], deep-zone chondrocytes have been shown to express type | collagen
[256]. Thus, these results may suggest that the developed tissues were differentiating towards the
stratified morphology of native articular cartilage. However, the extent of type X collagen
staining (an early hypertrophic marker) was unaltered, suggesting that further study is required to
confirm whether these changes are indicative of differentiation towards the native articular

cartilage phenotype.

Analysis of the conditioned media revealed that continuous culture created a stable nutrient
environment similar to that of the prepared media provided to the cultures. The conditioned
media contained significantly higher glucose (62% greater), lower lactate (53% lower), and a pH
closer to physiological levels compared with static culture. Tissue constructs cultivated in the
reactor consumed greater amounts of glucose with increasing media flow rate along with a
concomitant decline (10%) in the yield of lactate on glucose (Y.). The observed changes in
glucose utilization may suggest a slight shift towards aerobic metabolism; however, chondrocytes
tend to utilize more economical metabolic pathways in response to low nutrient environments
[74], which would have been expected in the most extreme conditions (i.e. static culture). An
alternative explanation may be the use of glucose for synthesis of glycogen. Under high nutrient
availability, glucose can be diverted for the formation of glycogen [257]. In vivo, both middle and
deep zone chondrocytes store glycogen as a readily available energy reserve [73, 258] and as
building blocks for the synthesis of sugar-containing ECM components (e.g. PGs) [73]. This
notion was confirmed as the tissue constructs grown in continuous culture stained positive for
intracellular glycogen; whereas, no staining was observed in the static (no-flow) controls.
Previous work has also demonstrated that the accumulation of intracellular glycogen can be

induced by increasing nutrient availability to the tissue during culture [193].
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3.6 Conclusions

In this study, we investigated the effect of continuous culture on cartilaginous tissue growth in
vitro. Engineered tissue constructs cultivated under a continuous flow rate of media for a period
of one week accumulated significantly more ECM (between 50 and 70% increase in proteoglycan
and collagen content). These increases were similar in magnitude to the reported effect of
through-thickness perfusion without the need for large volumetric flow rates. Interestingly, with
continuous culture, there was also some evidence that the tissue adopted an appearance closer to
that of native articular cartilage. Tissues grown in the presence of continuous media flow
displayed some features of the characteristic stratified morphology of native cartilage, as well as,
containing stores of intracellular glycogen. Future studies will investigate the effect of long-term
continuous culture in terms of ECM accumulation and subsequent changes in mechanical

function.
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Chapter 4
Importance of Sodium Bicarbonate and Non-Bicarbonate Buffer
Systems in Batch and Continuous Flow Bioreactors for Articular

Cartilage Tissue Engineering

4.1 Relation to Overall Project

The results and discussions in Chapter 4 encompass Objective 2 (Section 2.2), which was to
enhance cell proliferation and cartilaginous tissue growth in the bioreactor by supplementing the
media with sodium bicarbonate (NaHCO;). This section has been published in Tissue
Engineering, Part C in 2012 (PMID: 22092352). | am the first author of this manuscript and was
involved in the design and execution of experiments, data analysis and in drafting the manuscript.
Dr. Denver Surrao is a co-author of this manuscript. Furthermore, the results from this study have
also been included in a patent application (Publication Number: W0O/2010/094128), which was
filed with the help of the PARTEQ, the in-house technology transfer company at Queen’s

University. Please refer to the Appendix for further details on the patent.

4.2 Introduction

Bioreactors are now increasingly used for cartilage tissue engineering, as they stimulate tissue
growth more strongly than traditional static cultures [203, 208, 214, 259-262]. Most bioreactors
used to date have been batch-fed with media added and removed periodically; continuous flow
bioreactors, by supplying the cells with a near-infinite supply of media, appear, however, to
improve tissue growth [223]. The beneficial results of such bioreactors in regard to increased
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extracellular matrix (ECM) accumulation and cell proliferation could result in part because a
continuous flow of fresh media helps maintain a steady extracellular nutrient environment. By
contrast, between medium changes in batch bioreactors or culture systems, nutrients are

progressively depleted while waste accumulates [208].

One important factor, which could be better controlled in continuous flow than in batch
bioreactors, particularly for cartilage tissue engineering, is extracellular pH (pHe). Chondrocytes
rely virtually entirely on glycolysis as a source of energy and hence, use glucose and produce
lactic acid at a high rate [71, 73]. Lactic acid, if not removed, can rapidly acidify the culture
medium [223, 263, 264]. It has long been known that chondrocyte matrix synthesis rates and rates
of cell proliferation are very sensitive to pHe and fall steeply in a pH-dependent manner under
acidic conditions [95-99, 106, 107, 225]. It has been shown by Ohshima et al., [98] and Wilkins
et al., [96] that, in regard to pHe, matrix synthesis follows a bell-shaped curve with optimum
matrix synthesis occurring between extracellular pH 6.9 and pH 7.1. Acidic extracellular
environments influence the intracellular pH (pHi) of chondrocytes [96, 97]. The pHi of articular
chondrocytes is mainly regulated by the amiloride-sensitive Na*/H" exchanger [88, 97]; however,
the pHi of chondrocytes within the superficial zone of bovine cartilage is exclusively regulated by
HCOjzdependent transporter(s) [118]. Bovine articular chondrocytes have a resting pHi of pH 7.1
but can only maintain this level of pHi over a narrow range of external pH values. Since changes
to pHi affect ECM synthesis [97], efficient buffering systems are important if pHi is to remain at
desirable levels. It is therefore surprising that little attention has been paid to buffering systems
and maintenance of an optimal pHe in studies of bioreactors; indeed, in many cartilage bioreactor
studies the type of buffering system employed is not even reported in the methods [214, 217, 265-
269]. Thus, the effect of changes in pHe on matrix synthesis during chondrocyte culture in

bioreactors is still unknown.
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In our previous study, we found that chondrocytes cultured in a continuous flow bioreactor
accumulated considerably more matrix than those cultured under static conditions when both
systems were buffered only with 20 mM HEPES [223]. Therefore, the objective of this study was
to determine whether the use of sodium bicarbonate as an additional buffering agent would help
maintain pHe between pH 6.9 and pH 7.2 in the bioreactor, and thus further enhance ECM

accumulation.

Sodium bicarbonate was added to the media as a second buffering agent for three distinct reasons:
(i) bicarbonate (HCOz) is a physiological buffer in the body [114, 270-272]; (ii) NaHCO; has the
capacity to neutralize acids effectively by the carbonic acid (H,CO3) dissociation process (HCO3
+ H" - H,CO; —» CO, + H,0) [114, 271, 273]; (iii) HCO5 ions can actively be transported into
the cell to buffer the intracellular space [114, 118] and increase ECM synthesis. So the addition of
NaHCO; to the culturing media is an effective way to maintain extracellular and hence
intracellular pH, which in turn helps stimulate ECM synthesis [99, 107, 274, 275]. It is important
to note that bicarbonate is a base and the presence of another non-bicarbonate buffering agent

(e.g. HEPES) is essential [270, 273, 274].

The media used in this study was Ham’s F-12 which was further supplemented with a 14 mM
concentration of NaHCO;. The addition of 14 mM NaHCO; was based on a study conducted in
1965 by Ham et al. [276]. Additionally, this concentration of NaHCO; (14 mM) with Ham’s F-
12 media is recommended by Sigma Aldrich and Gibco for cell culture under 5% CO, [270, 274,
276, 277]. As the addition of bicarbonate also increased the osmolarity of the medium, which
could itself perhaps influence cellular activity, we also investigated whether bicarbonate buffering

or change in osmolarity was responsible for any changes seen.
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4.3 Materials and Methods

4.3.1 Cell Isolation and High-Density 3D Culture (Static and Continuous Flow)

Cartilaginous tissue constructs were generated using isolated chondrocytes harvested from calf
(12-18 months old) metacarpal-phalangeal articular cartilage by sequential enzymatic digestion,
as described previously [236]. Tissue was obtained from several joints (up to 4 per experiment)
and pooled together to get a sufficient cell number. The cells were seeded on the surface of type
Il collagen-coated Millicell™ filters in high-density, 3D culture (2 x 10° cells/filter or 33,000
cells/mm?®) and maintained in Ham’s F-12 media (without NaHCO; and HEPES and with 10 mM
glucose and glutamine) (HyClone, Logan, UT, USA) supplemented with 20% fetal bovine serum
(FBS) and 100 mg/mL ascorbate. Ham’s F-12 medium without added bicarbonate, but
supplemented with 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid) (Sigma
Aldrich Ltd., St. Louis, MI, USA), had a pH of 7.4 in air and a pH of 6.95 under 5% CO,. The
cultures were grown in an incubator maintained at 37°C and 95% relative humidity supplied with
5% CO, : 95% atmospheric air. The culture medium (1 mL per filter) was changed every 48-72
hours, and fresh ascorbic acid was added with each change. Cultures were grown under static (no-
flow) conditions for a week to generate a layer of cartilaginous tissue prior to being cultured in
the continuous flow bioreactor, as described previously [223]. In the bioreactor, cultures were
supplied with a 10 pL/min continuous flow of medium with or without a supplement of 14 mM
NaHCOs. The 10 uL/min flow rate corresponded to an average residence time of approximately 7
hours. The flow rate of the peristaltic pumps were validated by determining the time needed to
collect a known volume of media. Additionally, cultures were also grown under static conditions

in medium with or without supplementary 14 mM NaHCOs;. The above-mentioned culturing
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conditions were repeated at least 3 times using bovine chondrocytes isolated at various time

points, and all the cultures were grown for five weeks.

Medium samples were also collected at the end of the culture period and analyzed for pH. To
prevent loss of dissolved CO, which will influence media pH [116], pH measurements were taken

immediately after collection using a pH micro-probe.

Osmolarity control experiments were also conducted in the reactor, as described above, for a
period of three weeks. In these experiments, the osmolarity of the media without NaHCO; was
adjusted to the same osmolarity as the media containing 14 mM NaHCO; by the addition of
approximately 24 mM mannitol. After the addition of mannitol, the osmolarity of both the
solutions was re-measured, by the freezing point depression method, to confirm that it was the

Same.

4.3.2 Determination of Extracellular Matrix Accumulation and Cellularity

At the end of the culture periods (static and continuous), tissue constructs were harvested, lightly
patted dry and weighed (wet weight). Tissues were lyophilized overnight, and the dry weight of
the tissue determined. Tissue samples were then digested with papain (80 pg/mL in 20 mM
ammonia acetate, 1 mM EDTA and 2 mM DTT) for 72 hours at 65°C and stored at -20°C until
analysis. Aliquots of the digest were analyzed for glycosaminoglycans, collagen and DNA
content. Proteoglycan content was estimated by quantifying the amount of sulphated
glycosaminoglycans using the dimethylmethylene blue (DMB) dye binding assay (Polysciences,
Washington, PA) [237, 238]. The glycosaminoglycan was measured using a plate reader at 525
nm. To determine the collagen content, aliquots of the papain digest were hydrolyzed in 6 N HCI

at 110°C for 18 hr. Hydroxyproline content of the hydrolyzate was determined using chloramine
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T/Ehrlich’s reagent assay [239]. Hydroxyproline was measured using a plate reader at 540 nm
after reaction with chloramine-T and p-dimethylaminobenzaldehyde. Collagen content was
estimated by assuming that hydroxyproline comprised approximately 10% the weight of collagen
[240]. DNA content was determined using the Hoechst dye 33258 assay (Sigma Aldrich Ltd)
with calf thymus DNA as the standard [241]. Digest was mixed with Hoechst dye and the

fluorescence was measured at excitation of 360 nm and emission of 430 nm.

4.3.3 Histological and Immunohistochemical Evaluation

Cultures from each of the culturing conditions were subjected to histological and
immunohistochemical evaluation. Upon harvest, tissue constructs were fixed overnight in 4%
paraformaldehyde (Sigma Aldrich Ltd.) and embedded in paraffin. Thin sections (5 pum thick)
were cut and stained with hemotoxylin-eosin (H&E) and toluidine blue (TB). All sections were
examined by light microscopy. Cryofixed sections were tested immunohistochemically with
antibodies against type | and Il collagen [10]. Prior to incubation with the primary antibody,
sections were pre-digested with 0.25% trypsin (Sigma Aldrich Ltd.) only for collagen Il and
0.5units/mL chondroitinase ABC and 0.5% hyaluronidase (Sigma Aldrich Ltd.) to facilitate
immunostaining. The following primary antibodies and dilutions were used: rabbit polyclonal
type | collagen antibody (Fitzgerald, MA, USA), 1:200 dilution and mouse monoclonal type Il
collagen antibody (Developmental Studies Hybridoma Bank, University of lowa, 1A, USA), 1:10
dilution. Fluorescently-labeled secondary antibodies were used with 2% (v/v) FITC-conjugated
goat anti-rabbit Fab fragment (Vector Laboratories) for collagen | and FITC-conjugated horse
anti-mouse Fab fragment (Vector Laboratories) for collagen Il. Sections were washed and

mounted with Vectashield hardset mounting medium with DAPI (Vector Laboratories).
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4.3.4 Tissue Thickness Measurements

The thicknesses of the tissue constructs were determined via two methods: (i) bright-field
imaging of the histology sections and (ii) the needle probe method as reported by Hoch et al.
[278]. Bright-field images of histological sections for the various culturing conditions were
calibrated with an online scale bar, from which the thicknesses of the tissue samples were
determined; thickness measurements were taken at nine random locations and the average value
recorded. In the needle probe method, a 25-gauge needle (Becton-Dickinson, Franklin Lakes, NJ,
USA) was attached to a 1kg load cell of a Mach-1 mechanical tester (Biosyntech) which was then
displaced into the tissue at a rate of 5 um/s. Resistive compressive forces and needle
displacement were recorded at a frequency of 10Hz. Abrupt changes in force were interpreted as
needle contact with the tissue and the underlying support surface to determine the tissue
thickness. Thickness measurements were taken at nine random locations, and the average value

was recorded.

4.3.5 Indentation Testing

Elastic moduli of the developed tissue constructs were determined by indentation testing.
Harvested tissues were placed flush on the surface of a porous steel stage of a Mach-1™
micromechanical tester (Biosyntech, Canada) equipped with a 1kg load cell and a plane-ended
indenter (2.1 mm dia.). Samples were preloaded to 10 mN and then subjected to step indentations
of 2% strain to a maximum of 20% strain. At each step, the resulting force decay was recorded
until equilibrium was reached<(2 mN/min). The elastic modulus at 20% strain was then

determined using the expression derived by Hayes et al. [279] for indentation testing of cartilage.
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E=P(1—v2)
(2awk)

where: P is equilibrium load, v is Poisson’s ratio (v = 0.4 for bovine articular cartilage [8]), a is
indenter radius, w is displacement, and K is a correction factor based on v and the aspect ratio of a

to tissue thickness h.

4.3.6 Statistical Analyses

All numerical results were expressed as the mean + standard error of the mean (SEM). Three
independent experiments were conducted with three independent cell extractions. Data was
compared between each of the experimental groups using a two-way ANOVA and the Fisher’s
LSD post-hoc test (SPSS 18.0, SPSS Inc., Chicago, IL, USA). Significance was associated with

p-values less than 0.05.

4.4 Results

4.4.1 Combined Effect of NaHCO; and Continuous Flow Bioreactor on ECM Accumulation
and Cellularity

To determine the combined effects of NaHCOj; and a continuous flow of medium on cartilaginous
tissue growth, tissue constructs after 1 week of pre-culture were cultivated in a continuous-flow
bioreactor with a medium flow-rate of 10 pyL/min. The medium used in the bioreactor was
supplemented with 14 mM NaHCO;, and the constructs were cultured for a duration of five
weeks (Figure 4.1). Tissue constructs cultivated in the continuous flow bioreactor with medium
supplemented with 14 mM NaHCO; accumulated significantly more (p<0.05) ECM in
comparison to all other conditions (Figure 4.2). Thus, (i) dry weight of tissue: reactor with
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NaHCOs: 20 .5 + 0.98 mg, reactor without NaHCO;: 3.7 + 0.13 mg, static with NaHCO3: 2.9 +
0.22 mg, and static without NaHCOs: 2.1 + 0.1 mg (p<0.05) (n = 9), (ii) wet weight of tissue:
reactor with NaHCO;: 292.4 + 16.3 myg, reactor without NaHCOs: 33.2 + 1.2 mg, static with
NaHCO;: 23.1 + 1.4 mg, and static without NaHCO3: 12.8 + 1.0 mg (p<0.05) (n = 9). For the

glycosaminoglycan and collagen results, see (Figure 4.3).

Additionally, the tissue constructs cultured in the bioreactor with NaHCOs;-supplemented medium
demonstrated a significant increase in cellularity in comparison to all other culturing conditions.
Thus, in the reactor, DNA was increased by 6-fold when the medium contained supplementary
bicarbonate, while in the static (no flow) controls, the corresponding increase in DNA was 13-
fold (p<0.05) (Figure 4). Although, there was a significant increase (p<0.05) in ECM
macromolecules accumulated per microgram of DNA in NaHCO;-supplemented static cultures
(no flow) in comparison with static controls (no flow) without NaHCO; supplementation, no
significant difference was observed between the two continuous-flow bioreactor conditions (i.e.

with NaHCO;, or without NaHCO3) (Table 4.1).
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(A) Schematic Representation of the Bioreactor (B) Top View of Bioreactor

-3 Flow Direction —————————» Inlet Port I Qutlet Port
[ F ——

O

{ O}
Tissue 1 o [
{ O}
Construct { O}
{ O}
* O ]
Bioreactor -_,,C) ]
Feed Peristaltic Bioreactor Chamber .

Media Pump Chamber

(C) Bioreactor Setup

Figure 4.1: (A) Schematic representation of the bioreactor. (B) Top View of the Bioreactor
vessel (C) Pictorial representation of the continuous flow bioreactor.
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Figure 4.2: Pictorial representation of (A) Tissue without NaHCO; supplementation (B) Top
view of tissue with NaHCO; supplementation (C) Side view of tissue with NaHCO,
supplementation.

6000
m Glycosaminoglycan
w Collagen
L

5000
—_—
=
=
= 4000
=
=
]
= *E
E 3000
=
o
=
= 2000 A
]
=

1000

o 4
Reactor + NallCO, Reactor Static + NaHCO, Static

Figure 4.3: Effect of the presence or absence of sodium bicarbonate supplementation on ECM
accumulation for constructs grown in a continuous bioreactor and static conditions. Collagen and
glycosaminoglycan contents of the engineered tissue constructs were determined biochemically
via the dimethylmethylene blue dye binding assay and chloramine-T/Ehrlich’s reagent assay,
respectively. ** represents significant difference from all other groups (p<0.05). Data are
presented as mean + SEM.
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Figure 4.4: Effect of the presence or absence of sodium bicarbonate supplementation on
chondrocyte proliferation. DNA contents of the engineered tissue constructs were determined
biochemically via Hoechst dye 33258 assay. ** represents significant different from all other
groups (p<0.05). Data are presented as mean £ SEM.
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Table 4.1: Relative change in ECM synthesis and cellular proliferation for tissue constructs
grown in a continuous flow bioreactor and in static conditions with/without NaHCO;

supplemented medium.

Bioreactor +/-

Bioreactor and Static +/- NaHCO;

NaHCO,

Bioreactor + |Bioreactor | Bioreactor — Static + Static —

NaHCO; |- NaHCO; NaHCO; NaHCO; | NaHCO;

Wet Weight 8.70°+0.68 | 1+0.04 2.67°+0.17 [2.17°+0.28| 1+0.06
Dry weight 5.20°+0.27 | 1+0.05 1.97°+0.09 |[1.52°+0.11| 1+0.03
DNA 6.62° +0.85| 1+0.03 224+0.26 [1.89+0.26| 1+0.03
DNA/Dry Weight 1.21+0.10 | 1+0.04 1.02+0.10 |1.17+0.11] 1+0.05
Collagen/Dry Weight 1.26+0.23 | 1+£0.02 1.92°+0.16 [1.73°+0.13| 1+0.04
GAG/Dry Weight 1.94*+0.18 | 1+0.03 461°+0.58 [3.78°+0.56| 1+0.08
DNA/Wet Weight 0.77°+0.05| 1+0.04 0.99+0.03 |0.84+0.07| 1+0.06
Collagen/Wet Weight 0.77+0.13 | 1+0.02 1.54°+0.11 [1.29+0.13| 1+0.06
GAG/Wet Weight 1.15+0.11 | 1+0.05 2.62°+0.25 [2.86°+0.65[ 1+0.08
Collagen/DNA 0.99+0.13 [ 1+0.03 1.73°+£0.15 [1.55°+0.16] 1+0.05
GAG/DNA 165+0.11 | 1+0.04 434°+1.47 [3.30°+0.55| 1+0.11
Collagen-to-GAG Ratio | 0.61°+0.08 | 1+0.02 0.41°+0.19 [0.46°+0.04 1+0.13

a

Thickness gi’:;rriwth 121.:152 500"1432 14005 | 257°+0.12 |0.75+0.04| 1+0.04
Modulus 3.60°+0.62| 1+£0.18 0.12°+0.01 [0.34+0.15( 1+0.33

®represents statistical difference with respect to bioreactor without NaHCO; and static
without NaHCO; (p<0.05)
® represents statistical difference with respect to static without NaHCO; and static with

NaHCO; (p<0.05)

¢ represents statistical difference with respect to static without NaHCO; (p<0.05)

n =9 per group

Data is either expressed relative to bioreactor without NaHCO; or static without NaHCO;
Data are presented as mean = SEM
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4.4.2 Combined Effect of NaHCO; and Continuous Flow Bioreactor on Tissue Thickness

and Tissue Modulus

The thicknesses of the tissue constructs were measured via histology, as the results obtained were
reliable and consistent. The thickness measurements obtained from histology demonstrated that
the constructs cultured in the bioreactor with NaHCOs-supplemented media were significantly
thicker (3380 + 124 um), in comparison to all other culturing conditions, results from the latter
being: reactor: 295 + 14 um, static with NaHCOj: 87 + 4 um; static control (no-flow): 115 + 4
um (p<0.05) (n = 9). Furthermore, the constructs cultured in the bioreactor with NaHCO;-
supplemented medium were characterized by tissue outgrowth to average diameter 4 mm and
average thickness 720 + 40 um. Tissue outgrowth was negligible in all other culturing conditions.
The moduli of the tissue constructs cultured in the bioreactor with NaHCOs-supplemented
medium were significantly higher (p<0.05) than the bioreactor constructs without NaHCOs-
supplemented medium (Table 4.1). The tissue modulus for the constructs cultured in the
bioreactor with NaHCO3-supplementated media was significantly higher than without NaHCO;-
supplemented media, though neither of them were equivalent to static without NaHCOs;-

supplementation: reactor: 12 + 1 KPa; reactor with NaHCOj: 38 + 6 KPa; static: 112 + 37 KPa.

