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Abstract
During open orthopaedic surgical procedures, the articular cartilage covering the 

exposed joint surfaces can be exposed to air for prolonged periods. This exposure 

facilitates cartilage drying, characterised by changes to the extracellular matrix and 

chondrocyte death. Due to cartilage’s limited capacity for regeneration, it has been 

proposed that this may lead to post-operative joint degeneration.

It has been proposed that chondrocyte death occurs as a result of both drying and 

nutritional deficiency. It is known that death during drying correlates with the drying 

interval and is initiated in the superficial chondrocytes, progressing to deeper layers 

at higher intervals. Additionally, it is well established that periodic rewetting (e.g. 

using 0.9% saline solution) can reduce chondrocyte death. The work presented in 

this thesis aimed to characterise chondrocyte death during drying, with particular 

reference to the chondrotoxic/protective effect of environmental variables (airflow) 

and surgical interventions (irrigation solutions), mechanism of injury and cell death, 

and the effect of in vivo drying on joint health.

An ex vivo model of cartilage drying was developed and carried out on bovine and 

human intact cartilage and osteochondral explants, while varying environmental 

factors (drying interval, airflow velocity, oxygen concentration) and interventions 

(irrigation solutions and protective coverings. Throughout the study, cartilage drying 

was assessed in terms of 1) cartilage macroscopic appearance, 2) percent 

chondrocyte death (PCD), 3) cartilage water content, and 4) chondrocyte 

morphology. Histologically and fluorescently labelled samples were imaged using 

light and confocal laser scanning microscopy respectively, which formed the basis of 

the qualitative and quantitative assessments. 
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Experimental drying at high airflow velocities had a more severe effect on cartilage 

appearance, PCD, and water content than in static air. This relationship was 

apparent in dried intact joints and osteochondral explants and in bovine and human 

samples. This suggests that the effects of surgical drying (where ventilation systems 

and airflow are routine) may be more pronounced than previously suggested and 

demonstrates a correlation between PCD and water-loss. 

Irrigation solutions supplemented with glucose (25 -100 mM) had no significant 

effect on the PCD or water content in dried samples. Additionally, PCD was minimal 

in osteochondral explants cultured in the absence of glucose, even after 24 hr. This 

suggests that nutritional deficiency is unlikely to contribute to PCD during drying. 

However, chondrocyte death (in intact bovine cartilage) was reduced when drying 

was carried out at an oxygen concentration more reflective of the in vivo 

environment (5 %), which suggests that cell death during drying may be facilitated 

by a hyperoxic shock. 

Finally, in vivo cartilage drying was carried out on murine cartilage. Compared to 

sham operated controls, dried cartilage demonstrated a loss of surface integrity (4 

weeks post-surgery) and fibrillations (8 weeks) and an increased modified Mankin 

score (at 4 and 8 weeks). Microscopically, an altered cartilage thickness, and 

chondrocyte density and arrangement were visible. These changes are comparable 

with changes in osteoarthritis. 

The results of this study demonstrate the importance of maintained cartilage 

hydration in order to avoid unnecessary chondrocyte death articular cartilage 

degeneration. 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Lay Summary
Articular cartilage is the tissue that lines the end of bones in joints, which withstands 

large compressive forces while enabling smooth motion. In an intact joint, articular 

cartilage is bathed and nourished by the synovial fluid contained in the joint space. 

However, during open surgical positions this fluid is removed and the articular 

cartilage dries, which results to cell death and tissue damage. This tissue damage 

can lead to joint degeneration due to cartilage’s poor capacity for regeneration.

Cell death during drying is progressive, starting at the surface and spreading to 

deeper cartilage cells (chondrocytes) with prolonged air exposure. In order to 

prevent drying, cartilage can be irrigated intermittently. This reduces chondrocyte 

death, but requires very frequent irrigation, which can be impractical during complex 

surgical procedures. The study presented in this thesis is an analysis of cartilage 

drying which aimed to determine what variables that reduced/increased cartilage 

drying and chondrocyte death and if it was possible to alter the currently used 

irrigation solutions and in order to protect cartilage from drying more effectively.

During air exposure, cartilage is simultaneously subject to water-loss (drying), 

starvation (as the nutritional source is removed), and a change in oxygen 

concentration (c. 4x higher than the environment in a closed joint). This study aimed 

to determine how these traumas influenced cell death and the possible cellular 

mechanisms that result in cell death during drying. 

Experimental drying was carried out on articular cartilage samples from cows and 

human donors at varying drying times, airflow velocities, and oxygen concentrations. 

Drying was measured in terms of 1) cartilage appearance, 2) percentage 

chondrocyte death, 3) cartilage water content, and 4) cell shape and appearance. 

Conventional (light) microscopy and confocal laser scanning microscopy (used with 
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fluorescent labels to determine chondrocyte shape, appearance, and viability) were 

used to visualise the microstructure of cartilage. 

Experimental drying at high airflow velocities had a more severe effect on cartilage 

appearance, PCD, and water-loss than in static air. This suggests that the effects of 

surgical drying (where ventilation systems and airflow are routine) may be more 

pronounced than previously suspected. However, irrigation solutions with added 

glucose had no effect on PCD or water content in dried samples and it was shown 

that chondrocytes can survive without glucose for ≥24hr in culture. This suggests 

that nutritional deficiency is unlikely to contribute to PCD during drying. 

Chondrocyte death (in intact bovine cartilage) was reduced when drying was carried 

out at an oxygen concentration similar to that in an intact joint, which suggests that 

cell death during drying may be related to changes in oxygen concentration. 

Finally, cartilage drying during surgery was simulated on living rats. Dried cartilage 

showed signs of degeneration that are comparable with changes in osteoarthritis. 

Therefore, the results of this study demonstrate the importance of maintained 

cartilage hydration in order to avoid unnecessary chondrocyte death articular 

cartilage degeneration. 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1.1 Project Overview
Articular cartilage is a hydrated and mechanically resistant tissue that coats the 

ends of bones in a synovial joint and is bathed in synovial fluid in the joint cavity. 

When joints are opened (e.g. during open surgical procedures) and unless 

preventative measures (i.e. frequent irrigation or rewetting) are taken, this fluid is 

displaced and the cartilage is simultaneously (1) subject to drying, (2) isolated from 

its primary nutritional source, and (3) exposed to an oxygen concentration much 

higher than that experienced in vivo. Experimentally, it has been demonstrated that 

air exposure results in chondrocyte death in a time-dependent and progressive 

manner (Mitchell and Shepard, 1989; Han and Kang, 1990; Speer et al., 1990; Pun 

et al., 2006). Chondrocyte death and cartilage lesions arising from other forms of 

trauma (e.g. freezing) have been associated with joint degeneration (Simon et al., 

1976; Squires et al., 2003; Stufkens et al., 2010). Therefore, it has been suggested 

that cartilage drying and the associated chondrocyte death may influence post-

operative joint degeneration (Pun et al., 2006), although this remains untested.

This thesis presents the results of a series of studies investigating the nature of 

cartilage drying, including the influence of environmental factors, possible underlying 

mechanisms of cell death, and its longer-term consequences.

1.2 Articular cartilage
Lining the joint (articular) surfaces of bones in synovial joints is a layer of weight-

bearing connective tissue eponymously named articular cartilage (Palastanga and 

Soames, 2012). This layer is a type of hyaline cartilage and provides a smooth, 

lubricated surface for articulation and the transmission of loads with a low frictional 

coefficient (Sophia Fox et al., 2009). 

�2



Macroscopically, articular cartilage has a characteristically slick, smooth, and lilac/

white appearance (figure 1.1 A). Histologically, it is avascular, alymphatic, and 

aneural, and comprises a sparse population of native support cells (chondrocytes) 

within a three-dimensional (non-calcified) extracellular matrix (ECM) (Buckwalter 

and Mankin, 1997a; Lowe and Anderson, 2015 p. 55) (figure 1.1 B). The 

chondrocytes occupy lacunae, spaces within the ECM (Ross and Pawlina, 2016), in 

a microenvironment that is low in oxygen (Zhou et al., 2004), and under 

biomechanical strain (Guilak and Mow, 2000). They are continually forming and 

maintaining the ECM, which contributes 90 - 95 % of the tissue’s dry weight and is 

load bearing and resistant to compression (Bhosale and Richardson, 2008). The 

ECM is habitually exposed to pressures up to 200 atmospheres during normal 

activity (Hodge et al., 1986; Afoke et al., 1987; Urban, 1994). The arrangement of, 

and interactions between, the components of the ECM and the chondrocytes are 

complex, interrelated, and vary throughout the tissue, which is notably 

heterogenous.
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Figure 1.1 Articular cartilage. A) Macroscopic appearance of articular cartilage 
(human, femoral condyle) demonstrating the tissue’s slick, smooth, and lilac/white 
appearance. B) Microscopic appearance of articular cartilage, with sparse 
chondrocytes separated and surrounded by the extracellular matrix. Image provided 
courtesy of Dr Asima Karim (Hall Laboratory, University of Edinburgh). H&E, x20 
objective lens.

1.2.1 The Chondrocyte

In healthy articular cartilage, chondrocytes are the sole type of native cells 

(Buckwalter et al., 1990), and generally contribute very little (< 5 %) to the volume of 

the tissue, although this is known to correlate with cartilage thickness and differs 

between species (Stockwell, 1967; Stockwell, 1971; Stockwell, 1978). These cells 

are derived from the embryonic mesenchyme (Bhosale and Richardson, 2008) and, 

when mature, have a generally ovoid appearance with a maximum diameter of c. 10 
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µm (Stockwell, 1978) (figure 1.2). Chondrocytes are continuously synthesising and 

degrading the matrix (Hall, 1998) and thus have prominent granular endoplasmic 

reticula and Golgi complexes for macromolecule synthesis and secretion (Revel and 

Hay, 1963; Horwitz and Dorfman, 1968; Ross, 1975; Stockwell, 1978).

Figure 1.2 Transmission electron microscopy image of a chondrocyte 
surrounded by matrix. Within the ovoid chondrocyte, it is possible to see the large 
nucleus (N). Scale bar = 5 µm.

Chondrocytes receive their nutrition via diffusion of glucose and oxygen from the 

synovial fluid (Wang et al., 2013) and subchondral bone (for deeper cells) (Malinin 

and Ouellette, 2000). As a result, chondrocytes exist in a microenvironment where 

the oxygen concentration is calculated to be c. 10 % at the articular surface and < 1 

% in deeper layers (Lund-Oleson, 1970; Truehaft and Mccarty, 1971; Malda et al., 

2003; Zhou et al., 2004), which is c. 1/3 of the level experienced by vascular tissues 
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(Silver (1975) as cited in Stockwell (1978)). Nevertheless, chondrocytes remain  

metabolically active, relying on glycolytic metabolism which occurs independent to 

oxygen (Lee and Urban, 1997) and have a glycolytic rate comparable with cells in 

vascular tissue (Buckwalter and Mankin, 1997a). 

Superficial and deep chondrocytes have different levels of oxygen and glucose 

consumption, which is related to their differences in size and metabolic activity and 

as a result of the variation in glucose/oxygen levels throughout the tissue (Heywood 

et al., 2010). Thus the diffusion of nutrients through cartilage acts as a limiting factor 

to cartilage thickness and chondrocyte density. Chondrocytes are generally more 

dense in thinner cartilage (Stockwell, 1971) and this is reflected across species; thin 

cartilage from small mammals (e.g. rabbits and rats) have a cell density many times 

greater than thicker human cartilage (Stockwell, 1967; Stockwell, 1978).

1.2.2 Extracellular Matrix Constituents

The ECM forms a three-dimensional macromolecular network which occupies the 

extracellular space within the tissue and surrounds and interacts with the 

chondrocytes. In hyaline articular cartilage, the structural (dry) ECM consists of 

three classes of molecules; collagens (predominantly type II), proteoglycans (PGs), 

and non-collagenous glycoproteins (NCPs) (Figure 1.3), which are synthesised and 

secreted by the chondrocytes and contribute 20 - 40 % of cartilage’s wet weight 

(Buckwalter and Mankin, 1997a; Bhosale and Richardson, 2008). Additionally, it 

contains a significant amount of fluid, consisting of water and ions (Mow et al., 

1980). 
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Figure 1.3 Cartilage composition and molecular structure. A schematic 
representation of the extracellular matrix macromolecules and their relationship 
(image adapted from Ross and Pawlina, 2016 p. 196).

1.2.2.1 Interstitial fluid

Articular cartilage is a hydrated tissue, with water contributing up to 80 % of the 

tissue volume (Linn and Sokoloff, 1965). This interstitial fluid is most abundant at the 

articular surface and is less abundant at depth (Venn and Maroudas, 1977; Bhosale 

and Richardson, 2008) and contains dissolved gases, small proteins, metabolites, 

and ions (e.g. Na+, K+, Ca2+, and Cl-) (Linn and Sokoloff, 1965; Buckwalter and 

Mankin, 1997a). This fluid and its interactions with the matrix macromolecules 

(particularly GAGs) confers the matrix with compressional resistance, while 

delivering nutrition to chondrocytes and aiding lubrication of the joint (Mow et al., 

1984; Bhosale and Richardson, 2008).