4.4.3 Influence of Extracellular Osmolarity on Cell Growth and Matrix Accumulation

To determine if osmolarity was the underlying cause of the increased cell proliferation and ECM
accumulation, the osmolarity of the medium without bicarbonate supplementation was adjusted to
be equal to the osmolarity of the medium supplemented with bicarbonate. The osmolarity was
adjusted by adding mannitol. Results showed that there was considerably more cell proliferation

and matrix accumulation in the constructs cultured with bicarbonate than in those cultured
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without bicarbonate under iso-osmotic conditions (Table 4.2). Cell proliferation appeared to be
the factor that was most stimulated by bicarbonate addition, while GAG and collagen
accumulation are mainly a result of an increase in cellular proliferation (Table 4.2). From the
results obtained at the end of week 3, it is evident, that osmotic adjustment alone could not
explain increased cell proliferation and ECM accumulation in the bicarbonate constructs (Table

4.2).

Table 4.2: Relative change in ECM synthesis and cellular proliferation for tissue constructs
grown in a continuous flow bioreactor with/without NaHCO; supplemented medium under iso-
osmotic conditions.

3 Weeks

Bioreactor + NaHCO; Bioreactor + NaHCO;
Wet Weight 2.52 +£0.09 1.00 + 0.06
Dry weight 2.29+0.07 1.00 + 0.04
DNA 2.99 +0.37 1.00 + 0.08
DNA/Dry Weight 1.31+0.16 1.00 £ 0.04
Collagen 2.54 +0.02 1.00 + 0.04
Collagen/Dry Weight 1.11 £ 0.03 1.00 £ 0.02
GAG 3.31+0.24 1.00 + 0.05
GAG/Dry Weight 1.47 £ 0.10 1.00 +0.01
Collagen/Wet Weight 1.01 £ 0.04 1.00 + 0.03
GAG/Wet Weight 1.34+0.10 1.00 + 0.05
Collagen/DNA 0.88+0.11 1.00 £ 0.04
GAG/DNA 1.17 £ 0.15 1.00 + 0.05
Data is either expressed relative to bioreactor without NaHCO; at 3 weeks
n = 4 per group
Data are presented as mean + SEM
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4.4.4 Combined Effect of NaHCO; and Continuous Flow Bioreactor on Extracellular pH

The pH of the medium from inside the wells was measured at the end of a 48 hour media
replacement cycle just before harvesting the tissue (Table 4.3 and Table 4.4). A significant
difference was observed between the pH of NaHCO;-supplemented medium from static (no-flow)
(pH: 6.91) and from static control (no-flow) without NaHCO; supplementation (pH: 6.72). At the
end of week five, there was no significant difference (p<0.05) observed between the bioreactor
with NaHCOs;-supplemented medium (pH: 6.89) and the reactor with unsupplemented medium
(pH: 6.81) (Table 4.3). During the 5 week culture period, the pH of the NaHCO;-supplemented
medium in the bioreactor was, for the most part, pH 6.9 or higher, while the media without
NaHCO; was mostly lower than pH 6.9 (Table 4.4). The pH of the medium-only condition with
no cells or tissue, 48 hours post the medium replacement cycle, was as follows: (i) medium with
NaHCO; supplementation: pH 7.41 and (ii) medium without NaHCO; supplementation: pH 6.95

(Table 4.3).

Table 4.3: Change in pH for static (residence time: 48 hours) and bioreactor (residence time: 7
hours) culture systems, in comparison to inlet pH (fresh medium, no cells) (residence time: 48
hours). All are under 5% CO,.

Inlet pH (Fresh Medium) Bioreactor Static

+ NaHCO; | —NaHCO; | + NaHCO, - NaHCO; | + NaHCO; [ — NaHCO;,

pH| 7.41*+0.00 | 6.95+0.00 | 6.89 +0.02 6.81+0.01 ]6.91*+0.03 6.72+0.02

* represents statistical differene with respect to without NaHCO; condition (p<0.05)
n =9 per group
Data are presented as mean + SEM
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Table 4.4: Changes in medium pH for bioreactor (residence time: 7 hours) culture system over a
period of 5 weeks.

2 week 3 week 5 week
+NaHCO; 7.00 £ 0.00 6.96 + 0.01 6.89 + 0.02
—-NaHCO; 6.83+0.01 6.81 + 0.01 6.81 +£0.01

Media collected from each well
n = at least 4 per group
Data are presented as mean = SEM

4.4.5 Histological and Immunohistochemical Assessment

Histological assessment of the developed tissues via hemotoxylin-eosin and toluidine blue
staining revealed that the cartilaginous constructs cultured in the continuous bioreactor with
NaHCOs-supplemented media was significantly thicker (p<0.05) in comparison to all the other
culturing conditions (Figure 4.5 and Figure 4.6). Tissue sections from all of the culturing
conditions stained positive for sulfated proteoglycans (Figure 4.5 and Figure 4.6). All of the
culturing conditions, except the static control (no-flow), displayed depth-dependent staining with
increasingly more intense staining at the bottom of the tissue section and less staining at the tissue
surface (Figure 4.5 and Figure 4.6). Tissues were also immunostained to detect the presence of
collagen types Il (cartilage-specific) and | (de-differentiation marker). All conditions stained
intensely throughout the tissue thickness for collagen type Il and less intensely for collagen type |

(Figure 4.7).
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Figure 4.5: Histological assessment of cartilaginous tissue constructs after five weeks of
culturing under different culturing conditions (static culture, static with NaHCO3-supplemented
medium and continuous-flow culture without NaHCO3; medium supplementation). Tissue sections
were stained with toluidine blue (TB) (sulfated proteoglycan stain) and hematoxylin and eosin
(H&E) (general connective tissue stain). Scale bar 100 um and 200 pm.
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Figure 4.6: Histological assessment of cartilaginous tissue constructs after five weeks of
culturing in a continuous flow bioreactor with NaHCO3-supplemented medium. Tissue sections
were stained with toluidine blue (TB) (sulfated proteoglycan stain) and hematoxylin and eosin
(H&E) (general connective tissue stain). Scale bar 100 pm.
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Figure 4.7: Immunohistochemical assessment of cartilaginous tissue constructs after five weeks
of culturing under different culturing conditions (static culture, static with NaHCOs-
supplemented medium, continuous flow culture without NaHCO; medium supplementation, and
continuous flow culture with NaHCO; medium supplementation). Tissue sections were stained
for collagen types I and 1l. Scale bar 100 pm.
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4.5 Discussion

The purpose of this study was to determine if the incorporation of an additional buffer, sodium
bicarbonate, to the culture media in a continuous flow bioreactor [223] would increase

extracellular matrix accumulation and cell proliferation.

We found that both continuous culture and NaHCO; buffering stimulated matrix accumulation
and cell proliferation. After five weeks of continuous culture, constructs cultured with NaHCO;
supplementation produced markedly more GAG and DNA, both in the bioreactor and in static
cultures, than in constructs with no NaHCO; supplementation (Figure 4.3 and Figure 4.4; and
Table 4.1). Looking at results from the bioreactor cultures, even though the GAG/DNA ratio
increased by 65% (Figure 4.3 and Figure 4.4) in the NaHCO;-supplemented system relative to the
unsupplemented system, the marked increase in the amount of GAG and collagen produced
(Figure 4.3) appears to arise mainly from a 6 fold increase in the number of cells (Figure 4.4). In
addition, as found previously [223], chondrocytes cultured under continuous flow produced more
matrix than chondrocytes cultured under static conditions (Figure 4.3 and Figure 4.4).
Remarkably, in a bioreactor with NaHCO; supplemented media, the harvested cartilaginous
tissue constructs were considerably thicker [a 28-fold increase (p<0.05)] and contained
significantly more (p<0.05) extracellular matrix macromolecules [a 98-fold increase in
glycosaminoglycans and a 25-fold increase in collagen content] compared to the static control
(no-flow) cultures (Figure 4.3). Histological assessment of the developed tissues revealed that all
of the tissue sections from the bioreactor stained positive for sulfated proteoglycans. Tissues were
immunostained to detect the presence of collagen types Il (cartilage-specific) and | (de-
differentiation marker). Constructs cultivated in the continuous-flow bioreactor with and without
NaHCO; medium supplementation stained more intensely for type Il collagen than for type I

collagen (Figure 4.7). Measurements showed that the constructs cultured in the continuous-flow
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bioreactor with NaHCO;-supplemented medium had a greater elastic modulus than bioreactor
constructs grown without NaHCO; supplementation; however, in no case was the elastic modulus

comparable to that of native articular cartilage.

From the results presented here, it is evident that chondrocytes cultured in a continuous-flow
bioreactor where the medium is buffered by both 14 mM NaHCO; and 20 mM HEPES proliferate
more extensively and produce more cartilage matrix than chondrocytes cultured in a similar
continuous flow bioreactor with medium buffered only by 20 mM HEPES (Figure 4.3, Figure 4.4
and Figure 4.5). The question then arises, are the effects mediated by improved buffering or by
the presence of NaHCO; itself? Table 4.3 shows that there was a significant difference (p<0.05)
between the pH levels of the media with and without NaHCO; supplementation, with no exposure
to cells or tissue when allowed to equilibrate with 5% CO, at 37°C. The medium containing
NaHCO; was at pH 7.4; whereas, without NaHCO;, it was at pH 6.9. However, there was little
difference between the two media after exposure to cells. After five weeks of culture in the
bioreactor, the pH of the effluent medium with NaHCO; present was pH 6.89; whereas, in its
absence, the effluent pH was pH 6.81 (Table 4.3 and Table 4.4). Thus, in the bioreactor with
bicarbonate present, because of increased cell number and activity, the pH fell 0.54 pH units more
during the 7 hour residence time than it fell in the bioreactor with no bicarbonate
supplementation. Could the differences in inlet (fresh medium) pH (Table 4.4) alone be
responsible for the dramatic increase in cell number and matrix accumulation (Figure 4.3, Figure
4.4 and Figure 4.5)? Acidification of the extracellular medium from pH 7.4 to pH 6.8 is reported
to reduce the rate of cell proliferation of other cell types [280, 281] and the rate of matrix
synthesis by chondrocytes [95, 98, 106, 107, 225] markedly. With no NaHCO; supplementation,
the pHe of the medium fed to the cells was never above pH 7.0 (Table 4.3 and Table 4.4); the

acid pH of the medium in contact with the cells over the entire culture period could account, in
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part at least, for the lower cell numbers and amount of matrix produced in cultures which are not

buffered by NaHCO:s.

Does NaHCO;s play a role apart from buffering medium pH? The effect of pHe on cell function is
in general mediated through its influence on pHi both in regard to cell proliferation [282, 283]
and matrix synthesis [117]. Cells thus have a complex system of membrane transporters, channels
and pumps to maintain intracellular ionic homeostasis in the face of extracellular insults [79].
Freshly isolated chondrocytes appear to regulate their pHi mainly through the sodium hydrogen
exchanger [58, 79, 87], and unlike other cell types [284, 285], do not appear to utilize Na*/HCO3
dependent membrane transport pathways [117]. However, there are some indications that HCOg’
transporters may be involved in pH regulation in chondrocytes under some circumstances;
bicarbonate transporters have been reported in a chondrocyte cell line [115], in avian
chondrocytes [87] and in surface zone articular chondrocytes [118]. The osmolarity of the
medium buffered by both NaHCO; and HEPES (325 mOsm) was approximately 25 mOsm higher
than the medium buffered by only HEPES (300 mOsm). Previous studies have shown a 25 mOsm
difference in osmolarity to have an influence on cell proliferation and matrix synthesis [92, 283,
286]. From the results obtained from the osmolarity experiment, it is evident that the dramatic
cell proliferation and tissue accumulation in the NaHCOs-supplemented media is not solely due
to increased osmolarity arising from sodium bicarbonate addition (Table 4.2). It is now important
to investigate whether the mechanism of increased tissue growth arises from operating the

bioreactor with optimum media pH, or if the presence of bicarbonate ions per se is required.

The results here demonstrate the importance of maintaining pH and providing adequate buffering
against lactic acid induced acidification in cartilage tissue engineering. Briefly, we compared
cartilage constructs engineered in our system supplemented with NaHCO; to other dynamic

bioreactor systems, namely: (i) a mixed-flask bioreactor [221, 287], (ii) a rotating-vessel
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bioreactor [74] and (iii) a perfusion bioreactor [217]. From the data reported, it is evident that our
constructs accumulated significant amounts of ECM. We postulate this could be due to the
continuous supply of medium (15 mL/day per construct), which might have resulted in a near-
infinite supply of nutrients. Additionally, NaHCO; supplementation provided a slightly basic
environment (Table 4.3 and Table 4.4), thus, maintaining the pH of the medium close to pH 7.0
for the most part [89, 115], which in turn might have helped regulate the pHi of the chondrocytes

to a value close to pH 7.1 [79, 96], thus accounting for high GAG and collagen accumulation.

4.6 Conclusions

In conclusion, this study highlights the advantage of employing a continuous flow bioreactor in
conjunction with appropriate buffers in adequate quantities for articular cartilage tissue

engineering, thus promoting cell proliferation and increasing matrix accumulation.
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Chapter 5

Study to Determine a Feasible Primary Construct for ECM Production

5.1 Relation to Overall Project

The results and discussions in Chapter 5 are an extension of Chapter 4. This study was designed
to determine the best seeding technique to produce clinically relevant-sized constructs. The data
in this section was presented at TERMIS Europe in 2011 and also published as a conference
proceeding in Histology and Histopathology 2011 vol. 26 Supplement 1 [288]. | am the first
author of this abstract and was involved in the design and execution of experiments, data analysis
and in drafting the abstract. Denver Surrao and Dr. Stephan Waldman are co-authors of this

abstract.

5.2 Introduction

Cartilage tissue engineering requires large cell numbers for construct formation, which is a major
limitation. Our previous work demonstrated a continuous flow bioreactor, with NaHCO;-
supplemented media to improve cell proliferation and ECM deposition, by creating a near-infinite
supply of nutrients and by buffering media. Therefore, the aim of this study was to use the above
technique to produce clinical-sized constructs (> 1 cm?®) without causing donor site morbidity

(~300mg with 2600 cells/mg).
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5.3 Material and Methods

The different seeding techniques used to engineer constructs included: monolayer (20,000 cells or
666 cells/mm?), pellet (200,000 cells), biopsy (5 mm diameter constructs) and minced (5 mm
diameter biopsies cut into smaller pieces). The constructs were cultivated in Ham’s F-12 media
(without NaHCO; and HEPES and with 10 mM glucose and glutamine) (HyClone, Logan, UT,
USA) supplemented with 20% fetal bovine serum (FBS), 100 mg/mL ascorbate and 20 mM
HEPES (N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid). The cultures were grown in an
incubator maintained at 37°C and 95% relative humidity supplied with 5% CO, : 95%
atmospheric air. The culture medium (1 mL per filter) was changed every 48-72 hours, and fresh
ascorbic acid was added with each media change. In the bioreactor, cultures were supplied with
continuous flow of media further supplemented with 14 mM NaHCO; at a flow rate of 10 pL/min
for 6 weeks. The flow rate corresponded to an average residence time of approximately 7 hours.

After 6 weeks of culture, the tissue weight, thickness and ECM deposition were determined.

5.4 Results and Discussions

Monolayer constructs proved superior to all the other constructs investigated in this study, while
minced and biopsy constructs recorded inconsistent data (Figure 5.1). Monolayer and pellet
constructs recorded the following values: thickness: 2069 + 90 and 1600 + 47 um, DNA: 199 +
33 and 51.6 £ 17 pg/construct, GAG: 8908 + 1089 and 3428 + 458 pg/construct, and collagen:
2843 + 150 and 1495 + 272 ug/construct, respectively. This significant increase in monolayer
ECM accumulation could be due to the combined effect of the bioreactor and NaHCO;
supplemented media. Additionally, the large surface to volume ratio per cell in monolayer

compared to the pellet construct (chondrocytes, though in larger numbers, were tightly packed
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together) could have provided the cells greater accessibility to nutrients while allowing the

chondrocytes to divide and synthesize/accumulate ECM in the monolayer without constraint.
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Figure 5.1: Pictorial representation of constructs after six weeks of culture in the bioreactor with
NaHCO; supplemented media.
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5.5 Conclusions

Of all the constructs studied, the monolayer constructs outperformed all the other constructs with

respect to cell proliferation, biochemical properties and tissue thickness.
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Chapter 6
Effects of Extra- and Intracellular Factors on Proliferation of

Chondrocytes from Bovine Articular Cartilage

6.1 Relation to Overall Project

The results and discussions in Chapter 6 encompass Objective 3 (Section 2.3), which was to
investigate the underlying reasons for the increased proliferation and tissue accumulation as a
result of bioreactor cultivation and NaHCO; supplementation. This chapter will be submitted to
the journal, Osteoarthritis and Cartilage. | will be the first author on this manuscript and was
involved in the design and execution of experiments, data analysis and drafting the manuscript.
Navneet Vasistha, Dr. Jill Urban and Dr. Robert Wilkins from the University of Oxford will be

co-authors on this manuscript.

6.2 Introduction

Articular cartilage is a highly specialized tissue with a low ability to self-repair, making the
treatment of chondral injuries difficult for scientists and surgeons [122]. Autologous Chondrocyte
Implantation (ACI) is a cell based replacement technique generally used to treat chondral defects
[125, 135, 160, 289]. In this technique, a biopsy sample is taken from a non-load bearing region
of the patient’s joint. The chondrocytes are expanded in vitro and then implanted back into the
same patient. Currently, the only source of cells for this treatment are autologous chondrocytes

[125, 135, 160, 289]. These cells are present in very low numbers in cartilage, making up only
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2% of the total cartilage volume [1-5]. Hence, only a limited number of cells can be taken from
the patient, as this leads to donor site morbidity. Due to limited availability of chondrocytes, it is
important to establish reliable protocols, aimed at regenerative medicine and tissue-engineering
applications. The establishment of reliable protocols requires a better understanding of

chondrocyte physiology and behavior under changing physiological and biochemical conditions.

We have previously reported on a continuous flow bioreactor, designed to provide a continuous
supply of nutrients, at a constant concentration, while removing the metabolic waste from around
the cells [223]. We also have reported how the addition of sodium bicarbonate (NaHCOs)
increases the buffering capacity of the medium, influencing chondrocyte behavior [224]. We not
only obtained a significant increase in tissue formation in the reactor with bicarbonate addition (a
10-fold increase in glycosaminoglycans and 6-fold increase in collagen compared to controls
without bicarbonate addition), but surprisingly, we also obtained a significant increase in cell
numbers, (a 6-fold increase compared to control at the end of 5 weeks of culture) [224]. The
tissue obtained was tested immunohistochemically for collagen type 11, a cartilage marker [119,
290], to determine if the chondrocytes maintained their chondrogenic phenotype in culture. The
engineered tissue stained positive for collagen type Il. Additionally, the chondrocytes in the flow
system (with additional bicarbonate), from the primary construct (collagen-coated filter 8 mm in
diameter) expanded and synthesized ECM, forming a secondary construct, 20 mm in diameter
together with 8 mm diameter of the primary construct, without a separate expansion phase. We
also tested other 3D-seeding techniques along with collagen-coated filters, such as pellet, biopsy,
minced and 2D-seeding techniques, such as monolayer cultures, to see if we would obtain similar
results [224, 288]. A simultaneous increase in cell proliferation and tissue formation was
observed in all cultures when additional bicarbonate was present [224, 288]. The formation of

native-tissue-like cartilage in 3D cultures reflected a simultaneous increase in cell proliferation
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and matrix formation. In monolayer cultures, it seems that the initial 2D environment was quickly
modified into a 3D spatial arrangement which prevented the cells from losing their chondrogenic

phenotype.

It is generally believed that chondrocytes obtain most of their energy from the pathway of
glycolysis, and hence, produce lactic acid at high rates [56], causing the environment to acidify.
The rate of acidification not only depends on the rate of lactate production but also on the
buffering power of the cells’ surroundings. It has long been known that chondrocyte matrix
synthesis rates, and rates of cell proliferation are very sensitive to extracellular pH (pHe) and fall
steeply in a pH-dependent manner under acidic conditions [95-99, 106, 107, 225]. Acidic
extracellular environments are known to influence the intracellular pH (pHi) of chondrocytes [96,
97]. The pH of cartilage extracellular matrix is between pH 6.9 and pH 7.1 [96]. Chondrocytes
have acid-sensing ion channels present that can sense changes in pHe, causing them to respond to
their environment [291, 292]. Low pHe causes an influx of H* ions into the cytoplasm of the
chondrocytes, resulting in chronic acid-loading of the cytoplasm [96]. Intracellular pH in
chondrocytes is primarily regulated by the Na*/H" exchanger [79, 87, 88, 96, 97, 115, 118] or at
times by HCOs™ dependent transporter [118]. It is known that bovine articular chondrocytes have
a resting pHi of 7.1 and any changes to this pHi have been shown to affect cell metabolism [97].
It has been shown that the reduction in extracellular matrix pH to pH 6.6 and below reduces

energy metabolism in the cells [102, 103].

Cultured chondrocytes have been found to behave differently from freshly isolated chondrocytes.
In comparison to freshly isolated chondrocytes, cultured chondrocytes may have a higher HCO3
transporter activity due to long exposure to compounds or environments that the cells are not

normally used to in their native environment [88].
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The level of carbonic anhydrase activity, which catalyzes the production of HCO3; from hydration
of CO,, has been reported to be low in human chondrocyte cell lines [115, 116]; however, the
importance of carbonic anhydrase in chondrocytes remains unclear [118]. In the presence of
HCO;/ CO, the recovery rate of a human chondrocyte cell line from acidification has been shown
to increase [115]. Various studies conducted on freshly isolated chondrocytes have however
confirmed that pHi in chondrocytes is primarily regulated by the Na*/H" exchanger, instead of the
anion dependent system [79, 87, 88, 96, 97, 115, 118]. Chondrocytes from the superficial zone of
(bovine) articular cartilage seem to be an exception in that they regulate pHi by the HCOs

dependent transporter [118].

Hence, the aim of this study was to determine the underlying reason for the increase in cell
proliferation and extracellular matrix production, when supplementing the cell culture medium
with 14 mM NaHCO; in a 5% CO, environment. We hypothesized, firstly, that the increase in
matrix production arose mainly from the increase in cell proliferation. Secondly, that this increase
in cell proliferation and matrix production was due to differences in buffering capacity between
cultures supplemented with HEPES and NaHCO; under CO, in comparison to cultures
supplemented with only HEPES under CO,, and the consequent influences on pHe and pHi. We
thus investigated the role of buffering capacity on cell proliferation by studying it in medium
supplemented with HEPES and NaHCO; under 5% CO, and in medium supplemented with
HEPES in air. Additionally, here we report on measuring pHi, using a confocal microscope, in
chondrocytes in 2D culture (monolayer) and in 3D culture (alginate beads), without removal from

their attached or encapsulated form to avoid artifacts, as far as possible.
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6.3 Materials and Methods

6.3.1 Material

All chemicals and consumables were obtained from Sigma Aldrich Ltd., Poole, UK, unless noted

otherwise (e.g. calcium chloride).

6.3.2 Cell Isolation and Culture

Chondrocytes were harvested from bovine (18-24 months old) metacarpal-phalangeal articular
cartilage by sequential enzymatic digestion, as described previously [236]. The media used for
the first two days of culture was Ham’s F-12 (without NaHCO; and HEPES and with 10 mM
glucose and glutamine) (HyClone, Logan, UT, USA) which was supplemented with 5% fetal
bovine serum (FBS), 20 mM HEPES (N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulphonic

acid], at a pH of 7.4 in air and a pH of 7.0 under 5% CO..

6.3.3 Growth Kinetics

The harvested chondrocytes were seeded in 25 cm? T-flasks at a seeding density of 6400
cells/cm?. Starting at day 2, the media was increased to 10 mL, using Ham’s F-12 media (without
NaHCO; and HEPES and with 10 mM glucose and glutamine) supplemented with 20% fetal
bovine serum (FBS) and 100 mg/mL ascorbate. Additionally, starting at day 2, the culture
medium was replaced every 24 hours, for six consecutive days. At the end of each day, the cells
in the flasks were washed with Ham’s F-12 media and were incubated with 2 mL of 0.15%

collagenase A (w/v) for 30 minutes at 37°C. The collagenase solution was replaced with 1 mL of
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0.25% trypsin, and the cells were incubated for another 5 minutes at 37°C. After the trypsin was
removed, the flasks were washed with 2 mL of Ham’s F-12 media to make sure all the cells were
collected and checked under the microscope to make sure all the cells had been removed. The
media with the cells were centrifuged at 2000 rpm for 5 minutes. The media was aspirated, and
the cells were re-suspended in 0.2 mL to 5 mL media. 1 part cell suspension was mixed with 1

part trypan blue, and the cells were counted using a hemocytometer.

6.3.4 Measurement of Extracellular pH and Lactate Production

The pHe of the media in the T-flask was measured with a pH micro-probe immediately after
removal from the incubator. The pH of the media supplemented with NaHCO; was measured
under a constant supply of 5% CO,, as gaseous exchange can cause a pH drift. The media was
also collected from each condition in the T-flask to measure the total lactate production at the end
of a 24-hour day. Lactate in the spent media was determined by measuring its absorbance against
a standard curve generated from different concentrations (0-4 mM) of lactic acid (Trinity Biotech,

Ireland). The absorbance was measured using a plate reader, at a wavelength of 540 nm.

6.3.5 Reagents used to Measure Intracellular pH

The solutions used to measure pHi were made as follows: HEPES buffered solution (HBS),
Bicarbonate and HEPES buffered solution (BHBS), and calibration solution [115]. All these
solutions contained the following chemicals: 1 mM MgSQ,, 2 mM CaCl,, 10 mM HEPES, and 10
mM D-glucose. The pH was adjusted with 5 N NaOH and 5 N HCI. Additionally, the HEPES

buffered solution (HBS) with a pH of 7.3 also contained 145 mM NaCl and 5 mM KCI. The
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bicarbonate and HEPES buffered solution (BHBS) with a pH of 7.3 also contained: 131 mM
NaCl, 5 mM KCI, and 14 mM NaHCO; with the pH adjusted to 7.3 with 5% CO, and 95% air.
The calibration solution (high in K* ions) also contained 15 mM NaCl and 135 mM KCI. The
ammonium pre-pulse solution was the same as above, with the exception that 20 mM NH,CI was
added, and NaCl concentration was adjusted to keep the final osmolarity of all the solutions the
same. A 5 mM stock solution of the membrane dye (permeant acetoxymethyl ester of carboxy
SNARF-1-AM) (Invitrogen Ltd., Paisley, UK) was prepared in dimethyl sulfoxide (DMSO), a 3
mM stock solution of nigericin was prepared in ethanol, and aliquots of both were stored at -20°C

until required.

6.3.6 Measurement of Intracellular pH in 2D Cultures (Monolayer)

The harvested chondrocytes were seeded on 1.8 cm? Lab-Tek coverglass chambers at a seeding
density of 6400 cells/cm?. Starting at day 2, the media was increased to 1 mL using Ham’s F-12
medium (without NaHCO; and HEPES and with 10 mM glucose and glutamine) supplemented
with 20% fetal bovine serum (FBS) and 100 mg/mL ascorbate. Additionally, starting at day 2, the
culture medium was replaced every 24 hours, for six consecutive days. The pHi of chondrocytes
growing in monolayer (2D cultures) was measured on days 3, 5, 6 and 7. The monolayer cultures
were washed twice with a HEPES buffered solution (HBS) and then incubated with 10 uM
SNARF-1-AM for 20 minutes at 37°C [293-295]. After 20 minutes, the SNARF-1-AM was
aspirated, and the monolayer cultures were washed twice with either a HEPES buffered solution
(HBS) or a bicarbonate and HEPES buffered solution (BHBS). The BHBS cells were measured
under 5% CO,. The confocal chamber was continuously gassed via a small hole in the lid, large
enough to allow a 21G needle to enter, with 5% CO, and 95% air via a male connector and a gas
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impermeable tube. It is very important that these measurements are taken under 5% CO, and 95%
air in order to get stable and reliable pHi readings, while maintaining a pHe at 7.3. The confocal

chamber was at 37°C. The HBS cells were measured in air with a pHe of 7.3.

Carboxy-SNARF-1 dye was excited by an argon laser at 514 nm and its fluorescence emission
was collected ratiometrically at 580 + 20 and 640 + 20 nm [293, 294]. The cells were imaged
using a Zeiss 710 confocal system (Carl Zeiss Ltd, Cambridge, UK). The ratio of the fluorescence
intensity at the two wavelengths was converted to a pH value using a high K" nigericin
calibration curve method [296]. The ratiometric measurement is very reliable, as it gives a value
independent of the dye concentration and intensity losses caused by photobleaching [107, 297].

The NaHCO;-CO, measurements were done under a 5% CO, stream.

While measuring pHi values, care was taken to minimize background auto fluorescence from the
cell-free media or ECM. Additionally, any auto fluorescence exhibited was subtracted from the
fluorescence exhibited by the cells. Note that dead/dying cells do not retain the fluorescent dye

and would therefore, not be included in the fluorescence measurements.

6.3.7 Measurement of Intracellular pH in 3D Cultures (Alginate Beads)

The harvest chondrocytes were encapsulated in low viscosity alginate beads at a cell density of 4
x 10° cell/mL [62, 298]. The 1.2 w/v alginate solution was prepared by dissolving it in a sodium
chloride (0.9% wi/v) solution and sterile filtering it through a 0.22 pum syringe filter. The
harvested chondrocytes were re-suspended in the alginate solution and were carefully added in a
drop-wise fashion, using a 21G needle to a 102 mM CacCl, solution. The CaCl, helped crosslink
the alginate beads, thereby encapsulating the chondrocytes within the beads. The excess CaCl,

was removed, and the alginate beads were washed thrice with Ham’s F-12 media containing 5%
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FBS. The 3D cultures were grown in an incubator maintained at 37°C and 95% relative humidity
supplied with 5% CO, : 95% atmospheric air for 2 days. The alginate beads were transferred from
the 12 well-plate to a confocal chamber. The alginate beads were incubated with 10 uM SNARF-
1-AM for 30 minutes at 37°C to ensure that the centre of the beads was equilibrated with the dye
[293-295]. The pHi of the chondrocytes encapsulated in the alginate beads, was measured, as

described above.

6.3.8 Calibration

The calibration curve was generated using a well-established nigericin-high K™ method [296].
The curve was used to calibrate the intracellular fluorescence ratio of SNARF-1 to pHi of in vitro
chondrocytes. Nigericin is a K*/H" ionophore, which can be used to calibrate a standard curve to
convert fluorescence to pH as nigericin equalizes pHi with pHe when K* concentration inside and
outside the cell is the same. In the absence of a K* gradient across the cell membrane, nigericin
equilibrates internal and external pH by exchanging internal K* for external H*. Freshly isolated
chondrocytes, rather than chondrocytes in situ, were used for calibration, primarily because the
cartilage ECM hindered accessibility of chondrocytes to the nigericin molecule (results not
presented). This observation was also noted by Simpkin et al., [118] in chondrocytes, in situ. To
carry out this procedure, cells that had been seeded in flasks (< 8 days) were enzymatically
digested for 30 minutes with collagenase, as mentioned above in section: Growth Kinetics. 150
uL of the isolated cell suspension in HBS solution supplemented with 10 uM SNARF-1-AM was
allowed to settle in a confocal chamber for 20 minutes at 37°C. Excess SNARF-1 in the media
was washed away, and the cells in the chamber were washed twice with HBS, and finally, with

the calibration solution (at the appropriate pH). 3 mM stock solution of nigericin was added to the
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calibration media to give a final concentration 6 uM. The pHe range of the calibration solution
was from pH 6.5 to pH 8.0. A good correlation was achieved between the fluorescence ratio and

the pHe in this range (r* > 0.97) (Figure 1). The confocal measurements were made as mentioned

previously.
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Figure 6.1: Calibration curves A, B and C over the range pH 6.5 and pH 7.8 has a linear
relationship between the ratio of the fluorescence intensities of SNARF-1 at the two wavelengths
and extracellular pH of the solution. A nigericin molecule in the absence of a K* gradient across
the cell membrane equilibrates internal pH of the cell with the external pH of the solution.
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6.3.9 Measurement of Buffering Capacity

The buffering capacity of the cells in HEPES-air, and the NaHCO;-CO, condition at pHe 7.3

were determined by using the ammonium pre-pulse titration technique [299].

The confocal chamber was perfused by making two holes in the lid, one for injecting fresh liquid,
and the other to remove spent media. The holes were large enough to insert a 21G needle (Figure
6.2). A perfusion system was used for this experiment, primarily to maintain a steady state
environment in the chamber while imaging, and to record changes occurring within the cells,
using different solutions over a period of time. The lid on the BHBS media was closed under 5%
CO, to maintain CO, equilibrium while the solution dripped from a needle into the chamber. The
needles were adjusted in the chamber to allow continuous flow of media with 0.5 mL media in
the chamber at all times. The media bottles were placed in a 37°C H,O bath and fitted with a cap,
which was penetrated by a non-gas permeable tube, placed in liquid. This tube was connected to a
peristaltic pump (Gilson Minipuls 3, Anachem, Luton, UK) that pumped media at a flow rate of 1
mL/minute. The outlet tube was connected to another peristaltic pump (Gilson Minipuls 3,
Anachem, Luton, UK) that was set at a higher flow rate (1.5 mL/minute) to remove media from
the well. The outlet needle was placed slightly higher than the inlet needle to prevent the well
from drying out. The media with BHBS, with and without NH,CI, was continuously gassed with
5% CO, and 95% air, via a tube placed in the media bottle. Once the needles were set, the pumps
were started, making sure the volume in the well was maintained. An area of interest was
identified, with at least 15 cells outlined, and the change in ratio with time was monitored. The
confocal measurements of the cells were performed as explained in the Measurement of pHi in
2D Cultures section. Emission was collected at 580 + 20 and 640 + 20 nm simultaneously in an
XY scanning mode, once every 15.5 seconds. Ratio of the fluorescence intensity at the two

wavelengths was measured and converted to a pH value using the calibration curve. The
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background fluorescence was offset for all measurements. HEPES-air or NaHCO;-CO,,
chondrocytes were super-fused with either HBS or BHBS (continuously gassed with 5% CO,) for
3 minutes, to stabilize the chondrocyte pHi, and then the perfusion was switched to NH,CI
solution for another 6 minutes to alkalise the cells and then switched back to an HBS or BHBS

solution to acidify the cells.

The intrinsic buffering capacity (B)) at pHe 7.3 was measured in HEPES-air cells, and the total
buffering capacity (Br) at pHe 7.3 was measured using the NaHCO;-CO, cells. Buffering
capacity was measured by change in pHi (ApHi) in SNARF-1-AM loaded chondrocytes after the

addition of NH4CI [299]. The following equation was used to determine buffering capacity.

_AINH,',
(A pH,]

total base concentration * 10 77—
] + ]O (pHo - pKa)

AINH,"| =

where: ‘B’ is intrinsic (B,) or total buffering capacity (Br); delta pHi is the increase in
intracellular pH after the addition of NH,CI (it is corrected to the point of NH,Cl addition) [299];
pH, is the pH of the external solution (pH 7.3; in this instance); the total base concentration was

20 mM, and the pka of NH," at 37°C is 9.21 [299].
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Figure 6.2: Schematic representation of a confocal perfusion system. Cells were seeded in the
confocal chamber. During imaging, the solution was perfused in the chamber via a peristaltic
pump at a flow rate of 1 ml/min, and the solution was removed from the chamber via a peristaltic
pump at a flow rate of 1.5 ml/min. The tube to remove the media from the chamber was adjusted
at a height to allow approximately 0.5 ml media in the chamber at all times.

6.3.10 Data Analysis

At least three independent cultures were carried out for each of the experiments outlined in this
study. All numerical results expressed were either as ratio or mean + standard error of the mean
(SEM). Independent experiments were conducted with independent cell extractions. Data was
compared between each of the experimental groups using a t-test or a one-way ANOVA and the
Fisher’s LSD post-hoc test (SPSS 18.0, SPSS Inc., Chicago, IL, USA). Significance was
associated with p-values less than 0.01 or 0.05. It is important to note that the cells used in this
study were primary bovine chondrocytes. As mentioned previously, these cells have been
documented to possess animal-animal variability [71] in metabolic rates and in proliferation rates.
Hence, although within one experiment standard deviations were small, averaging the absolute

data from different experiments conducted under the same conditions gave very high standard
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errors (Figure 6.3A and Table 6.1). Although the trends seen in each of the experiments were the
same, when results were presented as fractional changes, they exhibited significant differences
between different experimental conditions (Figure 6.4). Additionally, while measuring pHi
values, care was taken to minimize background auto-fluorescence from the cell-free media or

extracellular matrix.

Table 6.1: Change in chondrocyte doubling time (hours) in media, with 20 mM HEPES and 14
mM NaHCOj; in CO, in comparison with 35 mM HEPES in air, over a period of six days.

Experiment 1 Experiment 2 Experiment 3 Mean of
Experiment
Day HEPES/ | HEPES | HEPES/ | HEPES |HEPES/| HEPES | HEPES/| HEPES
bicarb bicarb bicarb bicarb
2t03 11 15 18 15+2
3to4 12 38 16 24 21 50 16+ 3 377
4t05 27 19 27 30 25 99 26+1 | 49+£25
5t06 24 22 36 26 26 144 29+4 | 64140
Data are presented as mean + SEM
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Figure 6.3: Effect of 20 mM HEPES and 14 mM NaHCO; in 5% CO,, and 35 mM HEPES in air
on cell proliferation, lactate production, and extracellular pH of the media. (A): Average cell
numbers every 24 hours post media change. (B): Change in extracellular pH every 24 hours post
media change (C) Total lactate produced and every 24 hours.

98



A B

4.0E-06 0.08

—HEPES —S—HEPES

3.5E-06 —#&—HEPES + NaHCO3
—#&—HEPES + NaHCO3
3.0E-06
2.5E-06
2.0E-06
1.5E-06

1.0E-06

0.02

A Lactic Acid (mM) /
Average Cell Numbers

A pH / Total Lactic Acid
(mM)
2
1
|~ I!'
f
N
\
\
_* N
|
/
III 1
E s

5.0E-07

0.0E+00
0 1 2 3 4 5 6

Time (Days) Time (Days)

0.00

Figure 6.4: Effect of 20 mM HEPES and 14 mM NaHCO; in 5% CO,, and 35 mM HEPES in air
on cell proliferation, lactate production, and extracellular pH of the media. (A) Change in lactate
production per million cells every 24 hours (B) Change in pH per total lactate production every
24 hours.

6.4 Results

6.4.1 Buffering Capacity of the Media

The media buffering capacity was measured for the two solutions, 35 mM HEPES in air (HEPES-
air), and 20 mM HEPES and 14 mM NaHCO; under 5% CO, (NaHCO;-CO,) at 37°C, by adding
known volumes of 1 N lactic acid to the solution and allowing it to equilibrate for a few minutes
before recording the pH of the solution (Figure 6.5), which was continuously stirred to allow
mixing. The buffering capacity of the HEPES-air media was experimentally calculated to be 20
mmol/L/pH unit while that of NaHCO;-CO, media was experimentally calculated to be 50
mmol/L/pH unit (Figure 6.5). The buffering capacity of the NaHCO3-CO, media was more than

double that of HEPES-air media.
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Figure 6.5: Determination of buffering power of the media; 35 mM HEPES in air and 20 mM
HEPES and 14 mM NaHCO; in 5% CO, media. Known volume of 1 N lactic acid was added to
the media drop-wise, and the pH was recorded after allowing a few minutes of equilibration. The
buffering power of the media was determined from the slope of the line.

CELL PROLIFERATION STUDIES IN T-FLASKS

6.4.2 Effect of NaHCO;, CO, and Air on Cell Proliferation

This experiment was designed to determine if cells seeded in monolayer at the same initial pHe
proliferated at the same rate in media exposed to NaHCO; and CO, as compared to HEPES and

air.

First, cells seeded in T-flasks were placed in a 5% CO, incubator for 2 days and then were
counted; this count was taken as the day 0 count. After the initial two days in the CO, incubator,

the remaining T-flasks were divided into two batches. The first batch of T-flasks (monolayer

100



cultures) were fed with NaHCO;-CO, and placed in a 5% CO, incubator. The second batch of T-
flasks were fed with 35 mM HEPES and placed in an air incubator, void of CO,. The media, for
both these conditions had a starting pH of 7.3 and an osmolarity of 325 mOSm (iso-osmolarity

obtained by mannitol).

In all the experiments conducted, cultures grown in NaHCO;-CO, environment proliferated much
more than the cultures grown in HEPES-air environment (Figure 6.3A and Figure 6.6).
Furthermore, cell numbers from the NaHCO;-CO, environment were significantly (p< 0.05)
higher from day 4 onwards, compared to the cell numbers obtained from culture grown in a

HEPES-air environment (Figure 6.3A and Figure 6.6).