Fluid is partitioned between two compartments, the intrafibrillar (IF) (c. 30 %) and 

extrafibrillar (EF) compartments (c. 70 %). That is, water is found within collagen 
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fibres and between the collagen fibrils (IF) or in association with the PGs (EF) (Loret 

and Simoes, 2004). The fluid in the EF compartment is mobilised via mechanical 

pressure and osmosis and is freely mobile between the tissue and the synovial fluid 

(Buckwalter and Mankin, 1997a; Loret and Simoes, 2004).

During loading the extracellular fluid is displaced, however the surrounding matrix is 

dense, which results in low permeability and high frictional resistance (Mow et al., 

1984). This pressurises the fluid (Soltz and Ateshian, 2000), contributing significantly 

( > 90 %) to the mechanical support (Park et al., 2003) and minimising the stress on 

the macromolecules of the ECM (Ateshian and Wang, 1995; Soltz and Ateshian, 

1998). 

1.2.2.2 Collagens

Collagens (types II, VI, IX, X, and XI) make up 60 % of the dry weight of articular 

cartilage (Buckwalter and Mankin, 1997a; Peretti et al., 2011). Of the total collagen 

90 - 95 % is type II, which forms the collagen fibres that run throughout the articular 

cartilage, maintaining the tissue volume and shape, while restricting the swelling 

pressure in loaded cartilage (Maroudas, 1976; Mow et al., 1999). These fibres have 

a rope-like structure, consisting of three identical polypeptide α-chains tightly twisted 

into a right handed helix reinforced by hydrogen bonds and cross-links (Muir, 1995). 

Oriented to form a three-dimensional meshwork or net due to their extensive cross-

linking, these fibres confer articular cartilage with a high tensile strength (Eyre, 

2002) that has a very long half-life (> 100 yr) (Basser et al., 1998; Verzijl et al., 

2000). The other types, summarised in table 1.1 are less abundant and have 

specific roles in the collagen meshwork, for example type IX has a role in cross-

linking (Eyre et al., 1987) and type X is limited to the calcified zone of cartilage and 

is thought to be involved with matrix mineralisation (Gannon et al., 1991).

�8



Table 1.1 Types of collagen found in the ECM of articular cartilage, and their 
distribution and function.

1.2.2.3 Proteoglycans

Proteoglycans (PGs) and non-collagenous proteins (NCPs) make up 15-25% of the 

ECM’s dry weight and are bound to and entrapped by the collagen. PGs are 

proteins that carry a sulphated carbohydrate compound (glycosaminoglycans 

(GAG)) (Ruoslahti, 1988). Each GAG is a long unbranched polysaccharide chain of 

repeating disaccharides with an amino sugar, the behaviour of which dominates PG 

behaviour (Ruoslahti, 1988; Buckwalter and Mankin, 1997a). The extracellular 

matrix is able to withstand compression due to the PG content, with the PG content 

correlating with tissue compressive stiffness (Kempson, et al., 1970). Additionally, 

compressive stiffness and permeability correlate with tissue hydration. For example, 

during load and deformation, the interstitial fluid flows through cartilage (Maroudas & 

Bullough, 1968) and abnormal hydration results in a decrease in stiffness and 

increased permeability (Armstrong & Mow, 1982).

The relationship between GAG content and hydration has been characterised. The 

GAGs are negatively charged and thus repel anions (e.g. Cl-) and attract cations 

(e.g. Na+ and Ca2+) in order to maintain electroneutrality. This leads to an imbalance 

Type Distribution Function

II Principal component of 
macrofibril

Provides resistance to intermittent 
pressure, forms fibrils

VI Pericellular matrix Attaches the chondrocyte to the matrix

IX Cross-linked to surface of 
macrofibril

Stabilises network of collagen type II by 
interaction with PGs

X
Closely related to the 
hypertrophied cells in the 
calcified zone

Contributes to mineralisation process by 
forming hexagonal lattices necessary 
for arrangement of types II, IX, and XI

XI Within or on microfibrils Regulates size of type II fibrils, essential 
for cohesive properties of ECM
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in freely mobile ions within the tissue which results in an increase in tissue 

osmolarity, known as a ‘Donnan effect’, thereby driving an influx of water into the 

ECM (Mow et al., 1999; Wilkins et al., 2000). Any swelling pressure coming from the 

PGs is counterbalanced by the mechanical load’s compressive force and collagen 

tension (Lai et al., 1991; Maroudas et al., 1991; Basser et al., 1998).

GAGs present in articular cartilage include hyaluronic acid, chondroitin sulphate, 

keratin sulphate, and dermatan sulphate and can be categorised as: (1) large 

aggregating PG monomers, known as aggrecans, or (2) small PGs (e.g. decorin, 

biglycan, and fibromodulin) (Buckwalter and Mankin, 1997a). Aggrecans contribute 

90 % of the ECM PG complement and fill most of the space between the collagen 

fibres (interfibrillar space) (Buckwalter and Mankin, 1997a). Non-covalent 

associations between aggrecans, hyaluronic acid (hyalronan), and link proteins, 

forms a large hydrated and gel-like PG aggregate constrained within the collagen 

network. This provides articular cartilage with its resistance to compression and is 

more abundant in habitually loaded cartilage (Slowman and Brandt, 1986) and 

diminished in immobilised joints (Palmoski et al., 1979). 

Non-aggregating PGs (e.g. decorin, biglycan, and fibromodulin) are much shorter 

than the aggrecan molecules and share similar leucine-rich repeat protein 

structures, enabling them to interact with collagens, other PGs, and chondrocyte 

membranes (Iozzo, 1998). Thus they contribute a small volume to the cartilage and 

contribute minimally to its mechanical behaviour but may assist in the organisation 

and maintenance of the ECM (Buckwalter and Mankin, 1997a). For example, 

anchorin CII is localised to the surface of the chondrocyte, and binds to collagen 

type II in the pericellular matrix (Mollenhauer et al., 1984) and biglycan/matrilin-1 

and decorin/matrilin-1 complexes both link collagen type VI microfibrils and 

aggrecan or collagen type II (Wiberg et al., 2003). It has been suggested that small 
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PG positioning may govern the proper spacing and orientation of collagen fibrils 

(Scott (1991) as cited in Bock et al. (2001)).

1.2.3 Organisation of the ECM - regions and zones

Morphologically and functionally, the ECM is broadly classified into three regions 

relative to the chondrocytes (figure 1.4) and four vertical zones (figure 1.5) (Sophia 

Fox et al., 2009; Peretti et al., 2011). Immediately adjacent to the chondrocyte 

membrane and completely enveloping the cell is the pericellular (capsular) region. 

This region mainly consists of PGs and NCPs and may function to initiate signal 

transduction between the chondrocyte and the matrix (Eggli et al., 1985). 

Additionally, a biphasic finite element model predicted that this region bay provide a 

(depth dependent) stress shielding effect on chondrocytes due to the altered local 

stress-strain and fluid flow environments (Alexopoulos et al., 2005). 

Collectively, the chondrocyte and the pericellular matrix forms a ‘chondron’, which 

can envelope single cells, chondrocyte pairs, or linear chondron columns (Poole et 

al., 1992). Immediately surrounding the pericellular matrix is the territorial matrix, 

which is largely composed of collagen fibrils which surround cells and may protect 

them from mechanical stress (Muir, 1995; Sophia Fox et al., 2009). Finally, the 

largest and outermost region, the interterritorial region contributes most to the 

biomechanical role of the ECM and characteristically consists of large collagen 

fibres, the orientation of which changes between vertical zones (Mow and Guo, 

2002). 

The pericellular, territorial, and interterritorial regions previously described are 

evident throughout the vertical stratification of cartilage into the following four 

general zones (summarised in table 1.2), which are observable in all articular 

cartilage.
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Figure 1.4 Regional organisation of the ECM. Immediately adjacent to (and 
enveloping) the chondrocyte is the pericellular matrix. The territorial matrix 
surrounds this layer and may surround single, paired, or grouped chondrocytes. 
Finally. the inter territorial matrix is the largest and outermost matrix region, 
occupying the space between territorial matrices (Image adapted from Ross & 
Pawlina (2016) p. 198). 

1. The superficial zone (SZ)

The articular surface is coated with a lubricating layer known as the lamina 

splendens, which is differentially reported to be synovial fluid (Bhosale and 

Richardson, 2008) or a cellular secretion (Peretti et al., 2011). Immediately 

subjacent to this, the region is densely populated by ellipsoid cells, oriented with 

their major axis parallel to the articular surface (Buckwalter and Mankin, 1997a). The 

superficial zone is the thinnest and uppermost zone and is responsible for most of 

the tensile properties of cartilage (Akizuki et al., 1986; Kempson et al., 1973). 

Indeed, it has been suggested that the flattened morphology of surface zone 

chondrocytes is a result of the shearing forces that they are subject to (Peretti et al., 

2011). In addition to having the highest tensile strength, this zone also has and 

highest water content, reflecting the high density of collagen fibrils (arranged parallel 
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to the articular surface) and low concentration of PGs synthesised by the 

chondrocytes (Bhosale and Richardson, 2008). It has been suggested that further to 

the composition of this zone, it is the inherent organisation of the structure that plays 

the dominant role in the tensile stiffness of cartilage (Guilak et al., 1994a). 

The articular surface is macroscopically smooth. However, macroscopically the 

surface is irregular with peaks and valleys in the order of micrometers (Gardner and 

Mcgillivray, 1971). The roughness varies between joints and may be associated with 

joint function (Smyth et al., 2012); the surface irregularities and matrix properties 

help retain the synovial fluid (Smyth et al., 2013).

2. The middle (transitional) _ zone (MZ)i

This region’s matrix composition and cellularity is an intermediate between the 

superficial and deep zones (Buckwalter and Mankin, 1997). The volume of this zone 

is several times larger than that of the superficial zone, but with a decreased water 

concentration (Buckwalter and Mankin, 1997a). Additionally, the chondrocytes are 

spheroidal and less dense than the superficial zone. The collagen concentration is 

reduced and randomly oriented with large fibrils and the proteoglycan concentration 

is increased (Bhosale and Richardson, 2008; Peretti et al., 2011). This zone offers a 

defence against compression and is considered a ‘shock absorber’. 

3. The deep (radial or middle) zone (DZ)

In this zone, chondrocytes are spherical, at their least dense, and aligned in 

columns perpendicular to the articular surface in the deep zone (Peretti et al., 2011). 

Relative to the superficial and transitional zones, this zone has the highest PG 

concentration and lowest water concentration, conferring the maximum resistance to 

 The terminology used to describe these zones is variable and alternatives are i

presented in parentheses (Buckwalter and Mankin, 1997; Hall, 1998; Bhosale and 
Richardson, 2008; Peretti et al., 2011).
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compression. Additionally, the collagen fibrils are the thickest and also oriented 

perpendicular to the surface (Bhosale and Richardson, 2008; Peretti et al., 2011). 

These fibrils pass into the tidemark, the interface between the hyaline cartilage and 

calcified cartilage (Hall, 1998).

4. The zone of calcification (ZC)

The calcified cartilage zone is the deepest layer of articular cartilage, separating the 

subchondral bone and cartilage at the osteochondral junction. This layer contains a 

sparse population of hypertrophic chondrocytes with very low metabolic activity, 

embedded in non-calcified lacunae within a calcified matrix void of PGs (Peretti et 

al., 2011). Collagen type X is found solely within this zone and may play an 

important role in matrix mineralisation (Gannon et al., 1991). 

In addition to changes in chondrocyte shape and arrangement, the volume of 

chondrocytes has also been demonstrated to increase progressively with depth 

(from superficial to deep) (Bush & Hall, 2001; Bush & Hall, 2003). In both bovine 

(Bush & Hall, 2001) and human (Bush & Hall, 2003) tissue, superficial zone 

chondrocytes are reported to be the smallest cells with a characteristic increase in 

chondrocyte volume between the zones (SZ, MZ, and DZ).
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Figure 1.5 Articular cartilage vertical stratification. Full thickness coronal section 
labelled with 5-chloromethylfluorescein (CMFDA; green) and propidium iodide (PI; 
red) (red), indicating living and dead superficial chondrocytes respectively. The living 
chondrocytes (green) are stratified into the superficial (SZ), middle (MZ), and deep  
(DZ) zones. The articular surface is visible at the top of the image and the tidemark 
is visible separating the DZ from the zone of calcification (ZC). Image provided 
courtesy of Dr Asima Karim (Hall Laboratory, University of Edinburgh) (x10 objective 
lens; scale bar = 100 μm).
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Table 1.2 Stratified characteristics of articular cartilage. The solid bold line at 
the top of the table represents the articular surface and the bold broken represents 
the tidemark, the interface between articular cartilage and calcified cartilage (after 
Hall, 1998 p.50).

1.2.4 Interaction between chondrocytes and the matrix

Mechanical factors throughout life influence the development, maintenance, and 

destruction of cartilage (Carter et al., 2004). At an organismal level, moderate 

exercise has been shown to increase PG content within the matrix, while 

immobilisation results in PG depletion (Bird et al., 2000; Haapala et al., 1996; 

Behrens et al., 1989). Articular cartilage is thus subject to a wide range of 

mechanical loads, which can be static or dynamic, and result in compression within 

the interterritorial, territorial, and pericellular matrices (Buschmann et al., 1996; 

Guilak et al., 1995; Poole, 1993 (as cited in Grodzinsky et al., 2000)).
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In studies, static compression (generally gradual, progressive compression to a 

level, then maintained over time) decreased both PG and collagen (type II) gene 

expression and synthesis (Ragan et al., 1999; Burton-Wurster et al., 1993; Guilak et 

al., 1994b). Conversely, dynamic compression (compression to a set level but 

fluctuating within limits over time, and therefore not constant) increased the 

formation of matrix macromolecules (Davisson et al. 2002; Mauck et al., 2000; Sah 

et al., 1989). Isolated shearing forces have also been linked to increased pro-

anabolic gene transcription (Fitzgerald et al., 2006). 

Mechanical stimuli result in a number of alterations to the tissue and cellular 

environment. Although not an exhaustive list, deformation of the matrix results in a 

concomitant deformation of nuclei and organelles (Guilak, 1995), reduces the pore 

size between the macromolecules of the ECM (Jones et al., 1982), alters the 

pericellular ionic environment (Gray et al., 1988) and produces electrical potential 

(Frank et al., 1987). Any of these machanical, chemical, or electrical changes may 

be transduced into an intracellular pathway. 

The exact mechanisms of mechanotransduction in cartilage remain unclear. 

However, a number of possible mechanoreceptors have been proposed, namely 1) 

mechanosensitive ion-channels, and 2) membrane receptors (including annexin V, 

CD44, and integrins).

The convection of interstitial fluid resulting from load has resulted in morphological 

and metabolic changes in cultured chondrocytes and has been associated with an 

increase in intracellular calcium, which possibly mirrors the transient increase in 

calcium following mechanical stress (Yellowley et al., 1999; Guilak et al., 1999). 

Furthermore, the inhibition of mechanosensitive ion channels has been observed to 

effect PG synthesis (Mouw et al., 2007).
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Annexin V, is a cellular protein with the ability to bind to type II collagen (Kirsch & 

Pfãffle, 1992) and has been found on the surface of chondrocytes (Mollenhauer et 

al., 1999). This potentiates a role for these proteins in mechanotransduction. 

Furthermore in suspension, antibodies binding to annexin V have competitively 

inhibited the binding of collagen to chondrocytes (Mollenhauer et al., 1999; Kirsch & 

Pfãffle, 1992).

Another proposed chondrocyte mechanoreceptor is the cell surface receptor CD44. 

Expressed in chondrocytes (as well as other cells) it interacts with hyaluronan and 

appears to contributes to the assembly and maintenance of the pericellular matrix 

(Knudson, 1996; Knudson 1993).

One of the most extensively studied mechanisms for mechanotransduction, is that 

mediated by the integrin family of cell adhesion receptors (Loeser, 2014). These 

proteins interact intracellularly with proteins initiating a kinase-mediated intracellular 

signalling (Legate et al., 2009; Moser et al., 2009) and extracellularly with matrix 

ligands, therefore integrating the ECM with the intracellular cytoskeleton. 

Furthermore, integrins are able to cross-talk with signals initiated by soluble factors 

such as cytokines and growth factors (Legate et al., 2009) and mediate the effects 

of mechanical forces on chondrocyte cell signalling (Roca-Cusachs et al., 2012). 

When compared to annexin V and CD44, the inhibition of integrins had a more 

significant effect on chondrocyte adhesion (Kurtis et al., 2001). Thus this family of 

proteins likely plays a vital role in chondrocyte physiology, initiaying signals that 

regulate cell proliferation, survival, differentiation, and matrix remodelling (Loeser, 

2014).
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1.3 Articular cartilage injury and repair
1.3.1 Articular cartilage injury

Cartilage injuries, typically manifest with swelling, localised pain, restriction of 

motion, and eventual joint failure (Buckwalter and Mankin, 1997b; Cole and Cohen, 

n.d.), and have been described as one of the most important factors leading to 

secondary osteoarthritis (D'lima et al., 2001b). Trauma from cartilage injuries can 

involve the ECM only, or the ECM with chondrocytes (Bhosale and Richardson, 

2008) and cartilage lesions can be classified as either full, extending to the 

subchondral bone, or partial, limited to the cartilage (Beris et al., 2005). In the 

absence of healing, intrinsic or surgically enhanced, cartilage lesions and areas 

devoid of viable chondrocytes inevitably lead to cartilage degeneration (Simon et al., 

1976; Squires et al., 2003; Stufkens et al., 2010).

Cartilage has a limited intrinsic capacity for repair; the ability to produce a neo-

cartilage to close a defect and restore the articular surface (Buckwalter et al. (1990), 

as cited in Bhosale and Richardson (2008)). Ordinarily considered amitotic in 

healthy and mature articular cartilage, chondrocytes are able to proliferate in 

pathology and in response to trauma (Rothwell and Bentley, 1973; Hirotani and Ito, 

1975; Lee et al., 1993; Archer and Francis-West, 2003). Additionally, it has been 

observed that a healing response can be initiated in full thickness injuries (Bhosale 

and Richardson, 2008). It is believed that full depth (osteochondral) cartilage 

injuries, extending into the vascular bone marrow, permit the formation of a blood 

clot containing repair cells (e.g neutrophils, fibroblasts, and mesenchymal progenitor 

cells), fibrin, growth factors, and inflammatory mediators that facilitate repair 

(Shapiro et al., 1993; Hunziker, 1999; Hunziker, 2002; Bhosale and Richardson, 

2008). 
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Importantly though, the intrinsic cartilage repair process is characterised by the 

formation of a fibrinous arcade, (believed to orient the mesenchymal progenitor 

cells) and the formation of a fibrocartilaginous matrix (Shapiro et al., 1993). Thus, 

the neo-cartilage produced to restore the articular surface is structurally inferior to 

hyaline cartilage (Johnstone and Yoo, 1999) and predisposes the repaired surface to 

joint degeneration (Shapiro et al., 1993; Johnstone and Yoo, 1999; Hunziker, 2002; 

Squires et al., 2003).

The clinical management of cartilage injuries aims to ease pain and/or restore 

function (Bowden et al., 2010), and can be conservative (e.g. physiotherapy) or 

operative (e.g. joint replacement) (Green, 2007). Appropriate surgical treatments are 

broadly classified as palliative (e.g. debridement and lavage), reparative (e.g. 

marrow stimulating techniques), or restorative (e.g. autologous chondrocyte 

implantation and osteochondral grafting) (Cole et al., 2009). A number of these 

techniques are designed to promote cartilage’s intrinsic healing response (Hunziker, 

2002).

Neo-cartilage formation may be triggered via the exploitation of cartilage’s repair 

response by penetrating subchondral bone during surgery (Bhosale and 

Richardson, 2008). This is the theoretical basis of marrow stimulating techniques 

e.g. microfracture, joint debridement and drilling, and spongialisation (Bhosale and 

Richardson, 2008; Cole et al., 2009). These procedures are suitable for smaller 

lesions (< 2 cm2) in active patients with moderate symptoms or larger lesions (> 2 

cm2) in lower-demand patients with mild symptoms (Cole and Cohen, n.d.). Other 

surgical techniques involve the transplant of tissue or cells into the defect e.g. 

mosaicplasty or autologous chondrocyte implantation (ACI). These restorative 

procedures are often reserved for high-demand patients, those with larger defects, 

significant symptoms, or who have previous unsuccessful procedures (Cole and 
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Cohen, n.d.). Mosaicplasty (also known as osteochondral transplantation) involves 

the harvesting of cylindrical osteochondral tissue from non-weight bearing areas of 

articular cartilage (autograft), or from a donor joint (allograft), and its transplantation 

into debrided full thickness defects under open or arthroscopic conditions. This  

provided a congruent hyaline-covered surface (Beris et al., 2005). Alternatively, ACI 

introduces live cultured chondrocytes to a defect and induces the production of a 

reportedly hyaline-like cartilage (Cole et al., 2009). The trimmed and cleared defect 

is covered with a harvested patch of periosteum (either glued or sutured into place) 

and chondrocytes (30 million cells/ml) are then implanted into the defect through a 

small hole (Beris et al., 2005).

1.3.2 Sources of articular cartilage injury during surgical procedures

During surgical procedures, cartilage is routinely handled, manipulated, and 

subjected to changes in its environment. Although essential to the surgical 

procedure, some of these interventions have been associated with chondrocyte 

death (Tew et al., 2000; Redman et al., 2004; Pun et al., 2006; Voss et al., 2006; 

Hunziker and Stahli, 2008; Farhan-Alanie and Hall, 2014) which may potentiate poor 

donor-host integration (Stockwell (1979), as cited in Tew et al. (2000)) or result in 

cartilage degeneration (Simon et al., 1976). Trauma of this nature, i.e. occurring 

unintentionally or unnecessarily as a result of medical care, is termed ‘iatrogenic 

injury’ (from the Greek ‘iatros’ meaning ‘doctor’ and ‘gennan’ meaning ‘a result’) 

(Shale, 2012 p. 141). 

Experimentally, cartilage trauma has been associated with a number of instruments, 

procedures, and conditions that are routine in orthopaedic surgery, including blunt 

force trauma from trephines (Tew et al., 2000; Redman et al., 2004), sharp force 

trauma from scalpel blades (Redman et al., 2004) and suturing (Hunziker and Stahli, 
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2008), temperature (Voss et al., 2006), drilling (Farhan-Alanie and Hall, 2014) and 

drying (Pun et al., 2006). 

Trephines are surgical instruments used to cut annular holes in hard tissue. 

Experimentally, their use has resulted in an adjacent band of chondrocyte death 

extending from the injury site into the tissue (Tew et al., 2000; Redman et al., 2004). 

The ex vivo study by Tew and colleagues (2000) on osteochondral explants (bovine) 

suggests that necrosis occurs adjacent to the injury with a subsequent ‘wave’ of 

apoptosis extending into the periphery. Additionally, chondrocyte proliferation and 

extensive disruption of the collagen network in the ECM occurred with trephine use 

(Redman et al., 2004). A band of cell death was also observed in osteochondral 

cylinders harvested via a mosaicplasty osteotome (Huntley et al., 2005).

Chondrocyte death also occurs in response to scalpel use (Redman et al., 2004). 

Compared to trephines, scalpels result in a restricted chondrocyte death localised 

immediately adjacent to the injury, with minimal collagen network breakdown and 

chondrocyte proliferation (Redman et al., 2004), perhaps due to a reduced 

mechanical stress. Unfortunately, these studies are ex vivo and the long-term 

consequences of the injuries have not been clearly demonstrated. However, an in 

vivo assessment demonstrated that suturing (on caprine (goat) patellar groove 

cartilage) resulted in chondrocyte death, matrix damage, and fissure formation 

localised to the perisutural cartilage, suggestive of osteoarthritic degeneration 

(Hunziker and Stahli, 2008).

Drilling can be required during reconstructive orthopaedic procedures for the internal 

fixation of osteochondral fragments (Muller et al., 1991). However, drilling results in 

rising cartilage temperature and a band of chondrocyte death radiating from the 

drilling site (Houston et al., 2013; Farhan-Alanie and Hall, 2014). It has been 

proposed (Houston et al., 2013) that this trauma is the cumulative effect of 
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temperature (investigated by Voss et al., 2006) and mechanical trauma, which is 

supported by Farhan-Alanie and Hall’s (2014) observation that irrigation prevented 

temperature changes, but did not completely prevent chondrocyte death. 

Localised mechanical insult to articular cartilage, regardless of the instrument 

causing it (e.g. scalpel, trephine, or drilling), results in a characteristic band of 

chondrocyte death and matrix disruption localised to the site of injury in the short-

term (minutes to hours) (Tew et al., 2000; Redman et al., 2004; Bush et al., 2005; 

Huntley et al., 2005; Houston et al., 2013). In the longer term (days) cell death 

progresses from this injured area into the adjacent (uninjured) tissue (Tew et al., 

2000; Redman et al., 2004). It is likely that this initial chondrocyte death is necrotic 

and is followed by a wave of apoptosis (Chen et al., 2001; D'lima et al., 2001a; 

D'lima et al., 2001b; Levin et al., 2001; Redman et al., 2004). However. the 

apoptosis may or may not be caspase dependent, evidenced by the contradictory 

success of caspase inhibition in experimental studies (Clements et al., 2004; Gilbert 

et al., 2009).