It is important to note that the cells used in this study were primary bovine chondrocytes. As
mentioned previously, these cells have been documented to possess batch-to-batch variability,
and therefore, exhibit different proliferation rates. If results from all six experiments were
averaged (Figure 6.6), the resulting standard deviation showed no significant difference (p< 0.05)
between the two conditions tested (NaHCO3-CO, and HEPES-air), even though the cells grown
in a NaHCO3-CO, environment proliferated substantially better than cells grown in a HEPES-air

environment in each of the six different experiments (Figure 6.6).

Additionally, the pH of the media was measured after every 24 hours for both the conditions
(Figure 6.3B). The pH drop of the media 24 hours post media change on day 5 and day 6 was less
for NaHCO;-CO, than pH for the HEPES-air (Figure 6.3B) possibly because of the higher
buffering capacity tested for the NaHCO;-CO, media (Figure 6.5). Additionally, lactate
production was also measured during the culture period for both conditions (Figure 6.3C).
Chondrocytes growing in NaHCO;-CO, produced more lactate (total production of lactate),

compared to chondrocytes grown in HEPES-air (Figure 6.3C) except on day 3 where there was
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no significant difference (p< 0.05) between the two conditions for lactate production per million
cells (Figure 6.4A), while there was a significant difference (p< 0.05) in change in pH per total
lactate produced (Figure 6.4B). This increase in lactate production per million cells on day 3
coincided with the fastest doubling times in NaHCO;-CO, (Table 6.1). The rates/cell then fell
again as doubling times increased on days 4 and 6 for HEPES-air cells, while the rates/cell from
days 3-6 remained more or less constant (Figure 6.4A Table 6.1). Once again, as mentioned
above, the difference in change in pH per total lactate produced between the two conditions could

be due to the buffering power of the media (Figure 6.5).
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Figure 6.6: Effects on cell proliferation of batch variation in 20 mM HEPES and 14 mM
NaHCO; in 5% CO, and 35 mM HEPES in air. Due to the large batch-to-batch variation in the
rate of proliferation (A, B, C, D, E and F), common in biological systems, the cell numbers were
not pooled together, but the graph accurately depicts the general trend observed in the multiple
experiments conducted.
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6.4.3 Effect of Extracellular pH on Cellular Proliferation in Solutions Buffered by HEPES,
NaHCO; and CO, Compared to Those Buffered by HEPES Alone

After observing that chondrocytes grown in a NaHCO3;-CO, environment proliferated
significantly better than chondrocytes grown in a HEPES-air environment, it was important to
determine if this increase in proliferation arose because of differences in pHe arising as a result of

buffering power (Figure 6.5).

To determine the role of pHe on cell proliferation in NaHCO; and CO, cultures, we adjusted the
pHe of the media to be pH 7.0 and pH 7.3 under 5% CO,, respectively. Media supplemented with
HEPES-air with a starting pH of 7.3 was used as a control. Similarly, increased cellular
proliferation trends, as observed in Figure 6.6 and Figure 6.3, were exhibited by both the
NaHCO; and CO, cultures at pH 7.0 and pH 7.3, while cultures without NaHCO; and CO,
(control) exhibited lower proliferation rates (Figure 6.7A). Furthermore, cell numbers were much
higher starting on day 4 in the NaHCO; cultures (Figure 6.7A). Interestingly, the pHe of the
NaHCO; and CO, culture with a starting pH of 7.0 did not drastically affect cell proliferation,
even though the pH dropped to pH 6.7 on day 6 (Figure 6.7B). On the other hand, the pHe of the

NaHCO,-CO, culture with a starting pH 7.3, dropped to pH 7.0 at the end of day 6 (Figure 6.7B).

Additionally, we examined cultures grown in HEPES-air environment, which had a starting pH of
7.0, pH 7.2 and pH 7.4, respectively. Cultures with a starting pH of 7.2 and pH 7.4, proliferated at
a similar rate and exhibited a significant (p <0.05) increase in cell numbers starting on day 4
compared to cultures with a starting pH of 7.0 (Figure 6.8A). Additionally, cultures with a
starting pH of 7.2 and pH 7.4 had a significantly (p <0.05) higher change in pHe starting on day 4
than in cultures with a starting pH of 7.0 (Figure 6.8B). However, under all conditions,
proliferation was slower than in media buffered with NaHCO; and CO,. We also tested 35 mM

MOPS at a starting pH of 7.2 in air as a buffer and results were similar to those of HEPES-air at a
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starting pH of 7.2 in air (data not presented). This showed that HEPES itself was not responsible

for the relatively low rate of proliferation relative to the rate of proliferation in NaHCO;-CO,

buffered media.
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Figure 6.7: Effect on cell proliferation of varying extracellular pH in cultures with HEPES and
NaHCO; in CO, and subsequent changes in pHe 24 hours post media change. (A): Cell
proliferation in the culture medium with HEPES and NaHCO; in CO, at a starting pH of 7.0 and
pH 7.3, and in media supplemented with HEPES in air at a starting pH of 7.3, 24 hours post
media change. (B): Change in extracellular pH of the culture medium with HEPES and NaHCO;
in CO; at a starting pH of 7.0 and pH 7.3 and in media supplemented with HEPES in air at a
starting pH of 7.3, 24 hours post media change.
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Figure 6.8: Effect on cell proliferation of varying extracellular pH in cultures with HEPES in air,
and subsequent changes in pHe 24 hours post media change. (A): Cell proliferation in culture
medium 24 hours post media change in media with HEPES in air at a starting pH of 7.0, pH 7.2,

and pH 7.4. (B): Change in extracellular pH of the culture medium 24 hours post media change in
media with HEPES in air at a starting pH of 7.0, pH 7.2, and pH 7.4.

6.4.4 Lag Phase in Cultures

This study was designed to determine, first, if the chondrocytes growing in a 35 mM HEPES-air
condition experienced a longer lag phase due to the absence of NaHCO; and CO, during the
initial phase of their culture. Bovine chondrocytes seeded in T-flasks were placed in 5% CO, and
air incubators, respectively, for 2 days. After this, the cells in the T-flasks from both the

incubators were counted and was considered as the day O count.

T-flasks in the CO, incubator were then divided into two batches. The first batch of T-flasks
remained in the CO, incubator, under the NaHCO3-CO, condition. The second batch of T-flasks
were moved to the air incubator, and the media in these T-flasks were replaced with media

supplemented with HEPES and were placed in an air environment. Similarly, the T-flasks in the
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air incubator were moved to the CO, incubator, and the media in these T-flasks were replaced

with media supplemented with NaHCO; and placed in a CO, environment.

The results obtained show no lag phase introduced in the culture on account of moving the
cultures between the two environments (CO, and air) (Figure 6.9A). The cultures moved from air
(HEPES-air media) to the CO, incubator (NaHCO;-CO, media) exhibited an increase in cell
numbers (Figure 9A) similar to the increase exhibited by cultures that were grown in the
NaHCO;-CO, media housed in the CO, incubator right from the start. Similarly, cultures that
were moved from the CO, (NaHCO;-CO, media) to the air incubator (HEPES-air media)
exhibited a proliferation rate that was similar to that exhibited by cultures that were grown in the
HEPES-air media, housed in an air incubator right from the start (Figure 6.9A). Additionally, the
change in pHe in the cultures moved from the air (HEPES-air media) to the CO, incubator
(NaHCO;-CO, media) and the ones that remained in the CO, incubator (NaHCO;-CO, media)
was substantially higher starting on day 4 than the cultures moved from CO, (NaHCOs-CO,
media) to the air incubator (HEPES-air) and the ones that remained in the air incubator (Figure

6.9B).
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Figure 6.9: Media (20 mM HEPES and 14 mM NaHCOs; and 35 mM HEPES) and
environmental conditions (5% CO, and air) were exchanged between the cultures to determine if
a lag phase existed. (A): Cell proliferation in culture medium 24 hours post media change. (B):
Change in extracellular pH of the culture medium 24 hours post media change.

6.4.5 pH Gradient in Cultures

In this study, determining, whether the media in the cultures (T-flasks) exhibited a pH gradient
was our primary goal; if that was the case, the pH measured at the end of each culture period
would not reflect the same extracellular pH. Cultures grown in a NaHCO;-CO, and a HEPES-air
media were thus placed in 5% CO, and in air, respectively, without mixing, where these T-flasks
served as controls. Additionally, cultures grown in a NaHCO;-CO, and a HEPES-air media, were
placed on shakers, housed in a 5% CO, and in an air incubator, respectively. Starting day 0 until
day 6, these T-flasks were gently shaken to encourage homogeneous mixing, thereby disrupting
any pH gradient that might exist. At the end of each day, the cells were trypsinized and counted,

while the media in the other remaining flasks were replaced. Chondrocytes exhibited similar rates

107



of proliferation under both static and constant mixing conditions (Figure 6.10A) with the rate

governed by the buffering conditions, rather than by the degree of mixing (Figure 6.10B).
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Figure 6.10: Cultures grown in 20 mM HEPES and 14 mM NaHCO; in CO, or HEPES in air,
were either mixed or remained static to determine if a pH gradient was present in the cultures
effecting cell proliferation. (A): Cell proliferation in culture medium 24 hours post media change.
(B): Change in extracellular pH of the culture medium 24 hours post media change.

INFLUENCE OF CULTURE CONDITIONS ON INTRACELLULAR pH OF
PROLIFERATING CHONDROCYTES

We measured pHi of chondrocytes using the dye SNARF-1-AM (acetoxymethyl) that diffuses
inside the cell as the acetoxymethyl ester and is trapped there [293]. Intracellular pH was
measured while isolated in solution, attached in a monolayer culture, and encapsulated in an
alginate bead in culture. Figure 6.11 shows SNARF-1 trapped inside the cells in all three-culture
conditions mentioned above (isolated, monolayer and alginate bead) and also shows the overlay
of the images at the two wavelengths, eliminating the possibility of a ratiometric errors caused by

movement (Figure 6.11C, Figure 6.11F and Figure 6.111).
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Figure 6.11: Presence of Carboxy-SNARF-1 dye inside the cells excited at 514 nm. All the
images have been brightened using Image J, for the purpose of enhancing visibility, thereby
making it easier for the reader. For the measurements of pHi, the original images were used. (A)
Fluorescence emission collected at 580 + 20 nm. (B) Fluorescence emission collected at 640 + 20
nm. (C) Overlay of the emission collected at the two wavelengths 580 + 20 and 640 + 20 nm.
Chondrocytes in monolayer culture: (D) Fluorescence emission collected at 580 + 20 nm. (E)
Fluorescence emission collected at 640 + 20 nm. (F) Overlay of the emission collected at the two
wavelengths 580 + 20 and 640 £ 20 nm. Chondrocytes in alginate beads: (G) Fluorescence
emission collected at 580 £ 20 nm. (H) Fluorescence emission collected at 640 + 20 nm. (1)
Overlay of the emission collected at the two wavelengths 580 + 20 and 640 £ 20 nm.

109



6.4.6 Intracellular pH of Chondrocytes in 2D Culture (Monolayer)

Chondrocytes were seeded in confocal chambers at the same seeding density used in T-flasks,
thereby providing them with a 2D environment similar to the one they would be exposed to in a

T-flask.

First, chondrocytes were seeded in the confocal chamber and were allowed to settle in a 5% CO,
incubator for 2 days. After the initial two days in the CO, incubator, the cultures were divided
into two batches. The first batch was fed with a NaHCO;-supplemented media and placed in a 5%
CO, incubator. Chondrocytes grown in a NaHCO5-CO, environment were gassed for a
considerable amount of time before measuring pHi, making sure the CO, in the media was at 5%
and that the pHe of the media was pH 7.3. The second batch was fed with media supplemented
with HEPES and placed in an air incubator, void of CO,. The pHi for the chondrocytes growing

in both these conditions was measured using SNARF-1, a ratio metric dye.

The pHi was measured over a course of 7 days on days 3, 5, 6 and 7, respectively, for both the
conditions to determine how different proliferation stages influenced pHi. The results obtained
show the pHi of the cells grown in a NaHCO3-CO, environment to be significantly lower (p<
0.01) on all the days compared to the pHi of cells grown in a HEPES-air environment (Figure
6.12A). The pHi recorded in NaHCO;-CO, cultures ranged between pH 7.1 and pH 7.2 for all 7
days (Figure 6.12A). The HEPES-air cultures recorded a pHi of 7.3 on day 3, which further

increased to a range of pH 7.4 and pH 7.5 from day 3 onwards (Figure 6.12A).
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Figure 6.12: Intracellular pH (pH;) of chondrocytes. (A): Effects of media supplemented with
HEPES and NaHCO; in 5% CO, (BHBS), and HEPES in air (HBS) on pHi of chondrocytes in
monolayer. (B): Effect of media supplemented with HEPES and NaHCO; in 5% CO, (BHBS),
and HEPES in air (HBS) on pHi of chondrocytes encapsulated in alginate beads. (C): Effect of
switching media from HEPES and NaHCO; in 5% CO, to HEPES in air, and vice-versa, on pHi
of chondrocytes incubated for 1, 24 and 48 hours. * Represents a significant different from the
other group (p<0.01).

6.4.7 Intracellular pH of Chondrocytes in 3D Culture (Alginate Beads)

Cells were encapsulated in alginate beads, thereby providing them with a 3D environment. After
two days of seeding in the CO, incubator, the cultures were divided into two batches. The first
batch of alginate beads were fed with a NaHCO; media and placed in a 5% CO, incubator. The

second batch of beads was fed with media supplemented with HEPES and placed in an air
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incubator void of CO,. The pHi for the chondrocytes encapsulated with the beads, in both the
conditions, was measured using SNARF-1, a ratio metric dye. The pHi of the chondrocytes was
measured over a course of 6 days, on days 3, 5 and 6, respectively, for both the conditions. The
results obtained show the pHi of the cells grown in a NaHCO;-CO, environment to be
significantly (p< 0.01) different compared to the pHi of cells grown in a HEPES-air environment
(Figure 6.12B). On day 3, the pHi (pH 7.4) of the cells growing in the NaHCOs-CO, environment
was significantly (p< 0.01) higher than the pHi (pH 7.3) of cells growing in the HEPES-air
environment (Figure 6.12B). On days 5 and 6, the pHi (pH 7.4) of cells growing in the HEPES-
air environment was significantly (p< 0.01) higher than the pHi (pH 7.2) of cells growing in the
NaHCO;-CO, environment (Figure 6.12B). The pHi of chondrocytes in the HEPES-air culture
increased with culture time, while that of the NaHCO5-CO, cultures decreased with time in
culture. The pHi of the NaHCO,-CO, chondrocytes was, however, greater in cells cultured in

alginate beads (Figure 6.12B) than in chondrocytes cultured in monolayer (Figure 6.12A).

6.4.8 Effects of changes in Environment (CO, and air) and Composition of the Medium on

Intracellular pH

In order to determine if the differences in pHi between the two media arose because of
differences in the media rather than because of cellular adaptation, the acute and chronic effects
of switching media and environment of the pHi of chondrocytes was noted. The cells in
monolayer were grown in their appropriate media until day 5. After the first reading in the
original medium, the media was switched (cells in HEPES and NaHCO; media in a CO;

environment were switched to a HEPES medium in an air environment, and vice versa).
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Intracellular measurements were taken at 1 hour, 24 hours and 48 hours after switching the
media. There was a significant (p< 0.01) difference between both the groups at 1 hour, 24 hours
and 48 hours (Figure 6.12C). Throughout the experiment, the pHi of the cells that were originally
in a HEPES-air environment and were transferred to the NaHCO;-CO, environment fell
significantly (p< 0.01) (between pH 7.0 - 7.2) below its initial staring value (pH 7.4) (Figure
6.12C). The pHi of these cells was lower after the switch than the starting pHi of cells in the
HEPES and NaHCO; media in a CO, environment. The pHi of chondrocytes originally in the
HEPES and NaHCO; media in a CO, environment moved to a HEPES media in an air
environment gradually increased from an approximate pH of 7.2 to a pH value that was between
7.3 and 7.4 (Figure 6.12C). After 48 hours in the culture, the pHi of these cells was similar to the
starting pHi of cells originally cultured in a HEPES-air media (Figure 6.12C). Since adaptation
was slow, particularly to the NaHCO;-CO, media, it appears that cultured chondrocytes adapt
their pH regulatory systems in culture environments and changing to a new environment requires

re-adaptation.

6.4.9 Intracellular Buffering Capacity

The ammonium pre-pulse technique was used to determine the buffering capacity of cells grown
in HEPES-air media and NaHCO;-CO, media, with an external pH of 7.3 [299]. The buffering
capacity (mmol/L/pH unit) of cells in a HBS was significantly (p<0.01) lower (27.5 £ 0.4) than
the buffering capacity (mmol/L/pH unit) of cells in the BHBS media (40.4 + 0.9), at the same

pHe (Figure 6.13A and Figure 6.13B) as calculated using equation 1.
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Figure 6.13: Measurement of intracellular buffering capacity of chondrocytes, when the
extracellular pH was maintained at 7.3 using 20 mM ammonium prepulse technique: (A) 20 mM
NH,CI was added to a HBS solution at a specific time point indicated by an arrow, which was
pumped for 6 minutes and then removed. (B) 20 mM NH,CI was added to BHBS solution at a
specific time point indicated by an arrow, which was pumped for 6 minutes and then removed.
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6.5 Discussion

Previously we have reported on a multiple fold increase in cell proliferation and extracellular
matrix accumulation in cultures supplemented with HEPES and NaHCO; in comparison to
cultures only supplemented with HEPES in a continuous flow bioreactor [224]. The purpose of
this study was to examine: (i) differences in effects on cell proliferation in a NaHCO;-CO;
medium and a HEPES-air medium, (ii) the effects of pHe on proliferation in both NaHCO;-CO,
and HEPES-air cultures, (iii) differences in chondrocytes pHi in both the conditions that could
potentially influence cell behavior, and (iv) the difference in intracellular buffering capacity in

both these conditions.

The medium with 20 mM HEPES and 14 mM NaHCO; with CO, (NaHCO,;-CO,) had a buffering
capacity more than double that of 35 mM HEPES in air (HEPES-air) (Figure 6.5). We found that
chondrocytes in the NaHCOs-CO, medium had significantly more cells than in the HEPES-air
medium (Figure 6.6 and Figure 6.3A). As a result of increased proliferation (Figure 6.3A),
significantly (p<0.05) higher amounts of lactate (total production) was accumulated in the
NaHCO;-CO, cultures over the 6 days in relation to HEPES-air cultures (Figure 6.3C), although
no significant (p<0.05) difference was seen in lactate production per million cells, between the
NaHCO,-CO, condition and the HEPES-air condition, except on day 3 (Figure 6.4A). A possible
explanation for this might be that the chondrocyte metabolisms in both these conditions were the
same (except on day 3). Indeed, other studies have found that although the rate of lactate
production by glycolysis is pH dependent, the rate of glycolysis is not affected unless the pH falls
below pH 6.9 [300]. Although differences were not significant (except on day 3), the patterns of
lactate production per cell were very different between the NaHCO;-CO, and HEPES-air media.

Both rates increased markedly from day 2 to day 3 (Figure 6.4A), possibly because of the effect
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of the serum on rates of glycolysis, which has been reported elsewhere [300]. The effect of

mitogens, such as serum, is discussed in further detail below in relation to changes in pHi.

The external pH of the media before each media change under both the conditions (NaHCOs-
CO,, and HEPES-air) was also not significantly (p<0.05) different (Figure 6.3B) even though
lactate concentrations were higher in the NaHCO;-CO, medium (Figure 6.3C). It is important to
note that the NaHCO3-CO, environment has a higher extracellular buffering power than the
HEPES-air environment (Figure 6.5), and the differences in buffering power account for the

differences in the relationship between lactate levels and pHe.

Interestingly, while cell proliferation is not affected by pHe, when it is below pH 7.0 in medium
supplemented with HEPES and NaHCO; in a CO, environment (Figure 6.7A and Figure 6.7B)
cell proliferation is drastically affected by pHe in the HEPES-air condition, when pHe falls below
pH 7.0 (Figure 6.8A and Figure 6.8B). The results obtained in our study for the NaHCO;-CO,
condition is consistent with Wu et al., [106] which states that no significant increase in cell
proliferation was noticed between pH 6.6 and pH 7.3 [106] while our HEPES-air condition is
consistent with the results reported by Schwartz et al., [95], which states that chondrocytes
proliferate when the extracellular pH is between pH 7.0 and pH 8.0. A possible explanation for
cell proliferation halting at pH 7.0 and below in HEPES cultures in air (Figure 6.8A and Figure
6.8B) could be due to: (i) a low intracellular buffering capacity and buffering limited to intrinsic
buffering capacity, (ii) an equal concentration of H" ions, present between the interior and
exterior of the cell, thereby minimizing the function of the Na’/H" exchanger, or (iii) mitogens,
such as serum and growth factors, effecting Na'/H" exchanger activity (discussed in detail

below).
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From our experiments, we can rule out the following as having no effect on cell proliferation: (i)
presence of a pHe gradient around the cells (Figure 6.10A and Figure 6.10B), (ii) change in the
initial environment from NaHCO; and CO, to air (Figure 6.9A), and (iii) change in medium
composition in the air cultures (Figure 6.9A). We also tested a buffer system different from
HEPES and one that can be used in air, such as MOPS. Notably, the growth curve for HEPES and
MOPS was similar in air (results are not presented here), suggesting that decreased proliferation
is not due to HEPES in the media as an extracellular buffer, but could be owing to other
advantages that the NaHCO;-CO, media might have, such as having the capacity of buffering and

maintenance of pHi [87, 88, 118].