It is hypothesised that this characteristic ‘zone’ of chondrocyte death adjacent to an 

injury (Tew et al., 2000; Hunziker and Quinn, 2003; Redman et al., 2004), may 

restrict integration between transplant and native cartilage (Stockwell, 1979; as cited 

in Tew et al., 2000; Redman et al., 2004; Khan et al., 2008). This is supported by the 

observations that increased cellularity at the injury site (Bravenboer et al., 2004) and 

the inhibition of necrosis (via Necrostatin-1) and apoptosis (via Z-VAD-FMK) prior to 

cartilage injury (Gilbert et al., 2009) both enhanced cartilage integration in 

experimental studies.

The long-term effects of many of these injury mechanisms have not been 

demonstrated experimentally. However, in the absence of costly specific in vivo 

studies for each of these trauma types, the deleterious effects of chondrocyte death 
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and cartilage lesions have been demonstrated in human and animal cartilage and 

have invariably resulted in cartilage degeneration and osteoarthritic change (Simon 

et al., 1976; Squires et al., 2003; Stufkens et al., 2010)

The observations from the aforementioned studies may inform surgical procedures 

where possible, for example encouraging the use of scalpel incisions over trephines 

(Redman et al., 2004), biological adhesives over sutures (Hunziker and Stahli, 

2008), and modified irrigation solutions to minimise cell death (Amin et al., 2008; 

Farhan-Alanie and Hall, 2014; Eltawil et al., 2015). However, there is evidence to 

suggest that open surgical procedures facilitate chondrocyte trauma via the 

exposure of cartilage to air and the subsequent drying of the tissue (Mitchell and 

Shepard, 1989; Han and Kang, 1990; Speer et al., 1990; Pun et al., 2006). 

1.4 Cartilage drying
Drying is described by Mujumdar (2014 p. 4) as the thermal removal of volatile 

substances (moisture) resulting in a solid product, or the conversion of a solid, semi-

solid, or liquid feedstock into a solid product via evaporation into a vapour phase. 

This involves two simultaneous processes: (1) the transfer of energy (mainly heat) 

from the surrounding environment causing surface moisture evaporation and (2) the 

transfer of internal moisture to the surface (Mujumdar, 2014). (1) is dependent on 

external conditions such as temperature, humidity, airflow rate and direction, and the 

exposed surface area, whereas (2) is driven by the nature of the drying structure 

(e.g. permeability and moisture content) (Mujumdar, 2014). 

From an evolutionary perspective, adaptations against drying have been an 

essential part of the migration of life from an aqueous environment to a terrestrial 

(dry) environment (Billi and Potts, 2002; Cowen, 2005; Takei, 2015). The integument 

of tetrapods, for example, is routinely exposed to air and thus is highly adapted in 

order to prevent drying, typically via structural or secreted barriers (Lillywhite, 2006). 
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Examples of both types of barriers can be seen in humans. The epidermis of the 

skin has developed a water-repellent (structural) barrier (the stratum corneum) 

which is present and functioning from birth but develops in relation to stratum 

corneum thickness (Cartlidge, 2000; Fluhr et al., 2012). Importantly, the epidermis 

does not prevent water-loss and is not completely water-tight but permits the 

continuous and passive diffusion of water (transepidermal water-loss), in a 

temperature and humidity sensitive manner (Cartlidge, 2000). Fluid and mucus 

secretions are commonplace in nature (particularly in amphibians) as a secreted 

barrier against drying (Lillywhite, 2006). An example of this in exposed human tissue 

is in the cornea of the eye. The cornea is continually rewetted by a tear film, 

secreted by the lacrimal functional unit and distributed across the eye by the eyelid, 

and retained in place by the microvilli of the apical epithelia (Stern et al., 2004; 

Kierszenbaum and Tres, 2016 p. 274; Ross and Pawlina, 2016 p. 905).

Cartilage however, is not ordinarily exposed to air and it is therefore logical that it 

would not possess adaptations against drying. Indeed it has been experimentally 

demonstrated that air exposure results in trauma to both the ECM (Speer et al., 

1990) and the native chondrocytes (Mitchell and Shepard, 1989). This is potentially 

very serious in articular cartilage, which is non-regenerating and it has therefore, 

been proposed that the exposure of articular cartilage to the air (i.e. during open 

surgical procedures) and the subsequent drying, may be a contributing factor in post 

operative joint degeneration (Pun et al., 2006). 

Cartilage drying research (summarised in table 1.3) is still in its infancy, with very 

few dedicated studies. However, cartilage drying alters the tissue properties in a 

number of ways. Changes to the ECM include an increase in articular surface 

roughness (Smyth et al., 2013), altered cartilage appearance (Mitchell and Shepard, 

1989; Han and Kang, 1990; Speer et al., 1990; Pun et al., 2006) and 
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glycosaminoglycan depletion (Speer et al., 1990). Drying is also toxic to 

chondrocytes and results in cell death (Mitchell and Shepard, 1989; Han and Kang, 

1990; Speer et al., 1990; Pun et al., 2006). Interestingly, though implicit when 

considering tissue ‘drying’, water-loss in dried cartilage was overlooked in drying 

studies and was only considered in this study and an independent, but concurrent, 

study by Farr and colleagues (2015) (see chapter 7 for full discussion).
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Table 1.3 Overview of published cartilage drying research projects (1989 - 2015). 
Cartilage drying studies have been carried out both in vivo and ex vivo, and using a range of 
species and joints. Chondrocyte death has been the predominant indicator of cartilage drying 
and the drying environment has been poorly reported in the majority of studies.
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Study Ex vivo / 
In vivo Species Joint Drying 

Conditions Variables Measures Main Conclusion

Mitchell & 
Shepard 
(1989)

In vivo 
(24 hrs) Rabbit Knee

Room air 
(details 

unreported)

Drying 
interval

Chondrocyte 
death (CD)

• CD is initiated at the 
surface.

• CD  is time-
dependent

Han & Kang 
(1990)

In vivo 
(3 

weeks)
Rabbit Knee

Room air 
(details 

unreported)

Drying 
interval & 

recovery (3 
weeks)

CD, GAG 
depletion

• CD and GAG 
depletion are 
initiated at the 
surface.

• CD  and GAG 
depletion are time-
dependent

• There was no 
evidence of CD or 
degeneration after 3 
weeks

Speer et al. 
(1990)

In vivo 
(6 

weeks)
Rabbit Knee Details 

unreported

Drying 
interval & 

recovery (6 
weeks)

CD, GAG 
depletion

• CD and GAG 
depletion are 
initiated at the 
surface.

• CD  and GAG 
depletion are time-
dependent

• There was no 
evidence of CD or 
degeneration after 6 
weeks

• CD is restricted by 
frequent irrigation

Bloebaum 
et al. (1993) In vivo Rabbit Knee Details 

unreported

Irrigation 
solution 

(hyalurona
n solution 

and 
control)

CD
• CD was reduced in 

dried cartilage 
irrigated with a 
hyaluronan solution

Pun et al. 
(2006) Ex vivo Human Knee

Room air 
(details 

unreported)

Drying 
interval 

and 
irrigation 
frequency

CD

• CD is initiated at the 
surface.

• CD  is time-
dependent

• CD is restricted by 
frequent irrigation

Smyth et al. 
(2013) Ex vivo Horse MTP Details

unreported
Drying  
interval Roughness

• The articular surface 
of cartilage gets 
rougher with drying

Von Keudall 
et al. (2013) Ex vivo Cow Knee

Room air
(details 

unreported)

Irrigation 
solution CD

• Surgical lubricant 
was able to reduce 
cell death more 
effectively than 
Lactated Ringer’s 
solution

Farr et al. 
(2015) Ex vivo Dog Knee

T = 20 - 23ºC
H = 35 - 45 %

Laminar 
airflow 
(speed 

unreported)

Irrigation 
protocols

CD, Water 
loss

• Frequent irrigation 
with a range of 
irrigation solutions 
prevented CD and 
drying in exposed 
cartilage 



1.5 Novel research & project aims
A number of pressing research questions have been identified from the literature 

reviewed in section 1.4 namely:

Question 1: How does drying compare between the laboratory and the operating 

theatre? 

Most cartilage drying investigations have been carried out in a laboratory with the 

drying conditions being poorly defined and controlled (Mitchell and Shepard, 1989; 

Han and Kang, 1990; Speer et al., 1990; Pun et al., 2006). However, the effect of 

environmental variables (e.g. airflow, humidity, temperature) on cartilage drying and 

chondrocyte death remains unknown, and therefore, the relationship between the 

aforementioned experimental drying studies and the drying occurring during surgery 

is unclear. This forms the basis of chapter three of this thesis, which considers the 

effect of airflow velocity (Va) on cartilage drying.

Question 2: Is it possible to modify the currently used 0.9 % saline irrigation 

solution composition in order to limit cartilage drying?

It is known that cartilage drying may be reduced by frequent irrigation (using saline 

or Ringer’s lactate solutions) and this is encouraged during surgery (Mitchell and 

Shepard, 1989; Pun et al., 2006). Studies by Bloebaum and colleagues (1992) and 

recent research by Von Keudell and colleagues (2013) has suggested that 

alternative, more physiological, irrigation solutions may prove effective in the 

prevention of drying. This is addressed in chapter four, which assessed the 

chondroprotective properties of a series of supplemented irrigation solutions.

Question 3: What mechanism(s) of cell death are occurring in chondrocytes 

exposed to air and drying? 
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The mechanism underlying chondrocyte death has been summarily described as 

necrosis (Mitchell and Shepard, 1989; Speer et al., 1990), but this has not been 

adequately investigated in light of the rapid advances in cell death research 

(Kroemer et al., 2005; Kroemer et al., 2009; Galluzzi et al., 2012; Galluzzi et al., 

2015). In order to determine the cell death mechanism(s) occurring in drying 

cartilage, representative bovine samples were assessed for hallmarks of traditional 

cell death mechanisms (apoptosis, autophagy, necrosis, and chondroptosis). These 

included chondrocyte morphology (determined in TEM photomicrographs), DNA 

fragmentation (using the TUNEL assay), and caspase activity (via caspase 

inhibition).

Question 4: What are the long-term effects of cartilage drying? 

Most studies in the literature are ex vivo assessments of cartilage drying (Pun et al., 

2006; Smyth et al., 2013; Von Keudell et al., 2013; Farr et al., 2015), with few in vivo 

studies with contradictory observations of the long-term effects of drying. It is 

unknown if drying is transitory and reverses once an open joint has been closed, or  

if it permanently alters cartilage. 

Thus the aims of this project were to: (1) investigate the rate and extent and nature 

of chondrocyte death, water-loss, and cartilage drying; (2) investigate if it was 

possible to modify drying (rate/extent) via surgical interventions and altered 

environmental factors; (3) Identify the underlying mechanisms of chondrocyte death 

during drying; and (4) determine if cartilage drying was transitory and fully 

reversible, or resulted in permanent cartilage injury. 
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2. Method
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2.1 Biochemicals and Solutions
The details of the biochemicals and solutions used in the experiments reported in 

this thesis are presented in table 2.1. The preparation and use of all biochemicals 

and solutions, including solution concentrations and osmolarities, are detailed in the 

relevant subsections of this chapter and individual results chapters. The osmolarity 

of all prepared solutions was measured using a freezing point osmometer 

(Advanced Micro Osmometer, Model 3300, Vitech Scientific LTD, West Sussex). 

Measured osmolarities presented in this thesis represent the average of three 

successive measurements. 

Table 2.1 Biochemicals and solutions.

Biochemical Supplier

0.9 % sodium chloride (w/v) Baxter Healthcare LTD,

D-(+)-Glucose Sigma-Aldrich

Sodium chloride (powder) Sigma-Aldrich

Caspase inhibitor VI Calbiochem

Dulbecco's Modified Eagle Medium (+) 
4.5g/L Glucose; Pyruvate; L-Glutamate

Invitrogen

Propidium Iodide; 1.0 mg/mL solution in 
water

Invitrogen

Cell Tracker™ Green CMFDA Invitrogen

~4% Folmaldehyde solution (phosphate 
buffered)

Fisher Scientific

Phosphate buffered saline (PBS) Sigma-Aldrich

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich

TACS 2 TdT Fluorescein in situ Apoptosis 
Detection Kit

Trevigen

OCT CellStar

Calcein AM cell-permeant dye Invitrogen
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2.2 Sources of cartilage
In this project, experiments were primarily carried out on ex vivo cartilage samples, 

i.e. carried out on intact cartilage tissue isolated from the living joint environment (as 

in the study by Pun et al. (2006)). Additionally, an in vivo study was carried out on 

intact cartilage in situ (as in the studies performed by Mitchell and Shepard (1989) 

and Speer et al. (1990)). 

2.2.1 Cartilage sources in ex vivo studies

Bovine cartilage was used extensively throughout this project. Bovine 

metatarsophalangeal (MTP) joints were provided by ScotBeef Abattoir (Bridge of 

Allan, Scotland). All bovine experiments were carried out on the articular cartilage 

from the distal end of the metatarsal (canon) bone of adult (36 ± 2 month-old), male 

animals within 36 hours (hr) of death (figure 2.1 A). Other than during transportation, 

bovine joints were stored at 4 ºC in order to retard post-mortem change. 

Select experiments were also carried out on human articular cartilage, which was 

obtained with Ethical Permission (Tissue Governance, NHS Lothian) and consent 

(see appendix B) from patients who underwent hip hemiarthroplasty for a fractured 

neck of femur. Samples comprised of the entire femoral head of the hip joint (figure 

2.1 B) and were confirmed to be non-degenerate based on clinical evaluation and 

radiological records. Following removal during surgery, samples were immediately 

placed in DMEM supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin 

(Gibco, Paisley, UK) and used within 12 hr of surgery.

2.2.2 Cartilage used in in vivo studies

Male wild-type Sprague Dawley (SD) rats (8 weeks old) were sourced from the 

Centre of Biological Services (CBS; University of Edinburgh) and the patellar groove 

cartilage (figure 2.1 C) subject to in vivo drying during operative procedures. All 
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procedures were carried out following approval by the Local Ethics committee and 

UK Home Office.

Figure 2.1 Sources of cartilage. A) Bovine distal metatarsal articular cartilage from 
the metatarsophalangeal (MTP) joint. B) Human femoral head cartilage from the hip 
joint. C) Murine (rat) patellar groove cartilage from the patellofemoral joint (scale = 4 
mm). Bovine and human joints were used for ex vivo studies and the murine tissue 
was dried in vivo.
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2.3 Methods for ex vivo studies
2.3.1 Dissection and tissue sampling

2.3.1.1 Bovine cartilage

In order to expose the MTP joint surfaces, specimens were skinned and the hooves 

removed using a number 24 scalpel (Swann-Morton, Sheffield, UK). A midline 

incision was made on the posterior surface of the limb, between the horns of the 

hooves and the superior end of the limb. The skin was then reflected carefully to 

ensure that no deeper structures were damaged and preserve the joint capsule 

(figure 2.2). A transverse incision was then made in the fibrous and synovial 

capsules at the proximal interphalangeal (PIP) joint on both sides to expose its joint 

cavity. The hoof was removed by extending the capsular incision posteriorly and 

superiorly between the posterior surface of the metatarsal bone (cannon bone) and 

the flexor muscles.

The remaining tissue consisted of the metatarsal bone superiorly and proximal 

phalanges inferiorly, with the MTP joint capsule intact. In order to open the joint, a 

fresh number 24 scalpel was used to make a transverse section through the deep 

layer of muscle adherent to the posterior surface of the metatarsal bone and 

reflecting it inferiorly. The joint capsule opened from the posterior and superior end 

and allowed easy extraction of the synovial fluid using a syringe or Pasteur pipette. 

Extracted synovial fluid was stored at 4 ºC (short-term) or -20 ºC (long-term). The 

joint surface was then exposed by sectioning of the collateral ligaments and 

connective tissue between the two condyles in the intercondylar groove.

The joint surface of the metatarsal bone consists of two condyles, separated by a 

midline intercondylar cleft. Each distally convex condyle is raised in its midline by a 

condylar ridge (figure 2.3 A). Bovine joints were visually assessed prior to use and 

only cartilage with a smooth and shiny (hyaline-like) gross appearance without any 
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damage or fibrillation was used. Osteochondral explants (consisting of full thickness 

cartilage and the subjacent (1 - 2 mm) subchondral bone (SCB)) were harvested 

(before or after drying) from reproducible areas on the outermost surfaces of each 

condyle in weight bearing areas. Explants were taken using a fresh number 24 

scalpel using a rocking motion, taking care not to damage or contact adjacent 

cartilage. In order to achieve reproducible, standardised osteochondral explants (5 x 

5 mm), the explants were trimmed using two fresh, parallel number 24 scalpel 

blades attached to bound scalpel handles (figure 2.3 B). 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Figure 2.2 Bovine joint dissection.  A) Posterior, lateral, and anterior views of a 
bovine joint .Bovine joints were skinned via incisions indicated by the broken white 
line. B) Anterior view of the same bovine joint with the skin removed. The metatarsal 
(MT) and proximal phalanges (PP) are indicated and the approximate level of the 
metatarsophalangeal joint (MTP) is indicated by a ‘*’.  C) Anterior view of the same 
joint following removal of the hoof. All images are of the same joint and the same 
scale bar (scale bar units: cm).  
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Figure 2.3 Bovine experimental samples. A) Distal articular surface of bovine 
metatarsal (cannon) bone. The joint surface consists two condyles (C1 and C2), 
each with a midline condylar ridge (R) and separated by an intercondylar cleft (ICC).  
B) Osteochondral explants as harvested from the articular surface (left) and once 
trimmed (right). Some experiments reported in this thesis were carried out on intact 
joints (A) with representative osteochondral explants (B) harvested afterwards. 
Alternatively, osteochondral explants (B) were harvested prior to experimentation 
and experimentally dried.  

2.3.1.2 Human cartilage

Human joints were visually assessed prior to use and only cartilage with a smooth 

and shiny (hyaline-like) gross appearance without any damage or fibrillation was 

used. Osteochondral explants were harvested from femoral heads using a fresh 

number 24 scalpel blade and trimmed to a uniform size (5 x 5 mm) as outlined 

above. Due to the scarcity of human tissue, no experiments were carried out on 

intact whole femoral heads and care was taken to ensure that femoral heads were 

handled via the bone at the fracture site (femoral neck) and site of the ligamentum 

teres attachment (fovea capitis) rather than direct contact with the articular cartilage. 

2.3.2 Experimental Design

Ex vivo experiments using bovine samples were carried out on either: (1) whole joint 

surfaces with intact articular cartilage _ or (2) osteochondral explants. In scenario (1) ii

 following the experiment, representative osteochondral explants were harvested as ii

previously described (section 2.3.1.1) in order to assess drying.
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intact joints were grouped into experimental and control groups based on their single 

treatments and drying intervals. Alternatively in osteochondral explant experiments 

(2), samples harvested from individual joint surfaces (c. 6) could be grouped into 

multiple groups (treatments or time-points). When only one independent variable 

was being considered (e.g. treatment group ‘1’ v control group ‘2’), osteochondral 

explants (n) from an individual joint (N) were divided equally between all the 

experimental groups in the study (Figure 2.4 A) with no group consisting of only one 

joint . Experiments with two independent variables typically included a range of iii

treatments (e.g. irrigation solutions ‘1’ and ‘2’) over time (e.g. drying intervals of 45 

and 90 min). In these experiments osteochondral explants from an individual joint 

were organised so that they were present in all treatment groups but not necessarily 

all intervals (figure 2.4 B and C).

2.3.3 Ex vivo drying protocols

Throughout this study, cartilage samples were dried for varying intervals (min) under 

a range of conditions (including airflow velocities and oxygen concentrations) in 

order to investigate cartilage drying. Individual experimental conditions are outlined 

in subsequent chapters. Where possible, experimental conditions were kept 

constant between experiments.

Prior to drying, joints and explants were irrigated (typically via ≥ 10 minutes (min) 

immersion without agitation) with solutions as per experimental conditions (detailed 

in appropriate chapters). Following irrigation and immediately prior to experimental 

drying, the articular surface of all samples was dabbed dry to ensure that no surface 

fluid was retained. 

 Where multiple explants from an individual joint were present in one group, this iii

was considered in statistical analyses (see section 2.5)
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Drying was carried out in a microbiological safety cabinet (Model Bio2+, Envair, 

Rossendale, UK) at airflow velocities of either 0 m/s (‘static air’ experiments) or 0.18 

m/s (‘airflow’ experiments) as indicated. Additionally, a sample of bovine joints were 

dried in a horizontal laminar flow cabinet (Model HFC 120, Rayair, Bolton, UK) at 

airflow velocities up to 0.34 m/s. Airflow velocities were dictated by cabinet settings. 

In both experimental arrangements, articular surfaces were positioned perpendicular 

to the direction of airflow in order to ensure that drying was evenly distributed over 

the articular surface. A subsample of bovine osteochondral explants were also dried 

in a desiccator (humidity (H) = 0 %), as indicated in results chapters. In this 

environment, the airflow velocity (Va) was 0 m/s, the temperature (T) was 21 ºC and 

no explants or joints were manipulated or moved during drying.

In order to control the oxygen concentration of the drying environment (chapter 5), 

bovine and human joints and osteochondral explants were dried in a modulator 

incubator chamber (MIC - 101, Billups-Rothenberg, California, USA). These 

chambers were circulated with 20 % oxygen / 80 % nitrogen or 5 % oxygen / 95 % 

nitrogen mix (BOC Ltd, Guildford, UK) at a volumetric airflow rate (Q) of 1 litre per 

minute (LPM), as regulated by a Key FR2000 series flow meter (Model 2A13, IDS 

industry, Coalville, UK). Humidity was not controlled in this experimental set up and 

the temperature was 21 ºC. 

Throughout this thesis, drying environment conditions are reported as: temperature 

(T); airflow velocity (Va); humidity (H); oxygen concentration (O2); time (t). Humidity 

(H) and oxygen concentration (O2) were not controlled in all experiments and are 

only reported when appropriate, i.e. in desiccator and hypoxia experiments 

respectively. All experiments were carried out at room temperature (21 ºC). 
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Figure 2.4 Osteochondral explant experimental design. Experiments were 
carried out on intact joints from individual animals (N), or on explants (n) grouped 
according to the variables (typically groups and time-points). A) Single time point 
experiments with multiple groups; B - C) Multiple time-points and multiple groups.

2.3.4 Standard Assessment of drying

2.3.4.1 Percentage Chondrocyte Death (PCD)

In situ chondrocytes were fluorescently-labelled by incubating osteochondral 

explants in 1 ml DMEM supplemented with 7 µM Cell Tracker™ Green 5-

chloromethylfluorescein diacetate (CMFDA) and 2 µM propidium iodide (PI) 
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(Invitrogen, Paisley, UK) for 60 min at 21 ºC (as described by Amin et al. (2008)).  

The excitation and emission peak wavelengths for CMFDA and PI were 492 / 517 

nm (band pass: 500 - 550 nm) and 533 / 617 nm (band pass: 565 - 615 nm) 

respectively. CMFDA was imaged using an argon laser (wavelength: 488 nm) and PI 

was imaged using a helium-neon laser (wavelength 513 nm). For the purposes of 

this study, the superficial zone was defined as the superficial 100 µm of tissue (c. 20 

% of the tissue thickness). To optimise staining for chondrocytes in human cartilage, 

the CMFDA concentration was maintained at 7 µM, however the PI concentration 

was increased to 4 µM and labelling was performed with gentle agitation for 2 hr at 

21 ºC.

CMFDA and PI labelled the cytoplasm of living cells and nuclei of dead cells 

respectively and are well established in cartilage and connective tissue research 

(reviewed by Jones et al. (2005)). Following staining, osteochondral explants were 

fixed via immersion in 1 ml ~4 % formaldehyde solution stabilised with phosphate 

buffer (Fisher Scientific, Loughborough, UK) at 4 ºC for 12 hr. 

Fluorescently-labelled chondrocytes in osteochondral explants were imaged using a 

Zeiss Axioskop LSM510 (Carl Zeiss, Welwyn Garden City, UK)  with a low power iv

objective lenses (x10 dry, NA = 0.3). A series of axial images of in situ superficial 

chondrocytes were acquired at 10 µm intervals, typically to a depth of about 100 µm, 

so as to produce a three-dimensional projection of explants (as described by Amin 

et al. (2008)). 

In order to determine PCD in a large and uniform volume, it was quantified in a 

three-dimensional region of interest (ROI) (XYZ dimensions 700 µm x 921 µm x 100 

µm) using Volocity® 3D Image Analysis Software (version 5.4.1, Improvision, 

 Image Analysis, MultiPhoton and Confocal Technologies (IMPACT) facility, Hugh iv

Robson Building, University of Edinburgh, used for all confocal laser scanning 
microscopy (CLSM) microscopy presented in this thesis. 
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Coventry, UK). A semi-automated protocol was used to identify CMFDA (green) and 

PI (red) labelled cells/nuclei based on size and relative percentage intensity with 

output values for the number of dead cells and the total number of cells (as 

described by Amin et al. (2008). The PCD was calculated from these values using 

the following equation:

100 x (number of dead cells / total number of cells)

The ROI was positioned in the centre of projections acquired from representative 

samples of dried bovine joints (taken post drying) in order to avoid chondrocyte 

death associated with explant trimming (Redman et al., 2004) (figure 2.5 A). In 

projections acquired from dried osteochondral explants (bovine and human), 

chondrocyte death extended from the cut edge and therefore the ROI was 

positioned adjacent to the edge, extending 700 µm from the cut edge (figure 2.5 B). 