As the pHe is known to influence the pHi of chondrocytes [96, 97] we examined how the pHi of
chondrocytes is affected by the buffer system used. In monolayer cultures (on all the days
measured) and in alginate beads (on all the days measured, except day 3), the pHi of the
chondrocytes in the NaHCO;-CO, culture was significantly (p<0.01) lower than the pHi of

chondrocytes in the HEPES-air culture (Figure 6.12A and Figure 6.12B).

It is important to note that there is not much data available on the pHi of chondrocytes in culture.
Interestingly, the steady state pHi values we obtained in our study with the NaHCOs-CO,
chondrocytes is similar to the pHi value (pHi 7.1) reported for chondrocytes freshly extracted
from native cartilage [97]. The pHi in freshly isolated bovine chondrocytes is regulated by a

Na‘/H" exchanger system [79, 87, 88, 96, 97, 115, 118].

The lower pHi values in the NaHCO;-CO, culture could be due to CO, permeating through the
cell membrane into the cytosol of the chondrocytes [114] and resulting in the acidification of the
cytosol. The carbonic anhydrase (if present) in the cytosol can convert the CO, into H* and

HCOjs ions [114], which could trigger the activation of the HCOs transporter and the Na'/H*
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(NHE) exchanger to stabilize the pHi to physiological pH levels [87]. Even though bovine
chondrocytes do not show much dependency on HCO; transporters in regulating pHi, other types
of chondrocytes, such as avian growth plate chondrocytes [87], human chondrocytes cell lines
[115], superficial zone chondrocytes, [118] and isolated intervertebral disc cells (chondrocyte like
cells) [89], have shown a Na* and HCOs; dependent component involved in pHi regulation [79].
Mobasheri et al., [81] have reported chondrocytes, under certain conditions, regulate pHi not only
via one system but through multiple systems working together. The chondrocytes in a HEPES-air
medium might maintain a more alkaline steady state pHi due to increased activity of the NHE

exchanger, hence increasing the removal of H" ions from the cell.

However, the pHi values measured in alginate beads on day 3 in the NaHCO3-CO, medium were
significantly higher (p<0.01) compared to the pHi of the HEPES-air medium (Figure 6.12B).
This could be because of the effect of serum on rates of glycolysis [300]. Change in pHi can be a
result of how proteins on the cell surface respond to mitogens, such as serum and growth factors
[301-304]. It has been shown that the NHE exchanger can be activated by mitogens in the
absence of HCOs ions, and as a result, the NHE exchanger affinity increases for the H™ ions,
therefore setting the pHi of the cell to a higher value [301, 305-307]. Mitogens can increase
protooncogene expression by various signal transduction pathways at the cell membrane, and one
or all of them can influence proliferation [304, 308, 309]. It has been shown by Gillies et.al.,

[301] that the NHE exchanger and pHi are not effected by mitogens in the HCO;’ cultures.

The pHi of chondrocytes in the HEPES-air culture in our system is substantially higher than that
reported by others from freshly isolated chondrocytes, but are in line with those reported by
Browning et al., [115] in human chondrocyte cell lines. Simpkin et al., [118] has also reported
that the pHi value of chondrocytes measured in situ in the superficial zone of intact cartilage in a

NaHCO;-CO, medium are approximately 0.3 pH units lower than in a HEPES-air medium.
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Xu et al., [107] measured pHi in chondrocytes encapsulated in alginate beads but their results are
not in line with our study. They found pHi of chondrocytes in a NaHCO;-CO, solution had a
slightly more basic pHi than chondrocytes in a HEPES-air solution. The technique used to
determine pHi could be the primary reason why our study is different from that of Xu et al.,
[107]. While we measured the pHi of our chondrocytes in situ (encapsulated within the alginate
beads), using a confocal microscope under a constant 5% CO, environment in the NaHCO;-CO,
cultures, Xu et al., [107] harvested the encapsulated chondrocytes from the alginate beads and
measured the pHi of the chondrocytes in suspension, using a fluoro-spectrometer. It is possible
that an environment of 5% CO, in the gas phase was not maintained during the latter

measurements.

We also wanted to determine if the change in pHi observed in both the cultures occurred over a
short period of time (1 hour) or over long periods of time (24 hours to 48 hours). This would give
us an idea of the involvement of the transporters used in this process. There was a significant (p<
0.01) difference between both the groups at 1 hour, 24 hours and 48 hours (Figure 6.12C) after
the exchange. The pHi of the cells, originally grown in a HEPES-air medium fell significantly
(p< 0.01) after the switch; the value after 48 hours was even lower than the pHi of chondrocytes
originally in the NaHCO;-CO, medium (Figure 6.12C). While 48 hours after switching the
media, the pHi of the cells originally in the NaHCO;-CO, medium became similar to the starting
pHi of cells originally cultured in the HEPES-air medium (Figure 6.12C). Since adaptation was
slow, particularly to the NaHCO;-CO, medium, it appears that cultured chondrocytes adapt their
pH regulatory systems to their culture environment and moving to a new environment requires
readapting to that environment. Cells adapting their pH regulatory systems to their culture
environment and setting a new steady state pHi has also been mentioned by Roos et.al, [310] in

other cell types. The transporters in cells originally in a NaHCO;-CO, medium that were switched
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to a HEPES-air medium might have been up-regulated and expressed at 48 hours. The initial
increase in pHi to 7.3 might have been due to the removal of CO, and bicarbonate from the
cytosol, while the 0.1 pH unit increase between the 24 hour and 48 hour could be a result of up-
regulation of the NHE exchanger. The final steady state pHi value after 48 hours was the same as
reported in normal monolayer cultures with HEPES-air cells in a HEPES-air medium (Figure
6.12A and Figure 6.12C). When the HEPES-air cells were transferred to the NaHCO;-CO,
solution, initially the pHi was decreased to pH 7.2. This decrease could be due to the immediate
diffusion of CO, into the cell, causing an acid loading in the cell, and along side this process, the
CO, gas might react with water and could be forming HCO;" ions. The acidification process could
possibly activate the NHE exchanger to stabilize the pHi to physiological pH levels, and within
24 hours, the already present HCO;' transporter might have been activated. This has been shown

in isolated avian chondrocytes when moved from a HBS solution to a medium rich in HCO3™ [87].

As expected, the buffering capacity (Figure 6.13) (mmol/L/pH unit) of chondrocytes in a
NaHCO;-CO, condition was significantly (p<0.01) higher than in the HEPES-air condition at
pHe 7.3. These results are in line with the values reported by other researchers [97, 115, 118].
Higher intracellular buffering capacity in NaHCO3-CO, chondrocytes will keep the pHi more
stable and will minimize changes to pHi as a result of increased cell metabolism and pHe
acidification. If the cell metabolism is dependent on the pHi, then higher buffering capacity will

work in its favor.

6.6 Conclusions

In conclusion, chondrocyte proliferation is influenced by culture medium. Chondrocytes

proliferated more rapidly in media buffered with a HEPES and NaHCO; in CO, than in media
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buffered by HEPES in air. Chondrocytes in a NaHCO3;-CO, medium can proliferate at a lower
pHe (pH > 7) while chondrocytes in a HEPES-air medium do not proliferate at pH< 7. The

different media also influence pHi; the pH in the NaHCO;-CO, media being more acidic than in
HEPES-air. We found that the pHi of chondrocytes also varied with culture conditions, being
more alkaline in alginate beads than in monolayer in the same media. Although elucidating the
mechanism, relating pHi to cell proliferation is beyond the scope of this study. Results show the
importance of maintaining buffer type and pHe on rates of cell proliferation and the importance

of these factors for work on cartilage repair.
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Chapter 7

Conclusions and Recommendations for Future Work

7.1 Conclusions

7.1.1 Effect of Continuous Culture on Cartilaginous Tissue Growth In Vitro

Engineered tissue construct cultivated in a continuous flow bioreactor at a low flow rate (5-10
puL/min) accumulated significantly more ECM (glycosaminoglycan and collagen) than static
cultures. Additionally, the tissue in the continuous culture displayed some features characteristic
of stratified morphology of native cartilage, as well as containing stores of intracellular glycogen.
The resemblance of the tissue grown in the bioreactor to native tissue could be due to the infinite
supply of nutrients and the constant removal of metabolic waste (lactic acid). Furthermore, the
shear force at the surface of the tissue, due to media flow, might have also accounted for the

formation of native-like tissue.

7.1.2 Beneficial Effects of Media Supplementation with Sodium Bicarbonate

The combination of the continuous flow bioreactor and media supplemented with sodium
bicarbonate (Chapter 4), together, had a significant effect on the tissue-engineered constructs.
These effects included increased: (i) tissue thickness, (ii) cell proliferation, and (ii) ECM
accumulation (glycosaminoglycan and collagen). Moreover, these increases in physical and
biochemical properties where significantly higher compared to all other conditions (static cultures

with and without NaHCO; and cultures grown in the bioreactor without NaHCO;
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supplementation). In addition, the tissue constructs grown in the bioreactor in the presence of 14
mM NaHCO; formed a secondary construct that grew out of the primary construct, without a
separate expansion phase. This tissue outgrowth was negligible in all the other culturing
conditions. Besides that, the chondrocytes seemed to maintain their cartilaginous phenotype as
collagen type Il was detected throughout the tissue. Thus, this study demonstrates the advantage
of employing a continuous flow bioreactor coupled with NaHCOs-supplemented media for

articular cartilage tissue engineering.

7.1.3 Determination of a Feasible Primary Construct for ECM Production

A number of different seeding techniques were investigated with the aim to engineer a tissue
construct that utilizes a few cells (chapter 5). From the results obtained in Chapter 5, it is evident
that the monolayer constructs outperformed all the other constructs investigated in this study,
with respect to: (i) dry weight, (ii) thickness, (iii) cell proliferation, and (iv) ECM accumulation
(collagen and proteoglycan). The minced and biopsy constructs recorded inconsistent data, which
could be due to the presence of ECM, which might have created an additional diffusion barrier
for nutrients to get to the cells. The monolayer constructs, on the other hand, were created from
single cells, which possessed no ECM-barrier. The absence of an ECM-barrier in the monolayer
constructs might have made essential nutrients, required for cell proliferation, readily available.
Interestingly, the monolayer constructs accumulated significantly lower amounts of collagen
compared to the constructs grown on collagen-coated filters (50 ug of collagen per filter). This
increase in collagen accumulation in the filter constructs could be attributed to the initial collagen

used to coat the filters. The presence of collagen on the filters might have acted as a signaling
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molecule, thereby kick-starting the collagen production in the cells directly seeded on the

collagen-coated region of the filters.

7.1.4 Potential Factors Contributing to Increased Growth and Cell Proliferation

In this study we investigate the underlying reason for the increased proliferation and ECM
production observed in Chapter 4. Isolated bovine chondrocytes were grown in 2D (monolayer),
and 3D (alginate beads) cultures in media with 20 mM HEPES and 14 mM NaHCO; (NaHCO;-
CO,) in a CO, environment, and in media with only 35 mM HEPES (HEPES-air) in an air
environment (Chapter 6). The pHi of chondrocytes cultured in media with only HEPES in air was
significantly (p<0.01) higher than the pHi of the chondrocytes cultured in a HEPES and NaHCO;
medium in a CO, environment. Additionally, the total buffering capacity of chondrocytes
cultured in the HEPES and NaHCO; medium, at pH 7.3 in a CO, environment was significantly
(p<0.01) higher than the intrinsic buffering capacity of chondrocytes cultured in the HEPES
medium, at pH 7.3 in an air environment. Cell numbers in the NaHCO;-CO, medium were
significantly (p<0.05) higher starting day 4 in comparison to cultures grown in a HEPES-air
medium. While cell proliferation was not affected by pHe, in cultures with HEPES and NaHCO3,
below pH 7.0, cell proliferation was significantly affected by pHe in cultures with HEPES only
once the pHe fell below pH 7.0. Thus, this study demonstrates the importance of the extracellular
environment, such as pHe, extracellular buffering capacity, and the presence of carbon dioxide
and bicarbonate ions, for chondrocyte proliferation and how extracellular environments can

influence intracellular processes.
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7.2 Recommendations for Future Work

7.2.1 Tissue Maturation

The tissue engineered in the continuous flow reactor supplemented with NaHCO; appears to have
biochemical and mechanical properties similar to that of immature cartilage (low collagen content
and inferior mechanical properties). In order to ensure viability of the tissue post-implantation,
this tissue will need to be matured. One of the most effective methods to improve the biochemical
composition and mechanical properties of the developed tissue is through mechanical stimulation
[238, 279, 311]. While applying mechanical stimuli within the reactor may be problematic,
literature has shown that stimulation with ATP [223, 241, 312] or growth factors [313-315] can
significantly improve collagen accumulation and, in turn, the mechanical properties of the

resultant tissue construct.

7.2.2 Determine how pHe with and without NaHCO; and CO, Influences pHi in Culture

In Chapter 6, the pHi of chondrocytes at pHe 7.3 was measured. It is important to determine the
relationship between the pHi and pHe of chondrocytes in the BHBS and HBS media while in
culture. The pHi should be measured with varying pHe to determine how pHe influences pHi in

the two conditions. This will give a better understanding of chondrocyte behavior in culture.

7.2.3 In Vitro Human Chondrocyte Proliferation and Tissue Synthesis

In order to be able to treat a cartilage defect, similar results need to be achieved with human

chondrocytes. Media conditions will have to be altered to accommodate for human chondrocytes.
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In addition to bicarbonate, media supplemented with growth factors (transforming growth factor
B1 (TGF-B1), and fibroblast growth factor 2 (FGF-2)) have shown to encourage re-differentiation
of chondrocytes and also increase the production of cartilage-specific ECM molecules [314, 316-

321].

7.2.4 In Vivo Studies

If the results from the in vitro study are promising, future studies could be designed to study
tissue integration in large animal models. Prior to implantation, the engineered constructs have to
be subjected to a maturation process, as described in Section 7.2.1. A sheep or a goat model is a
recommended animal model for the following reasons: (i) these are large animal models that
possess close similarities to human articular cartilage, and (ii) the loads experienced in the knee
joints of these animal models are similar to the loads experienced in the human knee joint [322,
323]. For these reasons, a sheep or goat model is recommended to effectively study tissue
integration and durability of the transplanted tissue-engineered constructs [322, 323]. For clinical
trials in humans, | recommend using a construct engineered from the patients own cells to fill the
chondral defect. Additionally, using the system outlined in this thesis chondrocytes can also be
expanded in vitro in a short period of time and used for ACI or MACI, thereby supporting tissue

formation at the injury site.

126



10.

11.

12.

13.

14.

15.

16.

17.

Reference

Freeman, M.A.R., Adult articular cartilage. 2d ed1979, Turnbridge Wells, Eng.: Pitman
Medical. viii, 560 p.

Chung, C. and J.A. Burdick, Engineering cartilage tissue. Adv Drug Deliv Rev, 2008.
60(2): p. 243-62.

Kerker, J.T., AJ. Leo, and N.A. Sgaglione, Cartilage repair: synthetics and scaffolds:
basic science, surgical techniques, and clinical outcomes. Sports Med Arthrosc, 2008.
16(4): p. 208-16.

Petersen, J., et al., Present and future therapies of articular cartilage defects. European
Journal of Trauma, 2003: p. 1-10.

Poole, A.R., et al., Composition and structure of articular cartilage: a template for tissue
repair. Clin Orthop Relat Res, 2001(391 Suppl): p. S26-33.

Stockwell, R.A., The interrelationship of cell density and cartilage thickness in
mammalian articular cartilage. J Anat, 1971. 109(Pt 3): p. 411-21.

Stockwell, R.A., Biology of cartilage cells1979, Cambridge ; New York: Cambridge
University Press. viii, 329 p.

Buckwalter, J.A., T.A. Einhorn, and S.R. Simon, Orthopaedic basic science: biology and
biomechanics of the musculoskeletal system1999: Amer Acad of Orthopaedic Surgeons.
Netter, F.H. and A.F. Dalley, Atlas of human anatomy. 2nd ed1997, East Hanover, New
Jersey: Novartis. 1 v. (various paging).

Hayes, A.J., et al., Macromolecular organization and in vitro growth characteristics of
scaffold-free neocartilage grafts. J Histochem Cytochem, 2007. 55(8): p. 853-66.
Hunziker, E.B., T.M. Quinn, and H.J. Hauselmann, Quantitative structural organization
of normal adult human articular cartilage. Osteoarthritis Cartilage, 2002. 10(7): p. 564-
72.

Ratcliffe, A., P.R. Fryer, and T.E. Hardingham, The distribution of aggregating
proteoglycans in articular cartilage: comparison of quantitative immunoelectron
microscopy with radioimmunoassay and biochemical analysis. J Histochem Cytochem,
1984. 32(2): p. 193-201.

Woodfield, T.B., et al., Polymer scaffolds fabricated with pore-size gradients as a model
for studying the zonal organization within tissue-engineered cartilage constructs. Tissue
Eng, 2005. 11(9-10): p. 1297-311.

Darling, E.M. and K.A. Athanasiou, Rapid phenotypic changes in passaged articular
chondrocyte subpopulations. J Orthop Res, 2005. 23(2): p. 425-32.

Akizuki, S., et al., Tensile properties of human knee joint cartilage: I. Influence of ionic
conditions, weight bearing, and fibrillation on the tensile modulus. J Orthop Res, 1986.
4(4): p. 379-92.

Kempson, G.E., et al., The tensile properties of the cartilage of human femoral condyles
related to the content of collagen and glycosaminoglycans. Biochim Biophys Acta, 1973.
297(2): p. 456-72.

Temenoff, J.S. and A.G. Mikos, Review: tissue engineering for regeneration of articular
cartilage. Biomaterials, 2000. 21(5): p. 431-40.

127



18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wong, M., et al., Zone-specific cell biosynthetic activity in mature bovine articular
cartilage: a new method using confocal microscopic stereology and quantitative
autoradiography. J Orthop Res, 1996. 14(3): p. 424-32.

Buckwalter, J.A., V.C. Mow, and A. Ratcliffe, Restoration of Injured or Degenerated
Articular Cartilage. J Am Acad Orthop Surg, 1994. 2(4): p. 192-201.

Cohen, N.P., R.J. Foster, and VV.C. Mow, Composition and dynamics of articular
cartilage: structure, function, and maintaining healthy state. J Orthop Sports Phys Ther,
1998. 28(4): p. 203-15.

Walker, P.S., et al., "Boosted lubrication" in synovial joints by fluid entrapment and
enrichment. Ann Rheum Dis, 1968. 27(6): p. 512-20.

Lai, W.M. and V.C. Mow, Drag-induced compression of articular cartilage during a
permeation experiment. Biorheology, 1980. 17(1-2): p. 111-23.

Maroudas, A.l., Balance between swelling pressure and collagen tension in normal and
degenerate cartilage. Nature, 1976. 260(5554): p. 808-9.

Mow, V.C., A. Ratcliffe, and A.R. Poole, Cartilage and diarthrodial joints as paradigms
for hierarchical materials and structures. Biomaterials, 1992. 13(2): p. 67-97.
Maroudas, A., Physicochemical properties of cartilage in the light of ion exchange
theory. Biophys J, 1968. 8(5): p. 575-95.

Maroudas, A., Biophysical chemistry of cartilaginous tissues with special reference to
solute and fluid transport. Biorheology, 1975. 12(3-4): p. 233-48.

Kempson, G.E., M.A. Freeman, and S.A. Swanson, Tensile properties of articular
cartilage. Nature, 1968. 220(5172): p. 1127-8.

Roth, V. and V.C. Mow, The intrinsic tensile behavior of the matrix of bovine articular
cartilage and its variation with age. J Bone Joint Surg Am, 1980. 62(7): p. 1102-17.
Woo, S.L., W.H. Akeson, and G.F. Jemmott, Measurements of nonhomogeneous,
directional mechanical properties of articular cartilage in tension. J Biomech, 1976.
9(12): p. 785-91.

Nelson, D.L., A.L. Lehninger, and M.M. Cox, Lehninger Principles of Biochemistry
Lecture Notebook2004: WH Freeman.

Trivedi, B. and W.H. Danforth, Effect of pH on the kinetics of frog muscle
phosphofructokinase. J Biol Chem, 1966. 241(17): p. 4110-2.

Wirth, C.J. and M. Rudert, Techniques of cartilage growth enhancement: a review of the
literature. Arthroscopy, 1996. 12(3): p. 300-8.

Pottenger, L.A., et al., Influence of cartilage particle size and proteoglycan aggregation
on immobilization of proteoglycans. J Biol Chem, 1982. 257(19): p. 11479-85.
Williams, R.J., Cartilage repair strategies2007, Totowa, N.J.: Humana Press. xvii, 374 p.
Kim, H.T., et al., A peek into the possible future of management of articular cartilage
injuries: gene therapy and scaffolds for cartilage repair. J Orthop Sports Phys Ther,
2006. 36(10): p. 765-73.