In a subset of bovine osteochondral explants (section 3.3.6), the distribution of PCD 

within the ROI was assessed by the additional quantification of PCD in two equally-

sized ROIs (XYZ dimensions 200 µm x 921 µm x 100 µm) positioned adjacent to the 

cut edge of the cartilage (ROI 1; 0 - 200 µm) and also 400 µm from the edge (ROI 2; 

400 - 600 µm) to determine if cell death was more advanced at the cut edge (figure 

2.5 C) than in the distant articular surface.

2.3.4.2 Quantifying cartilage water-loss

The water content during drying and/or irrigation (expressed as a change in weight) 

was determined in osteochondral explants only. Weight measurements were taken 

using an analytical balance (Oertling Model NA 114, Birmingham, UK). For each 

osteochondral explant, weight measurements were taken immediately following 

harvesting (initial weight), at each point of interest during the experiment 

(experimental weight(s)), and following lyophilisation (dry weight). Lyophilisation was 
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carried out to a constant weight in an Eppendorf® centrifugal vacuum concentrator 

(Model 5301; Sigma-Aldrich, Poole, UK). 

Dry weights were subtracted from initial and experimental weights to determine the 

weight of water present at each time point (initial and experimental water contents). 

Experimental water contents were presented as percentages of the initial water 

content, calculated as:

100 x (experimental water content (mg) / initial water content (mg))

Repeated measures of water content were taken for each osteochondral explant 

throughout irrigation and drying. Therefore repeated measures statistical tests were 

used (see section 2.5). 
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Figure 2.5 Region of interest (ROI) placement for PCD quantification in ex vivo 
studies. A) Axial CLSM projection (x10 magnification) represented schematically in 
panel B. B) Schematic of axial CLSM projection with the articular cartilage 
represented by the green square. The broken white line represents the trimmed 
edge of the cartilage. The standard ROI (921 x 700 x 100 µm) was positioned away 
from the cut edge (C) or immediately adjacent to the cut edge (D) in osteochondral 
explants from dried joints and dried osteochondral explants respectively. E) In a 
subset of dried osteochondral explants, ROIs (921 x 200 x 100 µm) were placed 
adjacent to and removed from the cut edge to assess the variation in PCD 
throughout an axial projection.  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2.3.5 Specialised Assessments of Cartilage

2.3.5.1 Quantifying changes in cartilage appearance during drying

Bovine joints were visually assessed for changes in their appearance throughout 

drying. A progressive and characteristic pattern of cartilage discolouration was 

identified in drying bovine joints. These changes were observed at varying levels of 

progression in all joint surfaces exposed to air. In order to compare these qualitative 

data, these changes were used to devise a descriptive table (table 2.2), which was 

used to retrospectively score the extent of drying in appropriate joints.

Table 2.2 Cartilage drying score criteria. Descriptive macroscopic changes in 
articular cartilage in the bovine MTP joint during drying and the corresponding drying 
score (published in Paterson et al., 2015). 

2.3.5.2 Quantifying DNA fragmentation (TUNEL assay)

The terminal deoxynucleotidyltransferase end labelling (TUNEL) assay (first 

described by Gavrieli et al. (1992)) is widely used to identify oligonucleosomal DNA 

fragmentation (Nagata, 2000; Martinez et al., 2010; Short, 2015) and this is 

considered a biochemical feature of apoptosis (Wyllie, 1980; Earnshaw, 1995; Enari 

et al., 1998; Nagata, 2000; Kroemer et al., 2009). Reported to be more sensitive to 

Score 0 1 2 3 4

Criteria
Light, lilac/
white 
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(scale = 
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in situ apoptosis detection than alternative cytohistochemical approaches (Galluzzi 

et al., 2009), the TUNEL assay was carried out on wax embedded sections from 

bovine osteochondral explants (dried and control) using a TACS® 2 TdT-Fluor in situ 

apoptosis detection kit (R&D systems, UK). PCD was calculated in equivalent 

explants as described previously. No explants were used for both live/dead assay 

and TUNEL assay due to the overlapping fluorescence excitation/emission spectra 

in the fluorescent dyes used. Paraffin embedded osteochondral explants were 

sectioned at 10 µm intervals using a semi-automated rotary microtome (model: 

RM2245, Leica Biosystems, Milton Keynes, UK) and mounted on SuperfrostTM 

microscope slides (Thermo Scientific, Loughborough, UK). Sections used for the 

TUNEL assay, taken from the outer cut edge of the explant to a distance of 700 µm 

(equivalent to the ROI used in PCD assessments), were selected at random. 

The TUNEL assay was carried out in accordance with manufacturer’s guidelines 

(Trevigen, n.d.). In summary, sections were warmed to 30 ºC for 12 hr, immersed in 

xylene for 25 min, and rehydrated via immersion (5 min) in descending 

concentrations of ethanol (100 %, 95 %, 70 %) in order to remove paraffin wax. 

Following this, sections were washed in PBS and incubated in a proteinase K 

solution for 30 min at 21 ºC in order to permeabilise the cells and facilitate access to 

cellular DNA. The tissue sections were then washed in deionised water and 

immersed in TdT labelling buffer for 5 min, before being covered by labelling 

reaction mix and incubated in a humidity chamber for two hr at 37°C. Following 

incubation, the enzymatic reaction was stopped by immersing the sections in TdT 

stop buffer for 5 min at room temperature and washing the samples in dH2O. 

In order to visualise the fragmented DNA, the tissue was incubated and 

fluorescently labelled at room temperature with Strep-Fluorescein (excitation / 

emission wavelengths: 494 / 512 nm; argon laser (488 nm); 500-550 nm band pass 

�46



filter) for 40 min and washed in PBS. The nuclei were then counterstained with 

ToPro (excitation / emission wavelengths: 642 / 661 nm; helium-neon laser (633 

nm); 650nm long pass filter) for 60 min and washed in PBS before the samples were 

mounted in Vectashield (Hard set) and left to dry for 12 hr at 21 ºC.

In addition to experimental groups (detailed in chapter 5), the following control 

groups were included: 1) a positive control groups consisting of healthy tissue 

sections pre-treated with TACS-nuclease to enzymatically induce breaks in the 

DNA; 2) an unlabelled control group where experimental samples were labelled with 

a solution void of the TdT enzyme; and 3) a negative control group, healthy tissue 

sections that were fixed immediately after harvest and never exposed to drying.

High power (x63 oil, NA = 1.4) CLSM projections were acquired at intervals of 0.33 

µm and cells visually assessed for the presence of positive TUNEL labelling. 

Additionally, TUNEL positive and negative cells were counted in high magnification 

(x63) CLSM projections and the percentage of TUNEL positive chondrocytes 

calculated:

100 x (number of TUNEL positive cells / total number of cells)

2.3.5.3 Quantifying chondrocyte volume, shape, and distribution

Chondrocyte volume, shape, and distribution were assessed in live imaging ex vivo 

drying experiments (detailed in chapter 5). Prior to experimental drying on the stage 

of the Zeiss Axioskop LSM510 (Carl Zeiss, Welwyn Garden City, UK), chondrocytes 

in osteochondral explants were fluorescently labelled by incubation in 1 ml DMEM 

supplemented with 5 µM calcein AM cell-permeant dye (excitation / emission 

wavelengths: 495 / 515 nm; argon laser (488nm); 500 - 550 nm band pass filter)  for 

60 min at 21 ºC. These explants were subject to repeat (paired) coronal CLSM 

imaging (x40 DW, NA = 0.8) at intervals of 0.92 µm. 
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Chondrocyte volume and shape (sphericity) were automatically quantified using the 

‘surface’ function of IMARIS (version 8, Biplane, Zurich, Switzerland) once 

chondrocytes had been identified on an individual basis, based upon fluorescence 

intensity and object size (as used by Amin et al. (2011)). The use of thresholding to 

determine chondrocyte volume is well established (Amin et al., 2011; Bush et al., 

2005; Bush and Hall, 2003;) and no thresholding experiments were carried out in 

this study. Analyses were carried out on all complete chondrocytes in each 

projection, incomplete chondrocytes (e.g. those at traversing the edge of the 

projection) were excluded. 

2.3.5.4 Assessing chondrocyte morphology during drying

The morphology of living and dead chondrocytes in dried and control osteochondral 

explants was assessed using transmission electron microscopy (TEM). 

Osteochondral explants were exposed to experimental conditions and then 

incubated for 48 hr in 4 % PFA : 2.5 % glutaraldehyde at 4 ºC before post-fixation in 

1 % osmium tetroxide in 0.1 M phosphate buffer for 45 min. Samples were then 

dehydrated in an ascending series (70 %, 95 %, 100 %) of ethanol solutions and 

propylene oxide and embedded on glass slides in Durcupan resin. Samples were 

then trimmed using a number 24 scalpel and glued onto a resin block for sectioning. 

Ultrathin coronal sections (60 nm) were cut and collected on formvar-coated grids 

(Agar Scientific, UK), stained with uranyl acetate and lead citrate in an LKB 

Ultrostainer. All processing of TEM samples was carried out by Ann Wright 

(Gillingwater Laboratory, University of Edinburgh). Images were acquired using a 

Philips CM12 transmission electron microscope equipped with a Gatan digital 

camera and with assistance from Stephen Mitchell (The Electron Microscopy 

Facility, University of Edinburgh). Images were then assessed for the presence of 

morphological indicators of necrosis, apoptosis, autophagy, and chondroptosis (see 

section 5.1).
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2.4 Methods for the in vivo drying study
2.4.1 Operative procedures and in vivo drying

Rats were anaesthetised using 3 % isoflurane and subject to medial para-patellar 

arthrotomy followed by lateral patellar dislocation in order to expose the patellar 

groove, as described by Eltawil et al. (2015) and Tsuruoka et al. (2011). Synovial 

fluid from the patellar groove was absorbed by swabbing the articular cartilage with 

MelgisorbTM
 (Seifer et al., 2008) . Open joints in the experimental group were then v

dried for 60 min at an airflow velocity (Va) of 0.25 m/s. before the patella was 

relocated. Control joints were subject to a ‘sham’ operation, where the patella was 

displaced and relocated without cartilage drying. Following patellar relocation, all 

wounds were sutured in layers with coated vicryl 6-0 (polyglactin 910, Ethicon, UK). 

Post-surgery, analgesic (0.01 mg/kg buprenorphine) was administered 

subcutaneously and rats housed in a pathogen free environment in conventional 

cages with unrestricted activity, a 14/10 hr light/dark cycle, with food and water 

available ad libitum. All surgical procedures were carried out in the CBS by Dr Noha 

Eltawil (Hall Laboratory, University of Edinburgh). 

Animals were killed (via cervical dislocation) by CBS staff immediately after surgery 

(week 0) or at 4 and 8 weeks after surgery. Knee joints were dissected and 

fluorescently labelled with CMFDA and PI for live/dead assay and CLSM imaging.

2.4.2 Assessment of drying

2.4.2.1 Assessments of fluorescently labelled joints

PCD was determined in murine (rat) patellar groove cartilage using the same live/

dead assay described in section 2.3.4.1 which has also been used in murine 

cartilage (see Eltawil et al., 2015). However, for optimal labelling of chondrocytes in 

 a calcium sodium alginate dressing used to absorb exudate (Tendra, Göteberg, v

Sweden)
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murine distal femora, samples were each incubated in 2.5 ml of DMEM 

supplemented with 20 µM CMFDA and 4.5 µM PI with gentle agitation for 2 hr at 21 

ºC. Following labelling, joints were fixed via immersion in ~4 % formaldehyde 

solution (Fisher Scientific, Loughborough, UK) at 4 ºC for 12 hr.

CLSM projections were obtained for the patellar groove cartilage in a reproducible 

area using the imaging protocols outlined previously (section 2.3.4). PCD was 

quantified in a three-dimensional (3D) region of interest (ROI) (typically 921 x 921 x 

50 µm) as Volocity® 3D Image Analysis Software as previously described. 

Chondrocyte density was determined as the total number of chondrocytes (CMFDA-

labelled + PI-labelled) within the same ROI and expressed as chondrocyte number/

mm3.