Kock, L., C.C. van Donkelaar, and K. Ito, Tissue engineering of functional articular
cartilage: the current status. Cell Tissue Res, 2012. 347(3): p. 613-27.

Darling, E.M., J.C. Hu, and K.A. Athanasiou, Zonal and topographical differences in
articular cartilage gene expression. J Orthop Res, 2004. 22(6): p. 1182-7.

Hidaka, C., et al., Maturational differences in superficial and deep zone articular
chondrocytes. Cell Tissue Res, 2006. 323(1): p. 127-35.

Klein, T.J., et al., Depth-dependent biomechanical and biochemical properties of fetal,
newborn, and tissue-engineered articular cartilage. J Biomech, 2007. 40(1): p. 182-90.

128



40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

Klein, T.J., et al., Tissue engineering of stratified articular cartilage from chondrocyte
subpopulations. Osteoarthritis Cartilage, 2003. 11(8): p. 595-602.

Marcus, R.E., The effect of low oxygen concentration on growth, glycolysis, and sulfate
incorporation by articular chondrocytes in monolayer culture. Arthritis Rheum, 1973.
16(5): p. 646-56.

Mow, V.C., M.H. Holmes, and W.M. Lai, Fluid transport and mechanical properties of
articular cartilage: a review. J Biomech, 1984. 17(5): p. 377-94.

Mow, V.C., et al., Biphasic creep and stress relaxation of articular cartilage in
compression? Theory and experiments. J Biomech Eng, 1980. 102(1): p. 73-84.

Frank, E.H. and A.J. Grodzinsky, Cartilage electromechanics--1. Electrokinetic
transduction and the effects of electrolyte pH and ionic strength. J Biomech, 1987. 20(6):
p. 615-27.

Hayes, W.C. and A.J. Bodine, Flow-independent viscoelastic properties of articular
cartilage matrix. J Biomech, 1978. 11(8-9): p. 407-19.

Mak, A.F., The apparent viscoelastic behavior of articular cartilage--the contributions
from the intrinsic matrix viscoelasticity and interstitial fluid flows. J Biomech Eng, 1986.
108(2): p. 123-30.

Setton, L.A., et al., Mechanical properties of canine articular cartilage are significantly
altered following transection of the anterior cruciate ligament. J Orthop Res, 1994,
12(4): p. 451-63.

Zhu, W., et al., Viscoelastic shear properties of articular cartilage and the effects of
glycosidase treatments. J Orthop Res, 1993. 11(6): p. 771-81.

Chen, S.S., et al., Depth-dependent compressive properties of normal aged human
femoral head articular cartilage: relationship to fixed charge density. Osteoarthritis
Cartilage, 2001. 9(6): p. 561-9.

Li, L.P., A. Shirazi-Adl, and M.D. Buschmann, Alterations in mechanical behaviour of
articular cartilage due to changes in depth varying material properties--a
nonhomogeneous poroelastic model study. Comput Methods Biomech Biomed Engin,
2002. 5(1): p. 45-52.

Treppo, S., et al., Comparison of biomechanical and biochemical properties of cartilage
from human knee and ankle pairs. J Orthop Res, 2000. 18(5): p. 739-48.

Guilak, F., Biomechanical factors in osteoarthritis. Best Pract Res Clin Rheumatol, 2011.
25(6): p. 815-23.

Hall, B.K., Cartilage1983, New York: Academic Press.

Handley, C.J., et al., Extracellular matrix metabolism by chondrocytes. 7. Evidence that
L-glutamine is an essential amino acid for chondrocytes and other connective tissue
cells. Biochim Biophys Acta, 1980. 627(3): p. 324-31.

Ishikawa, Y., et al., Utilization and formation of amino acids by chicken epiphyseal
chondrocytes: comparative studies with cultured cells and native cartilage tissue. J Cell
Physiol, 1985. 123(1): p. 79-88.

Newman, S. and B.K. Hall, Cartilage : molecular aspects1991, Boca Raton: CRC Press.
268 p.

Spencer, C.A., T.N. Palmer, and R.M. Mason, Intermediary metabolism in the Swarm rat
chondrosarcoma chondrocyte. Biochem J, 1990. 265(3): p. 911-4.

Oppenheimer, S.B., et al., An L-glutamine requirement for intercellular adhesion. Proc
Natl Acad Sci U S A, 1969. 63(4): p. 1395-402.

Frey, R., Cellular Respiration. 2007.

129



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Brighton, C.T., T. Kitajima, and R.M. Hunt, Zonal analysis of cytoplasmic components of
articular cartilage chondrocytes. Arthritis Rheum, 1984. 27(11): p. 1290-9.

Stockwell, R.A., Morphometry of cytoplasmic components of mammalian articular
chondrocytes and corneal keratocytes: species and zonal variations of mitochondria in
relation to nutrition. J Anat, 1991. 175: p. 251-61.

Boubriak, O.A., J.T. Brooks, and J.P. Urban, Cytochrome c oxidase levels in
chondrocytes during monolayer expansion and after return to three dimensional culture.
Osteoarthritis Cartilage, 2009. 17(8): p. 1084-92.

Mignotte, F., et al., Mitochondrial biogenesis in rabbit articular chondrocytes
transferred to culture. Biol Cell, 1991. 71(1-2): p. 67-72.

Falchuk, K.H., E.J. Goetzl, and J.P. Kulka, Respiratory gases of synovial fluids. An
approach to synovial tissue circulatory-metabolic imbalance in rheumatoid arthritis. Am
J Med, 1970. 49(2): p. 223-31.

Ferrell, W.R. and H. Najafipour, Changes in synovial PO2 and blood flow in the rabbit
knee joint due to stimulation of the posterior articular nerve. J Physiol, 1992. 449: p.
607-17.

Gibson, J.S., et al., Oxygen and reactive oxygen species in articular cartilage:
modulators of ionic homeostasis. Pflugers Arch, 2008. 455(4): p. 563-73.

Lund-Olesen, K., Oxygen tension in synovial fluids. Arthritis Rheum, 1970. 13(6): p.
769-76.

Najafipour, H. and W.R. Ferrell, Comparison of synovial PO2 and sympathetic
vasoconstrictor responses in normal and acutely inflamed rabbit knee joints. Exp
Physiol, 1995. 80(2): p. 209-20.

Grimshaw, M.J. and R.M. Mason, Bovine articular chondrocyte function in vitro depends
upon oxygen tension. Osteoarthritis Cartilage, 2000. 8(5): p. 386-92.

Henrotin, Y., B. Kurz, and T. Aigner, Oxygen and reactive oxygen species in cartilage
degradation: friends or foes? Osteoarthritis Cartilage, 2005. 13(8): p. 643-54.

Lee, R.B. and J.P. Urban, Evidence for a negative Pasteur effect in articular cartilage.
Biochem J, 1997. 321 ( Pt 1): p. 95-102.

Ysart, G.E. and R.M. Mason, Responses of articular cartilage explant cultures to
different oxygen tensions. Biochim Biophys Acta, 1994. 1221(1): p. 15-20.

Otte, P., Basic cell metabolism of articular cartilage. Manometric studies. Z Rheumatol,
1991. 50(5): p. 304-12.

Obradovic, B., et al., Gas exchange is essential for bioreactor cultivation of tissue
engineered cartilage. Biotechnol Bioeng, 1999. 63(2): p. 197-205.

Broom, N.D. and D.L. Marra, New structural concepts of articular cartilage
demonstrated with a physical model. Connect Tissue Res, 1985. 14(1): p. 1-8.

Broom, N.D. and C.A. Poole, Articular cartilage collagen and proteoglycans. Their
functional interdependency. Arthritis Rheum, 1983. 26(9): p. 1111-9.

Ker, R.F., The design of soft collagenous load-bearing tissues. J Exp Biol, 1999. 202(Pt
23): p. 3315-24.

Urban, J.P., The chondrocyte: a cell under pressure. Br J Rheumatol, 1994. 33(10): p.
901-8.

Wilkins, R.J., J.A. Browning, and J.C. Ellory, Surviving in a matrix: membrane transport
in articular chondrocytes. J Membr Biol, 2000. 177(2): p. 95-108.

Sokoloff, L., The Joints and synovial fluid1978, New York: Academic Press.

130



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Mobasheri, A., et al., lon transport in chondrocytes: membrane transporters involved in
intracellular ion homeostasis and the regulation of cell volume, free [Ca2+] and pH.
Histol Histopathol, 1998. 13(3): p. 893-910.

Chalfant, M.L., et al., Intracellular H+ regulates the alpha-subunit of ENaC, the
epithelial Na+ channel. Am J Physiol, 1999. 276(2 Pt 1): p. C477-86.

Ellory, J.C., J.S. Gibson, and G.W. Stewart, Pathophysiology of abnormal cell volume in
human red cells. Contrib Nephrol, 1998. 123: p. 220-39.

Lang, F., et al., Functional significance of cell volume regulatory mechanisms. Physiol
Rev, 1998. 78(1): p. 247-306.

Sabirov, R.Z., Y. Okada, and S. Oiki, Two-sided action of protons on an inward rectifier
K+ channel (IRK1). Pflugers Arch, 1997. 433(4): p. 428-34.

Urban, J.P. and M.T. Bayliss, Regulation of proteoglycan synthesis rate in cartilage in
vitro: influence of extracellular ionic composition. Biochim Biophys Acta, 1989. 992(1):
p. 59-65.

Dascalu, A., Z. Nevo, and R. Korenstein, The control of intracellular pH in cultured
avian chondrocytes. J Physiol, 1993. 461: p. 583-99.

Hall, A.C., E.R. Horwitz, and R.J. Wilkins, The cellular physiology of articular cartilage.
Exp Physiol, 1996. 81(3): p. 535-45.

Razaq, S., J.P. Urban, and R.J. Wilkins, Regulation of intracellular pH by bovine
intervertebral disc cells. Cell Physiol Biochem, 2000. 10(1-2): p. 109-15.

Hall, A.C., et al., Pathways for K+ transport across the bovine articular chondrocyte
membrane and their sensitivity to cell volume. Am J Physiol, 1996. 270(5 Pt 1): p.
C1300-10.

Horowitz, S.B. and Y.T. Lau, A function that relates protein synthetic rates to potassium
activity in vivo. J Cell Physiol, 1988. 135(3): p. 425-34.

Urban, J.P., A.C. Hall, and K.A. Gehl, Regulation of matrix synthesis rates by the ionic
and osmotic environment of articular chondrocytes. J Cell Physiol, 1993. 154(2): p. 262-
70.

Mobasheri, A., et al., Characterization of the Na+, K(+)-ATPase in isolated bovine
articular chondrocytes; molecular evidence for multiple alpha and beta isoforms. Cell
Biol Int, 1997. 21(4): p. 201-12.

Mobasheri, A., et al., Immunologic and autoradiographic localisation of the Na+, K(+)-
ATPase in articular cartilage: upregulation in response to changes in extracellular Na+
concentration. Int J Biochem Cell Biol, 1997. 29(4): p. 649-57.

Schwartz, E.R., P.R. Kirkpatrick, and R.C. Thompson, The effect of environmental pH on
glycosaminoglycan metabolism by normal human chondrocytes. J Lab Clin Med, 1976.
87(2): p. 198-205.

Wilkins, R.J. and A.C. Hall, Control of matrix synthesis in isolated bovine chondrocytes
by extracellular and intracellular pH. J Cell Physiol, 1995. 164(3): p. 474-81.

Wilkins, R.J. and A.C. Hall, Measurement of intracellular pH in isolated bovine articular
chondrocytes. Exp Physiol, 1992. 77(3): p. 521-4.

Ohshima, H. and J.P. Urban, The effect of lactate and pH on proteoglycan and protein
synthesis rates in the intervertebral disc. Spine (Phila Pa 1976), 1992. 17(9): p. 1079-82.
Razaq, S., R.J. Wilkins, and J.P. Urban, The effect of extracellular pH on matrix turnover
by cells of the bovine nucleus pulposus. Eur Spine J, 2003. 12(4): p. 341-9.

Boustany, N.N. and M.L. Gray, The regulation of chondrocyte biosynthesis in epiphyseal
cartilage: the role of interstitial pH. Proceedings of the combined Meeting of the
Orthopaedic Research Societies of U.S.A., Japan and Canada, 1991: p. 125.

131



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114,

115.

116.

117.

118.

119.

120.

Holm, S., et al., Nutrition of the intervertebral disc: solute transport and metabolism.
Connect Tissue Res, 1981. 8(2): p. 101-19.

Folbergrova, J., V. MacMillan, and B.K. Siesjo, The effect of hypercapnic acidosis upon
some glycolytic and Krebs cycle-associated intermediates in the rat brain. J Neurochem,
1972.19(11): p. 2507-17.

Wu, T.F. and E.J. Davis, Regulation of glycolytic flux in an energetically controlled cell-
free system: the effects of adenine nucleotide ratios, inorganic phosphate, pH, and
citrate. Arch Biochem Biophys, 1981. 209(1): p. 85-99.

Erecinska, M., J. Deas, and I.A. Silver, The effect of pH on glycolysis and
phosphofructokinase activity in cultured cells and synaptosomes. J Neurochem, 1995.
65(6): p. 2765-72.

Mishell, B.B. and S.M. Shiigi, Selected Methods in Cellular Immunology, W.H.F.a.
Company, Editor 1980: San Francisco. p. 486.

Wu, M.H., et al., Effect of extracellular ph on matrix synthesis by chondrocytes in 3D
agarose gel. Biotechnol Prog, 2007. 23(2): p. 430-4.

Xu, X., et al., Influences of buffer systems on chondrocyte growth during long-term
culture in alginate. Osteoarthritis Cartilage, 2007. 15(4): p. 396-402.

Lee, R.B,, et al., The effect of mechanical stress on cartilage energy metabolism.
Biorheology, 2002. 39(1-2): p. 133-43.

Schultz, S.G., Molecular biology of membrane transport disorders. The language of
science1996, New York: Plenum Press. xxiii, 681 p.

Wakabayashi, S., M. Shigekawa, and J. Pouyssegur, Molecular physiology of vertebrate
Na+/H+ exchangers. Physiol Rev, 1997. 77(1): p. 51-74.

Bianchini, L. and J. Poussegur, Molecular structure and regulation of vertebrate
Na+/H+ exchangers. J Exp Biol, 1994. 196: p. 337-45.

Counillon, L. and J. Pouyssegur, Structure-function studies and molecular regulation of
the growth factor activatable sodium-hydrogen exchanger (NHE-1). Cardiovasc Res,
1995. 29(2): p. 147-54.

Sterling, D. and J.R. Casey, Transport activity of AE3 chloride/bicarbonate anion-
exchange proteins and their regulation by intracellular pH. Biochem J, 1999. 344 Pt 1.
p. 221-9.

Cordat, E. and J.R. Casey, Bicarbonate transport in cell physiology and disease.
Biochem J, 2009. 417(2): p. 423-39.

Browning, J.A. and R.J. Wilkins, Mechanisms contributing to intracellular pH
homeostasis in an immortalised human chondrocyte cell line. Comp Biochem Physiol A
Mol Integr Physiol, 2004. 137(2): p. 409-18.

Swietach, P., J.A. Browning, and R.J. Wilkins, Functional and molecular determination
of carbonic anhydrase levels in bovine and cultured human chondrocytes. Comp
Biochem Physiol B Biochem Mol Biol, 2002. 133(3): p. 427-35.

Wilkins, R.J. and A.C. Hall, Bovine articular chondrocytes demonstrate only minimal
bicarbonate-dependent recovery from changes to intracellular pH. Journal of
Physiology, 1993. 459: p. 289.

Simpkin, V.L., et al., Bicarbonate-dependent pH(i) regulation by chondrocytes within the
superficial zone of bovine articular cartilage. J Cell Physiol, 2007. 212(3): p. 600-9.
Benya, P.D. and J.D. Shaffer, Dedifferentiated chondrocytes reexpress the differentiated
collagen phenotype when cultured in agarose gels. Cell, 1982. 30(1): p. 215-24.
Helmick, C.G., et al., Estimates of the prevalence of arthritis and other rheumatic
conditions in the United States. Part 1. Arthritis Rheum, 2008. 58(1): p. 15-25.

132



121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Kuo, C.K,, et al., Cartilage tissue engineering: its potential and uses. Curr Opin
Rheumatol, 2006. 18(1): p. 64-73.

Lewis, P.B., et al., Basic science and treatment options for articular cartilage injuries. J
Orthop Sports Phys Ther, 2006. 36(10): p. 717-27.

Mankin, H.J., The response of articular cartilage to mechanical injury. J Bone Joint Surg
Am, 1982. 64(3): p. 460-6.

Goldberg, V.M. and A.l. Caplan, Biologic restoration of articular surfaces. Instr Course
Lect, 1999. 48: p. 623-7.

Brittberg, M., et al., Articular cartilage engineering with autologous chondrocyte
transplantation. A review of recent developments. J Bone Joint Surg Am, 2003. 85-A
Suppl 3: p. 109-15.

Furukawa, T., et al., Biochemical studies on repair cartilage resurfacing experimental
defects in the rabbit knee. J Bone Joint Surg Am, 1980. 62(1): p. 79-89.

Hunter, W., Of the structure and disease of articulating cartilages. 1743. Clin Orthop
Relat Res, 1995(317): p. 3-6.

Nehrer, S., M. Spector, and T. Minas, Histologic analysis of tissue after failed cartilage
repair procedures. Clin Orthop Relat Res, 1999(365): p. 149-62.

Swan, A, et al., Submicroscopic crystals in osteoarthritic synovial fluids. Ann Rheum
Dis, 1994. 53(7): p. 467-70.

Hunziker, E.B., Articular cartilage repair: basic science and clinical progress. A review
of the current status and prospects. Osteoarthritis Cartilage, 2002. 10(6): p. 432-63.
Steadman, J.R., W.G. Rodkey, and J.J. Rodrigo, Microfracture: surgical technique and
rehabilitation to treat chondral defects. Clin Orthop Relat Res, 2001(391 Suppl): p.
S362-9.

Becerra, J., et al., Articular cartilage: structure and regeneration. Tissue Eng Part B Rev,
2010. 16(6): p. 617-27.

Freedman, K.B., S.J. Nho, and B.J. Cole, Marrow stimulating technique to augment
meniscus repair. Arthroscopy, 2003. 19(7): p. 794-8.

Sledge, S.L., Microfracture techniques in the treatment of osteochondral injuries. Clin
Sports Med, 2001. 20(2): p. 365-77.

Brittberg, M., et al., Treatment of deep cartilage defects in the knee with autologous
chondrocyte transplantation. N Engl J Med, 1994. 331(14): p. 889-95.

Chow, J.C., et al., Arthroscopic autogenous osteochondral transplantation for treating
knee cartilage defects: a 2- to 5-year follow-up study. Arthroscopy, 2004. 20(7): p. 681-
90.

Jakob, R.P., et al., Autologous osteochondral grafting in the knee: indication, results, and
reflections. Clin Orthop Relat Res, 2002(401): p. 170-84.

Minas, T., Autologous chondrocyte implantation for focal chondral defects of the knee.
Clin Orthop Relat Res, 2001(391 Suppl): p. S349-61.

Horas, U., et al., Autologous chondrocyte implantation and osteochondral cylinder
transplantation in cartilage repair of the knee joint. A prospective, comparative trial. J
Bone Joint Surg Am, 2003. 85-A(2): p. 185-92.

Roberts, S., et al., Autologous chondrocyte implantation for cartilage repair: monitoring
its success by magnetic resonance imaging and histology. Arthritis Res Ther, 2003. 5(1):
p. R60-73.

Tins, B.J., et al., Autologous chondrocyte implantation in knee joint: MR imaging and
histologic features at 1-year follow-up. Radiology, 2005. 234(2): p. 501-8.

133



142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.
155.

156.

157.

158.

159.

160.

161.

162.

Abelow, S.P., P. Guillen, and T. Ramos, Arthroscopic Technique for Matrix-Induced
Autologous Chondrocyte Implantation for the Treatment of Large Chondral Defects in
the Knee and Ankle Operative Techniques in Orthopaedics, 2006. 16: p. 257-261.
Masuda, K., et al., A novel two-step method for the formation of tissue-engineered
cartilage by mature bovine chondrocytes: the alginate-recovered-chondrocyte (ARC)
method. J Orthop Res, 2003. 21(1): p. 139-48.

Marlovits, S., et al., Cartilage repair: generations of autologous chondrocyte
transplantation. Eur J Radiol, 2006. 57(1): p. 24-31.

Ahsan, T, et al., Integrative cartilage repair: inhibition by beta-aminopropionitrile. J
Orthop Res, 1999. 17(6): p. 850-7.

Hunziker, E.B., Growth-factor-induced healing of partial-thickness defects in adult
articular cartilage. Osteoarthritis Cartilage, 2001. 9(1): p. 22-32.

McLaren, A.C, et al., Arthroscopic debridement of the knee for osteoarthrosis. Can J
Surg, 1991. 34(6): p. 595-8.

Mitchell, N. and N. Shepard, Effect of patellar shaving in the rabbit. J Orthop Res, 1987.
5(3): p. 388-92.

Shapiro, F., S. Koide, and M.J. Glimcher, Cell origin and differentiation in the repair of
full-thickness defects of articular cartilage. J Bone Joint Surg Am, 1993. 75(4): p. 532-
53.

Tew, S.R., et al., The reactions of articular cartilage to experimental wounding: role of
apoptosis. Arthritis Rheum, 2000. 43(1): p. 215-25.

Redman, S.N., S.F. Oldfield, and C.W. Archer, Current strategies for articular cartilage
repair. Eur Cell Mater, 2005. 9: p. 23-32; discussion 23-32.

Ahmad, C.S., W.B. Guiney, and C.J. Drinkwater, Evaluation of donor site intrinsic
healing response in autologous osteochondral grafting of the knee. Arthroscopy, 2002.
18(1): p. 95-8.

LaPrade, R.F. and J.C. Botker, Donor-site morbidity after osteochondral autograft
transfer procedures. Arthroscopy, 2004. 20(7): p. e69-73.

Langer, R. and J.P. Vacanti, Tissue engineering. Science, 1993. 260(5110): p. 920-6.
Chiang, H. and C.C. Jiang, Repair of articular cartilage defects: review and perspectives.
J Formos Med Assoc, 2009. 108(2): p. 87-101.

Kang, H., et al., In vivo cartilage repair using adipose-derived stem cell-loaded
decellularized cartilage ECM scaffolds. J Tissue Eng Regen Med, 2012.

Sukarto, A., et al., Co-delivery of Adipose-Derived Stem Cells and Growth Factor-
Loaded Microspheres in RGD-Grafted N-Methacrylate Glycol Chitosan Gels for Focal
Chondral Repair. Biomacromolecules, 2012. 13(8): p. 2490-502.

Bulman, S., et al., Enhancing the MSC Therapeutic Response: Cell Localization and
Support for Cartilage Repair. Tissue Eng Part B Rev, 2012.

Dhinsa, B.S. and A.B. Adesida, Current clinical therapies for cartilage repair, their
limitation and the role of stem cells. Curr Stem Cell Res Ther, 2012. 7(2): p. 143-8.
Leijten, J., et al., Cell sources for articular cartilage repair strategies: shifting from
mono-cultures to co-cultures. Tissue Eng Part B Rev, 2012.

Bonaventure, J., et al., Reexpression of cartilage-specific genes by dedifferentiated
human articular chondrocytes cultured in alginate beads. Exp Cell Res, 1994. 212(1): p.
97-104.

Johnstone, B., et al., In vitro chondrogenesis of bone marrow-derived mesenchymal
progenitor cells. Exp Cell Res, 1998. 238(1): p. 265-72.

134



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Chung, C., et al., Effects of auricular chondrocyte expansion on neocartilage formation
in photocrosslinked hyaluronic acid networks. Tissue Eng, 2006. 12(9): p. 2665-73.
Darling, E.M. and K.A. Athanasiou, Retaining zonal chondrocyte phenotype by means of
novel growth environments. Tissue Eng, 2005. 11(3-4): p. 395-403.

Schulze-Tanzil, G., et al., Loss of chondrogenic potential in dedifferentiated
chondrocytes correlates with deficient Shc-Erk interaction and apoptosis. Osteoarthritis
Cartilage, 2004. 12(6): p. 448-58.

Acosta, C.A,, et al., Gene expression and proliferation analysis in young, aged, and
osteoarthritic sheep chondrocytes effect of growth factor treatment. J Orthop Res, 2006.
24(11): p. 2087-94.

Tran-Khanh, N., et al., Aged bovine chondrocytes display a diminished capacity to
produce a collagen-rich, mechanically functional cartilage extracellular matrix. J Orthop
Res, 2005. 23(6): p. 1354-62.

Getgood, A., et al., Articular cartilage tissue engineering: today's research, tomorrow's
practice? J Bone Joint Surg Br, 2009. 91(5): p. 565-76.

Danisovic, L., et al., The tissue engineering of articular cartilage: cells, scaffolds and
stimulating factors. Exp Biol Med (Maywood), 2012. 237(1): p. 10-7.

Chen, F.H., K.T. Rousche, and R.S. Tuan, Technology Insight: adult stem cells in
cartilage regeneration and tissue engineering. Nat Clin Pract Rheumatol, 2006. 2(7): p.
373-82.

Freemont, A.J. and J. Hoyland, Lineage plasticity and cell biology of fibrocartilage and
hyaline cartilage: its significance in cartilage repair and replacement. Eur J Radiol,
2006. 57(1): p. 32-6.

Petersen, J.P., et al., Present and Future Therapies of Articular Cartilage Defects.
European Journal of Trauma 2003. 29: p. 1-10.

Dominici, M., et al., Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement. Cytotherapy,
2006. 8(4): p. 315-7.

Lee, E.H. and J.H. Hui, The potential of stem cells in orthopaedic surgery. J Bone Joint
Surg Br, 2006. 88(7): p. 841-51.

Pountos, 1., et al., Growing bone and cartilage. The role of mesenchymal stem cells. J
Bone Joint Surg Br, 2006. 88(4): p. 421-6.

Huang, J.1., et al., Chondrogenic potential of progenitor cells derived from human bone
marrow and adipose tissue: a patient-matched comparison. J Orthop Res, 2005. 23(6): p.
1383-9.

Im, G.I., Y.W. Shin, and K.B. Lee, Do adipose tissue-derived mesenchymal stem cells
have the same osteogenic and chondrogenic potential as bone marrow-derived cells?
Osteoarthritis Cartilage, 2005. 13(10): p. 845-53.

Sakaguchi, Y., et al., Comparison of human stem cells derived from various mesenchymal
tissues: superiority of synovium as a cell source. Arthritis Rheum, 2005. 52(8): p. 2521-9.
Winter, A., et al., Cartilage-like gene expression in differentiated human stem cell
spheroids: a comparison of bone marrow-derived and adipose tissue-derived stromal
cells. Arthritis Rheum, 2003. 48(2): p. 418-29.

Stock, U.A. and J.P. Vacanti, Tissue engineering: current state and prospects. Annu Rev
Med, 2001. 52: p. 443-51.

Henson, F. and A. Getgood, The use of scaffolds in musculoskeletal tissue engineering.
Open Orthop J, 2011. 5 Suppl 2: p. 261-6.

135



182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Stoop, R., Smart biomaterials for tissue engineering of cartilage. Injury, 2008. 39 Suppl
1:p. S77-87.
Woodfield, T.B., et al., Design of porous scaffolds for cartilage tissue engineering using
a three-dimensional fiber-deposition technique. Biomaterials, 2004. 25(18): p. 4149-61.
Mano, J.F. and R.L. Reis, Osteochondral defects: present situation and tissue
engineering approaches. J Tissue Eng Regen Med, 2007. 1(4): p. 261-73.
Kessler, M.W., et al., Emerging technologies and fourth generation issues in cartilage
repair. Sports Med Arthrosc, 2008. 16(4): p. 246-54.
Vinatier, C., et al., Cartilage engineering: a crucial combination of cells, biomaterials
and biofactors. Trends Biotechnol, 2009. 27(5): p. 307-14.
Appel, B., et al., Synergistic effects of growth and differentiation factor-5 (GDF-5) and
insulin on expanded chondrocytes in a 3-D environment. Osteoarthritis Cartilage, 2009.
Ibold, Y., et al., Effect of different ascorbate supplementations on in vitro cartilage
formation in porcine high-density pellet cultures. Tissue Cell, 2009. 41(4): p. 249-56.
Zhang, Z., et al., Hyaline cartilage engineered by chondrocytes in pellet culture:
histological, immunohistochemical and ultrastructural analysis in comparison with
cartilage explants. J Anat, 2004. 205(3): p. 229-37.
Lee, T.J., etal., Spinner-flask culture induces redifferentiation of de-differentiated
chondrocytes. Biotechnol Lett, 2011. 33(4): p. 829-36.
Mouw, J.K., et al., Variations in matrix composition and GAG fine structure among
scaffolds for cartilage tissue engineering. Osteoarthritis Cartilage, 2005. 13(9): p. 828-
36.
Muller-Borer, B.J., et al., pHi and pHo at different depths in perfused myocardium
measured by confocal fluorescence microscopy. Am J Physiol, 1998. 275(6 Pt 2): p.
H1937-47.
Suits, J.M., A.A. Khan, and S.D. Waldman, Glycogen storage in tissue-engineered
cartilage. J Tissue Eng Regen Med, 2008. 2(6): p. 340-6.
Martin, 1., D. Wendt, and M. Heberer, The role of bioreactors in tissue engineering.
Trends Biotechnol, 2004. 22(2): p. 80-6.
Darling, E.M. and K.A. Athanasiou, Biomechanical strategies for articular cartilage
regeneration. Ann Biomed Eng, 2003. 31(9): p. 1114-24.
Gemmiti, C.V. and R.E. Guldberg, Fluid flow increases type Il collagen deposition and
tensile mechanical properties in bioreactor-grown tissue-engineered cartilage. Tissue
Eng, 2006. 12(3): p. 469-79.
Nesic, D., et al., Cartilage tissue engineering for degenerative joint disease. Adv Drug
Deliv Rev, 2006. 58(2): p. 300-22.
Freed, L.E., et al., Composition of cell-polymer cartilage implants. Biotechnol Bioeng,
1994. 43(7): p. 605-14.
Freed, L.E., et al., Chondrogenesis in a cell-polymer-bioreactor system. Exp Cell Res,
1998. 240(1): p. 58-65.
Bueno, E.M., B. Bilgen, and G.A. Barabino, Wavy-walled bioreactor supports increased
cell proliferation and matrix deposition in engineered cartilage constructs. Tissue Eng,
2005. 11(11-12): p. 1699-7009.
Saini, S. and T.M. Wick, Concentric cylinder bioreactor for production of tissue
engineered cartilage: effect of seeding density and hydrodynamic loading on construct
development. Biotechnol Prog, 2003. 19(2): p. 510-21.
Portner, R., et al., Bioreactor design for tissue engineering. J Biosci Bioeng, 2005.
100(3): p. 235-45.

136



203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214,

215.

216.

217.

218.

2109.

220.

221.

222.

Seidel, J.0., et al., Long-term culture of tissue engineered cartilage in a perfused
chamber with mechanical stimulation. Biorheology, 2004. 41(3-4): p. 445-58.

Williams, K.A., S. Saini, and T.M. Wick, Computational fluid dynamics modeling of
steady-state momentum and mass transport in a bioreactor for cartilage tissue
engineering. Biotechnol Prog, 2002. 18(5): p. 951-63.

Freed, L.E., G. Vunjak-Novakovic, and R. Langer, Cultivation of cell-polymer cartilage
implants in bioreactors. J Cell Biochem, 1993. 51(3): p. 257-64.

Merchuk, J.C., Why use air-lift bioreactors? Trends Biotechnol., 1990. 8(66).

Darling, E.M. and K.A. Athanasiou, Articular cartilage bioreactors and bioprocesses.
Tissue Eng, 2003. 9(1): p. 9-26.

Xu, X., et al., Influence of perfusion on metabolism and matrix production by bovine
articular chondrocytes in hydrogel scaffolds. Biotechnol Bioeng, 2006. 93(6): p. 1103-
11.

Martin, 1., et al., Method for quantitative analysis of glycosaminoglycan distribution in
cultured natural and engineered cartilage. Ann Biomed Eng, 1999. 27(5): p. 656-62.
Heywood, H.K., D.L. Bader, and D.A. Lee, Glucose concentration and medium volume
influence cell viability and glycosaminoglycan synthesis in chondrocyte-seeded alginate
constructs. Tissue Eng, 2006. 12(12): p. 3487-96.

Heywood, H.K., et al., Cellular utilization determines viability and matrix distribution
profiles in chondrocyte-seeded alginate constructs. Tissue Eng, 2004. 10(9-10): p. 1467-
79.

Mauck, R.L., et al., The role of cell seeding density and nutrient supply for articular
cartilage tissue engineering with deformational loading. Osteoarthritis Cartilage, 2003.
11(12): p. 879-90.

Bujia, J., et al., Engineering of cartilage tissue using bioresorbable polymer fleeces and
perfusion culture. Acta Otolaryngol, 1995. 115(2): p. 307-10.

Davisson, T., R.L. Sah, and A. Ratcliffe, Perfusion increases cell content and matrix
synthesis in chondrocyte three-dimensional cultures. Tissue Eng, 2002. 8(5): p. 807-16.
Lin, Y.J., et al., Chondrocytes culture in three-dimensional porous alginate scaffolds
enhanced cell proliferation, matrix synthesis and gene expression. J Biomed Mater Res
A, 2009. 88(1): p. 23-33.

Mizuno, S., F. Allemann, and J. Glowacki, Effects of medium perfusion on matrix
production by bovine chondrocytes in three-dimensional collagen sponges. J Biomed
Mater Res, 2001. 56(3): p. 368-75.

Pazzano, D., et al., Comparison of chondrogensis in static and perfused bioreactor
culture. Biotechnol Prog, 2000. 16(5): p. 893-6.

Raimondi, M.T., et al., The effect of media perfusion on three-dimensional cultures of
human chondrocytes: integration of experimental and computational approaches.
Biorheology, 2004. 41(3-4): p. 401-10.

Sittinger, M., et al., Engineering of cartilage tissue using bioresorbable polymer carriers
in perfusion culture. Biomaterials, 1994. 15(6): p. 451-6.

Timmins, N.E., et al., Three-dimensional cell culture and tissue engineering in a T-CUP
(tissue culture under perfusion). Tissue Eng, 2007. 13(8): p. 2021-8.
Vunjak-Novakovic, G., et al., Bioreactor cultivation conditions modulate the composition
and mechanical properties of tissue-engineered cartilage. J Orthop Res, 1999. 17(1): p.
130-8.

Yen, C.N., etal., Use of porous alginate sponges for substantial chondrocyte expansion
and matrix production: effects of seeding density. Biotechnol Prog, 2008. 24(2): p. 452-7.

137



223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

Khan, A.A., et al., The effect of continuous culture on the growth and structure of tissue-
engineered cartilage. Biotechnol Prog, 2009. 25(2): p. 508-15.

Khan, A.A. and D.C. Surrao, The Importance of Bicarbonate and Nonbicarbonate Buffer
Systems in Batch and Continuous Flow Bioreactors for Articular Cartilage Tissue
Engineering. Tissue Eng Part C Methods, 2011.

Gray, M.L., et al., Mechanical and physiochemical determinants of the chondrocyte
biosynthetic response. J Orthop Res, 1988. 6(6): p. 777-92.

Huber, M., S. Trattnig, and F. Lintner, Anatomy, biochemistry, and physiology of
articular cartilage. Invest Radiol, 2000. 35(10): p. 573-80.

Mahmoudifar, N. and P.M. Doran, Tissue engineering of human cartilage in bioreactors
using single and composite cell-seeded scaffolds. Biotechnol Bioeng, 2005. 91(3): p. 338-
55.

Lane, J.M., C.T. Brighton, and B.J. Menkowitz, Anaerobic and aerobic metabolism in
articular cartilage. J Rheumatol, 1977. 4(4): p. 334-42.

Miller, W.M., C.R. Wilke, and H.W. Blanch, Transient responses of hybridoma cells to
nutrient additions in continuous culture: 1. Glucose pulse and step changes. Biotechnol
Bioeng, 1989. 33(4): p. 477-86.

Buschmann, M.D., et al., Chondrocytes in agarose culture synthesize a mechanically
functional extracellular matrix. J Orthop Res, 1992. 10(6): p. 745-58.

Waldman, S.D., et al., Characterization of cartilagenous tissue formed on calcium
polyphosphate substrates in vitro. J Biomed Mater Res, 2002. 62(3): p. 323-30.
Vunjak-Novakovic, G., et al., Effects of mixing on the composition and morphology of
tissue-engineered cartilage. AIChE Journal, 1996. 42(3): p. 850-860.

Jones, I.L., A. Klamfeldt, and T. Sandstrom, The effect of continuous mechanical
pressure upon the turnover of articular cartilage proteoglycans in vitro. Clin Orthop
Relat Res, 1982(165): p. 283-9.

Palmoski, M.J. and K.D. Brandt, Effects of static and cyclic compressive loading on
articular cartilage plugs in vitro. Arthritis Rheum, 1984. 27(6): p. 675-81.

Sah, R.L., et al., Biosynthetic response of cartilage explants to dynamic compression. J
Orthop Res, 1989. 7(5): p. 619-36.

Boyle, J., et al., Characterization of proteoglycan accumulation during formation of
cartilagenous tissue in vitro. Osteoarthritis Cartilage, 1995. 3(2): p. 117-25.

Farndale, R.W., D.J. Buttle, and A.J. Barrett, Improved guantitation and discrimination
of sulphated glycosaminoglycans by use of dimethylmethylene blue. Biochim Biophys
Acta, 1986. 883(2): p. 173-7.

Goldberg, R.L. and L.M. Kolibas, An improved method for determining proteoglycans
synthesized by chondrocytes in culture. Connect Tissue Res, 1990. 24(3-4): p. 265-75.
Woessner, J.F., Jr., The determination of hydroxyproline in tissue and protein samples
containing small proportions of this imino acid. Arch Biochem Biophys, 1961. 93: p.
440-7.

Brandt, K.D.D., M.; Lohmander, L.S, Composition and structure of articular cartilage,
in In Osteoarthritis1998, Oxford University Press Inc.: New York. p. 110-111.

Kim, Y.J., et al., Fluorometric assay of DNA in cartilage explants using Hoechst 33258.
Anal Biochem, 1988. 174(1): p. 168-76.

Blake, D.A. and N.V. McLean, A colorimetric assay for the measurement of D-glucose
consumption by cultured cells. Anal Biochem, 1989. 177(1): p. 156-60.

Lockridge, O., V. Massey, and P.A. Sullivan, Mechanism of action of the flavoenzyme
lactate oxidase. J Biol Chem, 1972. 247(24): p. 8097-106.

138



244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

Silbermann, M., T. Kadar, and G. Hornung, Corticosteroid-induced changes in glucose
metabolism of chondrocytes. Histochemistry, 1977. 50(4): p. 327-35.

Linsenmayer, T.F., R.D. Eavey, and T.M. Schmid, Type X collagen: a hypertrophic
cartilage-specific molecule. Pathol Immunopathol Res, 1988. 7(1-2): p. 14-9.

Schmid, T.M,, et al., Late events in chondrocyte differentiation: hypertrophy, type X
collagen synthesis and matrix calcification. In Vivo, 1991. 5(5): p. 533-40.

Poole, C.A., T.T. Glant, and J.R. Schofield, Chondrons from articular cartilage. (1V).
Immunolocalization of proteoglycan epitopes in isolated canine tibial chondrons. J
Histochem Cytochem, 1991. 39(9): p. 1175-87.

Chevrier, AR., E.; Buschmann, M.D.; Hoemann, C.D, Optimization of histoprocessing
methods to detect glycosaminoglycan, collagen type Il and collagen type | in decalcified
rabbit osteochondral sections. J. Histotechnol, 2005. 28: p. 165-175.

MONOD, J., Thetechnique of continuous culture. Ann. Inst. Pasteur, 1950. 79: p. 390-
410.

Novick, A. and L. Szilard, Description of the chemostat. Science, 1950. 112(2920): p.
715-6.

Raimondi, M.T., et al., The effect of hydrodynamic shear on 3D engineered chondrocyte
systems subject to direct perfusion. Biorheology, 2006. 43(3-4): p. 215-22.

Freed, L.E., et al., Tissue engineering of cartilage in space. Proc Natl Acad Sci U S A,
1997. 94(25): p. 13885-90.

Mankin, H.J., et al., Form and function of articular cartilage, in In Orthopaedic basic
science, S.R. Simon, Editor 1988, American Academy of Orthopaedic Surgeons:
Columbus. p. 1-44.

Marlovits, S., et al., Changes in the ratio of type-I and type-1I collagen expression during
monolayer culture of human chondrocytes. J Bone Joint Surg Br, 2004. 86(2): p. 286-95.
Zlabinger, G.J., J.E. Menzel, and C. Steffen, Change in collagen synthesis of human
chondrocyte culture. I. Development of a human model, demonstration of collagen type
conversion by immunofluorescence. Rheumatol Int, 1986. 6(2): p. 63-8.

Sun, Y. and R. Kandel, Deep zone articular chondrocytes in vitro express genes that
show specific changes with mineralization. J Bone Miner Res, 1999. 14(11): p. 1916-25.
Kim, J.J. and H.E. Conrad, Kinetics of mucopolysaccharide and glycoprotein synthesis by
chick embryo chondrocytes. Effect of D-glucose concentration in the culture medium. J
Biol Chem, 1976. 251(20): p. 6210-7.

James, C.B. and T.L. Uhl, A review of articular cartilage pathology and the use of
glucosamine sulfate. J Athl Train, 2001. 36(4): p. 413-9.

Buckley, C.T., S.D. Thorpe, and D.J. Kelly, Engineering of large cartilaginous tissues
through the use of microchanneled hydrogels and rotational culture. Tissue Eng Part A,
2009. 15(11): p. 3213-20.

Concaro, S., F. Gustavson, and P. Gatenholm, Bioreactors for tissue engineering of
cartilage. Adv Biochem Eng Biotechnol, 2009. 112: p. 125-43.

Stojkovska, J., B. Bugarski, and B. Obradovic, Evaluation of alginate hydrogels under in
vivo-like bioreactor conditions for cartilage tissue engineering. J Mater Sci Mater Med.
Villanueva, 1., et al., Cross-linking density alters early metabolic activities in
chondrocytes encapsulated in poly(ethylene glycol) hydrogels and cultured in the
rotating wall vessel. Biotechnol Bioeng, 2009. 102(4): p. 1242-50.