High power (x40 DW, NA = 0.8) projections were also acquired and chondrocyte 

volume quantified using IMARIS, as previously described (section 2.3.5). High 

power three-dimensional CLSM projections were also used to visually classify 

chondrocytes as either single, paired (two adjacent chondrocytes), or grouped 

(clusters of 3 or more closely gathered chondrocytes). The total number of 

chondrocytes per image were also calculated and the percentage of single, paired, 

and clustered chondrocytes calculated as:

100 x (number of single cells / total number of cells)

100 x (number of paired cells / total number of cells)

100 x (number of grouped cells / total number of cells)

The presence of fibrillations, splitting of the articular surface (Bush and Hall, 2003; 

Mononen et al., 2012), was noted. These areas were void of chondrocytes and were 

readily apparent in low power (x10) and high power (x40) images (figure 2.6). 
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Figure 2.6 Cartilage fibrillation in CLSM projections. A) Non-fibrillated and B) 
fibrillated (B) cartilage in low power CLSM projections (scale bars = 50 µm; x10 
objective lens). C) Non-fibrillated and D - E) fibrillated cartilage in high power CLSM 
projections (scale bars = 30 µm; x40 objective lens).   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2.4.2.2. Histological Analyses

Once fluorescent analyses were complete, the fixed murine distal femora were 

decalcified in a 20 % (w/v) ethylenediaminetetraacetic acid (EDTA) solution (pH 7) at 

room temperature (21 ºC) with gentle agitation over a four week period. The EDTA 

solution was changed every 48 hr. Murine distal femora (following decalcification) 

were dehydrated and wax embedded by Vivian Allison and Louise Dunn (Histology 

laboratory; Centre for Integrative Physiology, University of Edinburgh). 

The patellar groove cartilage was sectioned using a semi-automated rotary 

microtome (model: RM2245, Leica Biosystems, Milton Keynes, UK) at 5 µm 

intervals and mounted on SuperfrostTM microscope slides (Thermo Scientific, 

Loughborough, UK). Sections were then stained with haematoxylin and eosin (H&E) 

according to standard protocols (Kiernan, 1999). In summary, sections were de-

waxed in xylene for 10 min and then rehydrated in descending grades of alcohol 

(100 %, 90 %, 70 % ethanol) and washed in distilled water before being immersed in 

haemotoxylin for 5 min. Sections were then washed in running tap water (RTW) for 

2 min before being immersed briefly (c. 5 sec) in 70 % acid alcohol. Following 3 min 

wash in RTW, sections were stained with alcohol-based acidic eosin for 30 seconds 

and washed in RTW before being dehydrated in ascending grades of alcohol (70 %, 

90 %, 100 % ethanol). Following this, sections were washed in mounting xylene and 

mounted using DPX mountant and left to dry at room temperature (21 ºC) overnight.

Brightfield micropscopy was carried out on H&E stained sections using an upright 

Leica DMR microscope (x20 oil, NA = 0.7) and images acquired using a Retiga 

2000R camera (IMPACT facility, Hugh Robson Building, University of Edinburgh) at 

various magnifications. Photomicrographs were then used to determine cartilage 

thickness and degeneration.
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For each joint, cartilage thickness was assessed in 3 non-consecutive full depth 

histological sections obtained 200µm apart, using ImageJ software, and the 

measurements averaged. Cartilage degeneration was assessed using the 

advanced-grading methods proposed by an Osteoarthritis Research Society 

International working (OARSI) group (Pritzker et al., 2006), in terms of its grade, 

stage, and score. The grade (depth progression of degradative change) and stage 

(horizontal progression of degradative change) were qualitatively assigned, based 

on the morphological criteria presented in tables 2.3 and 2.4 respectively. The score 

of cartilage degeneration was the combined assessment, calculated as:

Score = Grade x Stage
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Table 2.3 OARSI grade assessment criteria. Joints were assigned to the grade/
subgrade that represented the most advanced degenerative changes present 
throughout the tissue’s depth (after Pritzker, 2006).

Table 2.4 OARSI stage assessment criteria. Joints were assigned a stage based 
on a qualitative assessment of the horizontal distribution of degenerative change 
(after Pritzker, 2006).
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Grade Key Feature Associated Criteria (Tissue Reaction) Subgrade Subgrade Features

0 surface intact; 
cartilage intact • intact, uninvolved cartilage N/A

1 surface intact

• Matrix - superficial zone intact; edema 
and/or fibrillation

• Cells - proliferation (clusters); 
hypertrophy

• Reaction must be more than 
superficial fibrillation only

1.0 cells intact

1.5 cell death

2 surface 
discontinuity

• discontinuity at superficial zone
• cationic stain matrix depletion in the 

upper 1/3 of cartilage (mid zone)
• Disorientation of chondron columns

2.0 fibrillation through the 
superficial zone

2.5 surface abrasion with matrix 
loss within superficial zone

3 vertical fissures

• cationic stain matrix depletion into 
lower 2/3 of cartilage (deep zone)

• new collagen formation

3.0 simple fissures

3.5 branched / complex fissures

4 erosion • cartilage matrix loss
• cyst formation within cartilage matrix

4.0 superficial zone delamination

4.5 mid-zone excavation

5 denudation • surface is sclerotic bone or reparative 
tissue (including fibrocartilage)

5.0 bone surface intact

5.5 reparative tissue surface 
present

6 deformation

• bone remodelling
• deformation of articular surface 

contour (more than just osteophyte 
presence)

• includes microfracture and repair

6.0 joint margin osteophytes

6.5 joint margin and central 
osteophytes

Stage % involvement (surface, area, volume)

0 No OA activity seen

1 < 10 %

2 10 - 25 %

3 25 - 50 %

4 > 50 %



2.5 Statistical analyses
Data are presented throughout this thesis in the format (N(n)) where ‘N’ represents 

the number of individual animals/donors studied and ‘n’ the number of independent 

osteochondral explants. Unless otherwise stated, statistical analyses were carried 

out using GraphPad Prism (Ver. 5.0c; GraphPad Software Inc., California, USA) and 

included two-tailed Student’s t-tests, one-way analysis of variance (ANOVA) for 

analyses comparing multiple groups, and two-way ANOVA for groups with two 

independent variables. Post-hoc Tukey's and Sidak’s multiple comparisons tests 

were performed as required (and indicated in results chapters and figures). 

Repeated Measures (RM) two-way ANOVA were performed on assessments of 

water content as multiple measurements were taken for each explant. No other 

analyses utilised repeated measures. Where multiple explants from individual joints 

were present in one group, analyses were performed using the Univariate General 

Linear Model (GLM) function of SPSS (Ver.22; IBM Corp, New York, USA) and 

included a joint identifier as a ‘random factor’ which confirmed that the joint did not 

have a statistically significant affect (p > 0.05). Unless otherwise stated, all data 

were normally distributed and are reported as mean ± standard error of the mean 

(SEM) values. In figures, produced using GraphPad Prism, asterisks, denote 

significance levels as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001; p-values not 

reaching the level of significance (p > 0.05) are not indicated. Where 95 % 

confidence intervals extend beyond complete chondrocyte death (100 %) due to the 

sample size and variability, complete/maximum (100 %) chondrocyte death is 

indicated by a broken line.  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3. Investigating the role of 
airflow in cartilage drying 

and chondrocyte death
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3.1 Introduction
Exposure of articular cartilage to air results in tissue drying, chondrocyte death, and 

alterations to the extracellular matrix (ECM) (Mitchell and Shepard, 1989; Han and 

Kang, 1990; Speer et al., 1990; Pun et al., 2006). A range of changes have been 

reported, including an increase in articular surface roughness observed via 

profilometry (Smyth et al., 2013), glycosaminoglycan depletion measured by staining 

with cationic dyes (Speer et al., 1990), and chondrocyte trauma and death, identified 

by transmission electron (Mitchell and Shepard, 1989; Han and Kang, 1990; Speer 

et al., 1990) and confocal laser scanning microscopy (CLSM) (Pun et al., 2006). 

While the exact mechanism and permanence of the changes remain unknown, the 

potential dangers of cartilage drying during surgery have been highlighted as it may 

contribute to post-operative joint degeneration (Pun et al., 2006).

Cell death has been shown to correlate with the duration of drying and to be 

progressive, starting with cells in the superficial zone (SZ) of cartilage (Mitchell and 

Shepard, 1989; Han and Kang, 1990; Speer et al., 1990; Pun et al., 2006). Previous 

studies in leporine cartilage have suggested that features associated with cell death 

(nuclear homogenisation, cell membrane rupture, and cellular retraction from the 

matrix) are localised to cells in the SZ after brief air exposure (≤ 30 min) but extend 

into deeper zones with prolonged (≥ 60 min) drying (Mitchell and Shepard, 1989). 

Similarly, in human cartilage, the percentage of chondrocyte death in the SZ 

significantly exceeded that in deeper zones after 30, 60, and 120 min of drying (Pun 

et al., 2006).

Articular cartilage is commonly exposed to air during surgical procedures (e.g. 

cartilage repair techniques, joint preservation procedures, and intra-articular fracture 

surgery). Drying during surgery can be minimised by repeated irrigation, however 

the frequency is vital (Mitchell and Shepard, 1989; Pun et al., 2006). Mitchell and 
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Shepard (1989) first reported that irrigation with Ringer’s lactate solution at 5 min 

intervals prevented cell death. Additionally, Pun and colleagues (2006) observed a 

significant reduction in cell death in human cartilage irrigated every 10 or 20 min and 

further noted that more frequent irrigation conferred greater protection. A thin layer 

of surgical lubricant applied as a single treatment to articular cartilage has also been 

shown to reduce chondrocyte death associated with drying (Von Keudell et al., 

2013). 

Although some effects of drying and air exposure have been examined 

experimentally (Mitchell and Shepard, 1989; Han and Kang, 1990; Speer et al., 

1990; Bloebaum et al., 1992; Pun et al., 2006; Smyth et al., 2013; Von Keudell et al., 

2013), this was routinely performed in ‘room air’ (Han and Kang, 1990; Pun et al., 

2006; Von Keudell et al., 2013). Most modern orthopaedic operating theatres are 

routinely equipped with specialised laminar airflow ventilation systems, with the 

airflow exceeding 0.2 m/s at the operating table level (Department-of-Health, 2007; 

NHS-Scotland, 2013). Therefore, the hazardous effects of air exposure on cartilage 

that have been reported (Han and Kang, 1990; Pun et al., 2006; Von Keudell et al., 

2013) may not represent actual ‘in-theatre’ conditions, as the effect of airflow does 

not appear to have been previously considered. 
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3.2 Aim, Objectives, and Hypothesis
The aim of this study was to determine the effect of airflow velocity (Va) on cartilage 

drying. In order to achieve this, drying was assessed in bovine and human cartilage 

at varying airflow velocities and compared between control tissue (dried in static air), 

and experimental tissue dried in airflow or covered using a saline-soaked gauze. 

Drying was assessed in terms of cartilage appearance, chondrocyte death, and 

water-loss. It was hypothesised that the effects of drying on articular cartilage and 

chondrocytes would be exacerbated by exposure to airflow and that this relationship 

would be observed in cartilage from both species.
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3.3 Methods
3.3.1 Experimental overview

Unless otherwise stated, throughout this study samples were organised into three 

groups: the airflow, static air, and covered groups. All groups were dried for a fixed 

period in a microbiological safety cabinet (Model Bio2+, Envair, Rossendale, UK). 

The airflow and covered groups were dried in an airflow velocity of 0.18 m/s. The 

airflow group was uncovered whereas a saline-saturated gauze was placed over the 

covered group. The control group (static air) was dried at an airflow velocity of 0 m/

s. Drying environment humidity (H) was not controlled in these studies and all drying 

was carried out at room temperature (21 ºC). Other experimental conditions were 

used in individual experiments and are detailed below and in table 3.1. 

3.3.2 Assessing the role of airflow velocity on the appearance of articular 

cartilage

Visual assessments were carried out on exposed intact bovine metatarsophalangeal 

(MTP) joints (N = 18) using the drying scoring method detailed in section 2.3.5.1 and 

in table 2.2. Assessments were made upon joint opening (control / t = 0 min 

observations), following drying for 90 min under experimental conditions (dried 

observations), and following immersion in 0.9 % saline for a further 120 min 

(rehydrated observations). The experimental drying conditions were those outlined 

previously, i.e. airflow, static air, and covered groups (N = 6 in each group). 

Observations were carried out on the same eighteen MTP joints used in the 

assessment of airflow velocity on chondrocyte death detailed in the next section. 

3.3.3 Assessing the role of airflow velocity on chondrocyte death

The effect of airflow on drying-induced chondrocyte death was assessed in bovine 

MTP joints (N = 38) in two studies. 
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In the first study, twenty bovine MTP joints were dried in a horizontal laminar flow 

cabinet (Model HFC 120, Rayair, Bolton, UK) at airflow velocities (Va) of 0, 0.13, 

0.25, and 0.34 m/s for 50 min. Representative osteochondral explants (n ≥ 7) from 

each MTP joint were sampled and processed for PCD assessment (as detailed in 

section 2.3.4.1) immediately after drying. 