Das, R.H., et al., Effects of individual control of pH and hypoxia in chondrocyte culture. J
Orthop Res. 28(4): p. 537-45.

139



264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

Zhou, S., Z. Cui, and J.P. Urban, Nutrient gradients in engineered cartilage: metabolic
kinetics measurement and mass transfer modeling. Biotechnol Bioeng, 2008. 101(2): p.
408-21.

Freyria, A.M., et al., Optimization of dynamic culture conditions: effects on biosynthetic
activities of chondrocytes grown in collagen sponges. Tissue Eng, 2005. 11(5-6): p. 674-
84.

Mahmood, T.A,, et al., Tissue engineering of bovine articular cartilage within porous
poly(ether ester) copolymer scaffolds with different structures. Tissue Eng, 2005. 11(7-
8): p. 1244-53.

Nagel-Heyer, S., et al., Cultivation of three-dimensional cartilage-carrier-constructs
under reduced oxygen tension. J Biotechnol, 2006. 121(4): p. 486-97.

Schulz, R.M., et al., Development and validation of a novel bioreactor system for load-
and perfusion-controlled tissue engineering of chondrocyte-constructs. Biotechnol
Bioeng, 2008. 101(4): p. 714-28.

Tigli, R.S. and M. Gumusderelioglu, Chondrogenesis on BMP-6 loaded chitosan
scaffolds in stationary and dynamic cultures. Biotechnol Bioeng, 2009. 104(3): p. 601-
10.

Lelong, I.H. and G. Rebel, pH drift of "physiological buffers" and culture media used for
cell incubation during in vitro studies. J Pharmacol Toxicol Methods, 1998. 39(4): p.
203-10.

Levraut, J., et al., Effect of sodium bicarbonate on intracellular pH under different
buffering conditions. Kidney Int, 1996. 49(5): p. 1262-7.

Mather, J.P. and D. Barnes, Methods in Cell Biology. Animal Cell Culture Methods. Vol.
57. 1998, San Diego: Academic Press.

Levraut, J., et al., Initial effect of sodium bicarbonate on intracellular pH depends on the
extracellular nonbicarbonate buffering capacity. Crit Care Med, 2001. 29(5): p. 1033-9.
Amadio, P.C., M.G. Ehrlich, and H.J. Mankin, Matrix synthesis in high density cultures
of bovine epiphyseal plate chondrocytes. Connect Tissue Res, 1983. 11(1): p. 11-9.
Waldman, S.D., et al., Effect of sodium bicarbonate on extracellular pH, matrix
accumulation, and morphology of cultured articular chondrocytes. Tissue Eng, 2004.
10(11-12): p. 1633-40.

Ham, R.G., Clonal Growth of Mammalian Cells in a Chemically Defined, Synthetic
Medium. Proc Natl Acad Sci U S A, 1965. 53: p. 288-93.

Dessau, W., et al., Synthesis and extracellular deposition of fibronectin in chondrocyte
cultures. Response to the removal of extracellular cartilage matrix. J Cell Biol, 1978.
79(2 Pt 1): p. 342-55.

Hoch, D.H., et al., Early changes in material properties of rabbit articular cartilage after
meniscectomy. J Orthop Res, 1983. 1(1): p. 4-12.

Hayes, W.C., et al., A mathematical analysis for indentation tests of articular cartilage. J
Biomech, 1972. 5(5): p. 541-51.

Chen, T., Y. Zhou, and W.S. Tan, Influence of lactic acid on the proliferation,
metabolism, and differentiation of rabbit mesenchymal stem cells. Cell Biol Toxicol,
2009. 25(6): p. 573-86.

Kallos, M.S. and L.A. Behie, Inoculation and growth conditions for high-cell-density
expansion of mammalian neural stem cells in suspension bioreactors. Biotechnol Bioeng,
1999. 63(4): p. 473-83.

Shrode, L.D., H. Tapper, and S. Grinstein, Role of intracellular pH in proliferation,
transformation, and apoptosis. J Bioenerg Biomembr, 1997. 29(4): p. 393-9.

140



283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

Xu, X., et al., Osmolarity effects on bovine articular chondrocytes during three-
dimensional culture in alginate beads. Osteoarthritis Cartilage. 18(3): p. 433-9.
Swietach, P., et al., Hydrogen ion dynamics in human red blood cells. J Physiol. 588(Pt
24): p. 4995-5014.

Zhao, Y. and J.M. Baltz, Bicarbonate/chloride exchange and intracellular pH throughout
preimplantation mouse embryo development. Am J Physiol, 1996. 271(5 Pt 1): p. C1512-
20.

Bush, P.G. and A.C. Hall, The osmotic sensitivity of isolated and in situ bovine articular
chondrocytes. J Orthop Res, 2001. 19(5): p. 768-78.

Vunjak-Novakovic, G., et al., Bioreactor studies of native and tissue engineered
cartilage. Biorheology, 2002. 39(1-2): p. 259-68.

Khan, A.A., D.C. Surrao, and S.D. Waldman, Novel Culturing Technigue Creates
Clinical Sized Articular Cartilage Constructs, in TERMIS EU 2011 Annual Meeting2011:
Granada, Spain. p. 8.P1.

Tetteh, E.S., S. Bajaj, and N.S. Ghodadra, Basic science and surgical treatment options
for articular cartilage injuries of the knee. J Orthop Sports Phys Ther, 2012. 42(3): p.
243-53.

Mayne, R., M.S. Vail, and E.J. Miller, Analysis of changes in collagen biosynthesis that
occur when chick chondrocytes are grown in 5-bromo-2'-deoxyuridine. Proc Natl Acad
Sci U S A, 1975. 72(11): p. 4511-5.

Kolker, S.J., et al., Acid-sensing ion channel 3 expressed in type B synoviocytes and
chondrocytes modulates hyaluronan expression and release. Ann Rheum Dis, 2010.
69(5): p. 903-9.

Jahr, H., et al., Identification of acid-sensing ion channels in bone. Biochem Biophys Res
Commun, 2005. 337(1): p. 349-54.

Buckler, K.J. and R.D. Vaughan-Jones, Application of a new pH-sensitive fluoroprobe
(carboxy-SNARF-1) for intracellular pH measurement in small, isolated cells. Pflugers
Arch, 1990. 417(2): p. 234-9.

Hulikova, A., R.D. Vaughan-Jones, and P. Swietach, Dual role of CO2/HCO3(-) formula
buffer in the regulation of intracellular pH of three-dimensional tumor growths. J Biol
Chem, 2011. 286(16): p. 13815-26.

Sun, B., C.H. Leem, and R.D. Vaughan-Jones, Novel chloride-dependent acid loader in
the guinea-pig ventricular myocyte: part of a dual acid-loading mechanism. J Physiol,
1996. 495 (Pt 1): p. 65-82.

Thomas, J.A., et al., Intracellular pH measurements in Ehrlich ascites tumor cells
utilizing spectroscopic probes generated in situ. Biochemistry, 1979. 18(11): p. 2210-8.
Mooren, F.C., et al., Non-invasive single cell pH measurements in the isolated perfused
pancreas. Clin Exp Pharmacol Physiol, 2001. 28(5-6): p. 463-5.

Guo, J.F., G.W. Jourdian, and D.K. MacCallum, Culture and growth characteristics of
chondrocytes encapsulated in alginate beads. Connect Tissue Res, 1989. 19(2-4): p. 277-
97.

Grinstein, S., S. Cohen, and A. Rothstein, Cytoplasmic pH regulation in thymic
lymphocytes by an amiloride-sensitive Na+/H+ antiport. J Gen Physiol, 1984. 83(3): p.
341-69.

Stefanovic-Racic, M., et al., Nitric oxide and energy production in articular
chondrocytes. J Cell Physiol, 1994. 159(2): p. 274-80.

141



301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

Gillies, R.J. and R. Martinez-Zaguilan, Regulation of intracellular pH in BALB/c 3T3
cells. Bicarbonate raises pH via NaHCO3/HCI exchange and attenuates the activation of
Na+/H+ exchange by serum. J Biol Chem, 1991. 266(3): p. 1551-6.

Grinstein, S., D. Rotin, and M.J. Mason, Na+/H+ exchange and growth factor-induced
cytosolic pH changes. Role in cellular proliferation. Biochim Biophys Acta, 1989.
988(1): p. 73-97.

Moolenaar, W.H., Effects of growth factors on intracellular pH regulation. Annu Rev
Physiol, 1986. 48: p. 363-76.

Soltoff, S.P. and L.C. Cantley, Mitogens and ion fluxes. Annu Rev Physiol, 1988. 50: p.
207-23.

Burns, C.P. and E. Rozengurt, Serum, platelet-derived growth factor, vasopressin and
phorbol esters increase intracellular pH in Swiss 3T3 cells. Biochem Biophys Res
Commun, 1983. 116(3): p. 931-8.

Chambard, J.C. and J. Pouyssegur, Intracellular pH controls growth factor-induced
ribosomal protein S6 phosphorylation and protein synthesis in the G0----G1 transition of
fibroblasts. Exp Cell Res, 1986. 164(2): p. 282-94.

Hesketh, T.R., et al., A common sequence of calcium and pH signals in the mitogenic
stimulation of eukaryotic cells. Nature, 1985. 313(6002): p. 481-4.

Chambard, J.C., et al., Two growth factor signalling pathways in fibroblasts
distinguished by pertussis toxin. Nature, 1987. 326(6115): p. 800-3.

Letterio, J.J., S.R. Coughlin, and L.T. Williams, Pertussis toxin-sensitive pathway in the
stimulation of c-myc expression and DNA synthesis by bombesin. Science, 1986.
234(4780): p. 1117-9.

Roos, A. and W.F. Boron, Intracellular pH. Physiol Rev, 1981. 61(2): p. 296-434.
Heinegard, D., M. Bayliss, and P. Lorenzo, Osteoarthritis, 1998, Oxford University
Press: New York. p. 74-84.

Kuettner, K.E., et al., Synthesis of cartilage matrix by mammalian chondrocytes in vitro.
I. Isolation, culture characteristics, and morphology. J Cell Biol, 1982. 93(3): p. 743-50.
Hsieh-Bonassera, N., et al., Expansion and Redifferentiation of Chondrocytes from
Osteoarthritic Cartilage: Cells for Human Cartilage Tissue Engineering. Tissue
engineering Part A, 20009.

Jakob, M., et al., Specific growth factors during the expansion and redifferentiation of
adult human articular chondrocytes enhance chondrogenesis and cartilaginous tissue
formation in vitro. J Cell Biochem, 2001. 81(2): p. 368-77.

Martin, 1., et al., Mammalian chondrocytes expanded in the presence of fibroblast growth
factor 2 maintain the ability to differentiate and regenerate three-dimensional
cartilaginous tissue. Exp Cell Res, 1999. 253(2): p. 681-8.

Hsieh-Bonassera, N.D., et al., Expansion and redifferentiation of chondrocytes from
osteoarthritic cartilage: cells for human cartilage tissue engineering. Tissue Eng Part A,
2009. 15(11): p. 3513-23.

Barbero, A., et al., Age related changes in human articular chondrocyte yield,
proliferation and post-expansion chondrogenic capacity. Osteoarthritis Cartilage, 2004.
12(6): p. 476-84.

Francioli, S.E., et al., Growth factors for clinical-scale expansion of human articular
chondrocytes: relevance for automated bioreactor systems. Tissue Eng, 2007. 13(6): p.
1227-34.

Tallheden, T., et al., Proliferation and differentiation potential of chondrocytes from
osteoarthritic patients. Arthritis Res Ther, 2005. 7(3): p. R560-8.

142



320.

321.

322.

323.

Chubinskaya, S., et al., Synergistic effect of IGF-1 and OP-1 on matrix formation by
normal and OA chondrocytes cultured in alginate beads. Osteoarthritis Cartilage, 2007.
15(4): p. 421-30.

Giannoni, P. and R. Cancedda, Articular chondrocyte culturing for cell-based cartilage
repair: needs and perspectives. Cells Tissues Organs, 2006. 184(1): p. 1-15.

Pape, D. and H. Madry, The preclinical sheep model of high tibial osteotomy relating
basic science to the clinics: standards, techniques and pitfalls. Knee Surg Sports
Traumatol Arthrosc, 2012.

Pallante, A.L., et al., The in vivo performance of osteochondral allografts in the goat is
diminished with extended storage and decreased cartilage cellularity. Am J Sports Med,
2012. 40(8): p. 1814-23.

143



wo 2010/094128 A1 |l

Appendix

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Burcau

(43) International Publication Date
26 August 2010 (26.08.2010)

(10) International Publication Number

WO 2010/094128 Al

(51)

@n

(22)

(25)
(26)
(30)

an

(72)
13

International Patent Classification:
CI2N 5/077 (2010.01) AGIP 19/04 (2006.01)
AGIK 35/32 (2006.01)

International Application Number:
PCT/ACA2010/000231

International Filing Date:
19 February 2010 (19.02.2010)

Filing Language: English
Publication Language: English
Priority Data:

61/208,114 20 February 2009 (20.02.2009) us
61/271,662 24 July 2009 (24.07.2009) us
Applicant  (for all  designated  States  except  US):

QUEEN'S UNIVERSITY AT KINGSTON [CA/CA];
Kingston, Ontario K7L 3NG6 (CA).

Inventors; and

Inventors/Applicants  for US only): WALDMAN,
Stephen, D. [CA/CA], 34 Ellerbeck Street, Kingston, On-
tario K7L 4H6 (CA). KHAN, Aasma A. [PK/CA]; 401
Princess Street, Apt. 1030, Kingston, Omario K7L 5C9
{CA).

T4

(81)

(84)

Agents: STEEG, Carol, Miernicki et al.; Parteq Innova-
tions, Room 1625, Biosciences Complex, OQueen's Univer-
sity at Kingston, Kingston, Ontario K7L 3N6 (CA).

Designated States (unless otherwise indicated, for every
kind aof national protection available): AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, B(;, BH, BR, BW, BY, BZ,
CA, CIL, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
N, IR, U, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PII, PL, PT, RO, RS, RU, SC, SD,
Sk, 5G, SK, SL, SM, ST, 8V, 5Y, TH, TJ, TM, TN, TR,
TT,TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GIL,
GM, KE, LS, MW, MZ, NA, 5D, 5L, SZ, TZ, UG, ZM,
ZW), Eurasivn (AM, AZ, BY, KG, KZ, MD, RU, TI,
TM), European (AT, BE, BG, CIL CY, CZ, DE, DK, LLE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT. RO, SE, SL SK, SM,
TR), OAPL(BF, Bl, CF, CG, CL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

[Continued on next pagef

(54) Title: TISSUE-ENGINEERED CARTILAGE FROM CONTINUOUS FLOW CULTURE

(57) Abstract: Bioreactors are useful for cartilage tissue
engineering because traditional batch culture is not optimal
for cartilage tissue growth. The present invention attempls
to maximize diffusive transport 1o engineered cartilage
constructs by replenishing the culture medium in a continu-
ous Hlow bioreactor. The medinm is supplemented to m:
tain a pH ol 7.0 10 7.6 until the construet reaches a size off
al least 1.5 square centimetres. Chondroeytes can be direct-
Iy culred from a biopsy without a separate expansion
phase. Subject-specific cantilage constructs can be pro-
duced from autologous cells. Phenotypically stable, large-
sized engineered cartilage constructs that are not hyper-cel-
lularized can be produced. These constructs are desired for
artigular cartilage repair of damaged joints

144



	Chapter 1 Introduction and Literature Review
	1.1 Cartilage Anatomy and Function
	1.1.1 Architecture of Articular Cartilage
	1.1.2 Extracellular Matrix Molecules
	1.1.2.1 Water
	1.1.2.2 Collagen
	1.1.2.3 Proteoglycans

	1.1.3 Chondrocytes
	1.1.4 Biomechanics

	1.2 Metabolism
	1.2.1 Nutrition
	1.2.2 Proteoglycan and Collagen Synthesis and Catabolism in Articular Cartilage
	1.2.3 Energy Metabolism
	1.2.4 pH Regulation

	1.3 Development and Aging of Articular Cartilage Tissue
	1.4 Current Techniques, their Challenges and the Promise of Tissue Engineering 
	1.4.1 Surgical Techniques
	1.4.2 Tissue Engineering
	1.4.2.1 Cells
	1.4.2.2 Scaffolds for Tissue Engineering
	1.4.2.3 Environmental Factors



	Chapter 2 Objectives
	2.1 Development and Optimization of a Continuous Flow Bioreactor
	2.2 Media Supplementation with Sodium Bicarbonate as a Buffering Agent
	2.3 Effects of Extra- and Intracellular Factors on Chondrocyte Proliferation and ECM Synthesis

	Chapter 3 The Effect of Continuous Culture on the Growth and Structure of Tissue-Engineering Cartilage
	3.1 Relation to Overall Project
	3.2 Introduction
	3.3 Materials and Methods
	3.3.1 Continuous Flow Bioreactor
	3.3.2 Cell Isolation and High-Density 3D Culture (Static and Continuous flow)
	3.3.3 Determination of ECM Accumulation and Cellularity
	3.3.4 Determination of Media Metabolites
	3.3.5 Histological and Immunohistochemical Evaluation
	3.3.6 Statistical Analyses

	3.4 Results
	3.4.1 Effect of Continuous Culture on ECM Accumulation and Cellularity
	3.4.2 Effect of Continuous Culture on Glucose Utilization
	3.4.3 Histological and Immunohistochemical Assessment

	3.5 Discussion
	3.6 Conclusions

	Chapter 4 Importance of Sodium Bicarbonate and Non-Bicarbonate Buffer Systems in Batch and Continuous Flow Bioreactors for Articular Cartilage Tissue Engineering
	4.1 Relation to Overall Project
	4.2 Introduction
	4.3 Materials and Methods
	4.3.1 Cell Isolation and High-Density 3D Culture (Static and Continuous Flow)
	4.3.2 Determination of Extracellular Matrix Accumulation and Cellularity
	4.3.3 Histological and Immunohistochemical Evaluation
	4.3.4 Tissue Thickness Measurements
	4.3.5 Indentation Testing
	4.3.6 Statistical Analyses

	4.4 Results
	4.4.1 Combined Effect of NaHCO3 and Continuous Flow Bioreactor on ECM Accumulation and Cellularity
	4.4.2 Combined Effect of NaHCO3 and Continuous Flow Bioreactor on Tissue Thickness and Tissue Modulus
	4.4.3 Influence of Extracellular Osmolarity on Cell Growth and Matrix Accumulation
	4.4.4 Combined Effect of NaHCO3 and Continuous Flow Bioreactor on Extracellular pH
	4.4.5 Histological and Immunohistochemical Assessment

	4.5 Discussion
	4.6 Conclusions

	Chapter 5 Study to Determine a Feasible Primary Construct for ECM Production
	5.1 Relation to Overall Project
	5.2 Introduction
	5.3 Material and Methods
	5.4 Results and Discussions
	5.5 Conclusions

	Chapter 6 Effects of Extra- and Intracellular Factors on Proliferation of Chondrocytes from Bovine Articular Cartilage
	6.1 Relation to Overall Project
	6.2 Introduction
	6.3 Materials and Methods
	6.3.1 Material
	6.3.2 Cell Isolation and Culture
	6.3.3 Growth Kinetics
	6.3.4 Measurement of Extracellular pH and Lactate Production
	6.3.5 Reagents used to Measure Intracellular pH
	6.3.6 Measurement of Intracellular pH in 2D Cultures (Monolayer)
	6.3.7 Measurement of Intracellular pH in 3D Cultures (Alginate Beads)
	6.3.8 Calibration
	6.3.9 Measurement of Buffering Capacity
	6.3.10 Data Analysis

	6.4 Results
	6.4.1 Buffering Capacity of the Media
	6.4.2 Effect of NaHCO3, CO2 and Air on Cell Proliferation
	6.4.3 Effect of Extracellular pH on Cellular Proliferation in Solutions Buffered by HEPES, NaHCO3 and CO2 Compared to Those Buffered by HEPES Alone
	6.4.4 Lag Phase in Cultures
	6.4.5 pH Gradient in Cultures
	6.4.6 Intracellular pH of Chondrocytes in 2D Culture (Monolayer)
	6.4.7 Intracellular pH of Chondrocytes in 3D Culture (Alginate Beads)
	6.4.8 Effects of changes in Environment (CO2 and air) and Composition of the Medium on Intracellular pH
	6.4.9 Intracellular Buffering Capacity

	6.5 Discussion
	6.6 Conclusions

	Chapter 7 Conclusions and Recommendations for Future Work
	7.1 Conclusions
	7.1.1 Effect of Continuous Culture on Cartilaginous Tissue Growth In Vitro
	7.1.2 Beneficial Effects of Media Supplementation with Sodium Bicarbonate
	7.1.3 Determination of a Feasible Primary Construct for ECM Production
	7.1.4 Potential Factors Contributing to Increased Growth and Cell Proliferation

	7.2 Recommendations for Future Work
	7.2.1 Tissue Maturation
	7.2.2 Determine how pHe with and without NaHCO3 and CO2 Influences pHi in Culture
	7.2.3 In Vitro Human Chondrocyte Proliferation and Tissue Synthesis
	7.2.4 In Vivo Studies


	Reference
	Appendix