The second study used the eighteen bovine MTP joints that were used in 

assessments of cartilage appearance (section 2.3.5.1). MTP joints were rinsed in 

250 ml saline and dried for 90 min in a microbiological safety cabinet (Model Bio2+, 

Envair, Rossendale, UK) under three experimental conditions: 1) uncovered and 

exposed to an airflow velocity of 0.18 m/s (airflow group); 2) exposed to an airflow 

velocity of 0.18 m/s but covered with a sterile surgical gauze saturated in saline 

solution (covered group); 3) a control group uncovered and exposed to static air only 

(Va = 0 m/s) (static air group). Following experimental drying, all joints were 

immersed in 250 ml saline solution for 120 min and then representative 

osteochondral explants (n ≥ 7) from each MTP joint were sampled and processed 

for PCD assessment (as detailed in section 2.3.4.1)

PCD was also assessed in osteochondral explants taken from three human femoral 

heads as described in section 2.3.4.1. Osteochondral explants organised into the 

three groups outlined above (airflow, static air, and covered groups) and dried in the 

same conditions as the bovine explants, but over a time-course (0 - 60 min). At each 

drying interval, representative osteochondral explants (N = 3, n ≥ 6) from each 

group were processed for PCD assessment (as detailed in section 2.3.4.1).

3.3.4 Assessing the role of airflow velocity on cartilage water content

The effect of airflow velocity on water-loss from osteochondral explants by 

comparing the water content in bovine and human explants dried in the three 

previously defined groups. Water content was determined in osteochondral explants 
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at a drying interval of 45 min. The bovine study used osteochondral explants (n = 

25) from six bovine MTP joints (N = 3, n ≥ 7 for each group) and the human study 

used osteochondral explants (n = 51) from four human femoral heads (N = 4, n ≥ 11 

for each group). The dry weight of the osteochondral explants was then determined 

and used to calculate the percentage water content at each stage (as detailed in 

section 2.3.4.2).

3.3.5 Assessing the effect of rehydration on PCD

Osteochondral explants taken from six bovine MTP joints were used to determine 

the effect of rehydration on PCD. Explants (n = 18) were dried (T = 21 ºC; Va = 0.18 

m/s; t = 30 min) and the death associated with drying determined in a subsample of 

six explants (1 per MTP joint). The remaining explants were each immersed at 21 ºC 

without agitation in 1ml of saline for 60 min or 120 min and used to assess PCD. 

3.3.6 Assessing the distribution of chondrocyte death in osteochondral 

explants

Throughout this study, PCD was assessed using an ROI measuring 700 µm x 921 

µm x 100 µm as described in section 2.3.4.1. Additionally, the PCD in dried 

osteochondral explants was quantified in two equally-sized ROIs (200 µm x 921 µm 

x 100 µm) positioned adjacent to the cut edge of the cartilage (ROI 1) and 400 µm 

from the cut edge (ROI 2) to determine if cell death was more advanced at the cut 

edge. 
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Table 3.1 Summary of Experimental Groups (from Paterson et al., 2015). 
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§ Data not normally distributed.
** Osteochondral explants from joints divided between 2 groups.
*** Osteochondral explants from one joint divided between both experiments.  No individual explants were used in both 
experiments.
**** Samples also used to characterise cell death within the superficial zone

Model Experiment Groups
Experiment 

carried out on 
explants or Whole 

joints?

Assessment:

PCD Drying 
Score

Water 
Loss

Bovine 
N=50, 
n=268

Effect of Airflow Rate and joint weight on 
PCD 

N=20,  n=153

0m/s§

N=5, n=39 Whole joint ✔

0.15m/s
N=5, n=38 Whole joint ✔

0.3m/s
N=5, n=40 Whole joint ✔

0.45m/s
N=5, n=36 Whole joint ✔

Effect of Airflow on PCD and visual 
appearance 
N=18, n=72

Static Air
N=6, n=24 Whole joint ✔ ✔

Covered§

N=6, n=24 Whole joint ✔ ✔

Airflow§

N=6, n=24 Whole joint ✔ ✔

Effect of Airflow on Water loss
N=6, n=25

Static Air
N=3**, n=9 Explants ✔

Covered
N=3, n=7 Explants ✔

Airflow
N=3**, n=9 Explants ✔

Effect of rehydration on PCD
N=6, n=18

Dry
N=6, n=6 Explants ✔****

Dry & rehydrated (60 mins)
N=6, n=6 Explants ✔****

Dry & rehydrated (120 mins)
N=6, n=6 Explants ✔****

Human
N=6. n=131

Effect of Airflow on PCD
N=3***, n=80

Wet Control
N=3, n=14 Explants ✔****

Static Air
N=3, n=21

Subgroups: 20, 40, 60 mins
N=3, n≥6 per subgroup

Explants ✔****

Covered
N=3, n=23

Subgroups: 20, 40, 60 mins
N=3, n≥6 per subgroup

Explants ✔****

Airflow
N=3, n=22

Subgroups: 20, 40, 60 mins
N=3, n≥6 per supgroup

Explants ✔****

Effect of Airflow on water-loss
N=4i***, n=51

Static Air
N=4, n=20 Explants ✔

Covered
N=4, n=20 Explants ✔

Airflow
N=3, n=11 Explants ✔



3.3.7 Statistical analyses

Two-tailed Student’s t-tests and ANOVA (one- and two-way) analyses with post-hoc 

Tukey’s mutliple comparisons tests were carried out as appropriate using SPSS 

(Ver.22; IBM Corp, New York, USA). To guard against the possibility that the 

statistical analyses were affected by the inclusion of multiple samples from individual 

joints, a joint identifier was included as a ‘random factor’ in Univariate GLM analyses 

as appropriate. 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3.4 Results
3.4.1 Airflow resulted in widespread changes in articular cartilage appearance

In all groups (airflow, static air, and covered cartilage) the articular cartilage of 

freshly-opened (time = 0) bovine joints had a normal appearance (median drying 

score (DS) = 0; figure 3.1). Following 90 min of drying, the articular surface had 

become darker in the airflow and static air groups, starting at the edges of the joints 

and spreading over the entire joint surface. 

Figure 3.1 The appearance of bovine joints during drying and rehydration. Bovine joints 
were dried in airflow (Va = 0.18 m/s) (column 1), static air (column 2), or airflow (0.18 m/s) 
covered in saturated (0.9% sterile saline-saturated gauze (column 3). Photographs 
demonstrate the appearance of joints (1-3) prior to experimentation, (4-6) after 90 min of 
drying, and  (7-9) at 210 min following drying and 120mins of rehydration in 0.9 % saline. 
Panels 10-12 show axial CLSM projections labelled with CMFDA and PI, indicating living and 
dead superficial chondrocytes respectively (CMFDA stains the cytoplasm of living 
chondrocytes green and PI stains the nuclei of dead chondrocytes red) (Scale bar = 150 µm) 
(N = 18, 6 per group). CLSM = confocal laser scanning microscopy; CMFDA = 5-
chloromethylfluorescein diacetate; PI = propidium iodide (From Paterson et al., 2015).
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Compared to the control group dried in static air with discolouration localised to the 

raised ridges and edges of each condyle (median DS = 1), the joints in the airflow 

group showed prominent changes (dark brown/purple discolouration and 

roughening) across the entire surface (median DS = 3). In the covered group, the 

macroscopic appearance of the cartilage was indistinguishable from the fresh 

cartilage with a median DS of 0, even at 90 min.

3.4.2 Airflow accelerated chondrocyte death during drying

Chondrocyte death in representative unexposed bovine joints was 1.1 ± 1.4 %. 

Following drying (T = 21 ºC; Va ≤ 0.34 m/s; t = 50 min), both joint weight and airflow 

velocity (Va) statistically significantly affected PCD (F1 = 13.29; p < 0.01 and F3 = 

13.88; p < 0.001) when analysed using a univariate GLM considering joint weight as 

a covariate (figure 3.2 A). Furthermore, a positive correlation was observed between 

cell death and airflow (r = 0.721; p < 0.001; N = 20) (figure 3.2 B).

Additionally, there was a significant effect of airflow on PCD (p < 0.01, one-way 

ANOVA) with cell death at an airflow of 0.18 m/s (78.3 ± 11.5 %) being significantly 

higher than static air (2.7 ± 1.7 %; p < 0.01, post-hoc Tukey's multiple comparisons 

tests).

In joints dried for 90 min in an airflow of 0.18 m/s, there was complete cell death 

which was significantly (p < 0.001) higher than the control joints dried in static air 

(2.9 ± 0.8 %), and joints covered in a saline saturated gauze (0.8 ± 0.2 %) (figure 

3.3). Additionally, the PCD in joints covered by saturated gauze was significantly 

reduced compared to both the airflow group (p < 0.001) and static air control (p < 

0.05). Thus while 99.99 ± 0.01 % of the chondrocytes within the superficial zone 

were dead after 90 min of exposure to an airflow velocity of 0.18 m/s, 99.2 ± 0.2 % 

of chondrocytes remained viable if bovine cartilage was simply covered by saturated 

saline-soaked gauze.
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Figure 3.2 Whole joint drying at increased airflow velocities. A) The percentage 
cell death (PCD) in relation to pre drying joint weight (g) grouped by the airflow 
velocity (Va) (m/s)  B) The PCD in bovine joints dried for 50 min in relation to Va and 
best-fit line as calculated by linear regression (r2 = 0.511, p < 0.001) (N = 20).
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Figure 3.3 Accelerated PCD in bovine joints dried in airflow. PCD values for the 
cartilage of bovine joints exposed to air for 90 min in airflow (Va = 0.18 m/s), static 
air (Va = 0 m/s) or in airflow (Va = 0.18 m/s) but covered with a saturated saline 
dressing. PCD was most advanced in the airflow group and was lowest in the 
covered group (N = 18, N = 6 per group). 

As an airflow velocity of 0.18 m/s resulted in marked differences in bovine cartilage 

and chondrocyte death, and closely mimicked the airflow velocity in orthopaedic 

theatre systems, its effects were further investigated in human articular cartilage 

explants. A two-way ANOVA demonstrated a significant difference in PCD between 

the three treatment groups (p < 0.001) and with time (p < 0.001), with a significant 

interaction between the two (p < 0.01). In the airflow group, the PCD at the three 

time points (20, 40 and 60 mins) was 40.1 ± 9.9 %, 87.3 ± 6.6 % and 99.9 ± 0.05 % 

respectively. At the same time points, this significantly exceeded the static (10.8 ± 

3.4 %; 21.0 ± 6.7 %; 43.1 ± 8.8 %) and covered groups (3.8 ± 1.7 %; 13.5 ± 1.5 %; 

8.3 ± 2.3 %) (p < 0.001) (figure 3.4). Thus at 60 min, the SZ chondrocytes in 

osteochondral explants dried in airflow were all dead compared to those exposed to 

static air or gauze-covering where approximately 57 % and 92 % respectively of the 

chondrocyte population remained viable. 
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Figure 3.4 Airflow accelerated PCD during drying in human osteochondral explants.  
Drying under airflow resulted in accelerated chondrocyte death in human articular cartilage. 
A) PCD values for human osteochondral explants in the three treatment groups at 0, 20, 40, 
and 60 min of exposure. The airflow group exhibited the most cell death at 20, 40 and 60 
min. PCD = percentage cell death. B) Axial CLSM projections of human articular cartilage 
labelled with CMFDA (green) and PI (red), indicating living and dead superficial 
chondrocytes respectively (trimmed edge at the top of each panel; x10 objective lens; scale 
bar = 150 μm). Panels demonstrate advanced cell death in the group exposed to airflow (Va 
= 0.18 m/s) (column 1) relative to the static (column 2) and covered (column 3) groups at 0 
min (panels 1-3), 20 min (panels 4-6), 40 min (panels 7-9), and 60 min (panels 10-12) (N = 
3, n ≥ 6 per combination of group and drying interval) (from Paterson et al., 2015). 
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3.4.3 Airflow accelerated cartilage water-loss during drying

The initial water content of the osteochondral explants contributed 41.4 ± 2.6 % and 

51.7 ± 2.4 % of the initial weight of bovine and human osteochondral explants 

respectively. However, relative to this initial water content, the retained water was 

markedly reduced following drying for 45 min in bovine (airflow 32.5 ± 4.1 %; static 

56.7 ± 3.6 %; covered 91.2 ± 6.1 %) and human (airflow 31.0 ± 1.7 %; static 57.3 ± 

2.7%; covered 91.7 ± 2.2 %) osteochondral explants, and airflow significantly 

accelerated dehydration compared to the static and covered groups (p < 0.001; one-

way ANOVA; figure 3.5). 

Figure 3.5 Drying under airflow accelerated water loss in osteochondral 
explants. The percentage of initial water content retained after drying (T = 21 ºC; Va 
= 0.18 m/s; t = 45 min)  in (A) bovine (N = 6, n ≥ 7 per group) and (B) human (N = 4, 
n ≥ 11) osteochondral explants under various conditions. Water content was lowest 
in the airflow group in both bovine and human explants (from Paterson et al., 2015).  

3.4.4 Rehydration reversed macroscopic changes and prevented further 

chondrocyte death.
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In dried bovine joints, rehydration for 120 min in saline reversed most of the gross 

changes visible in joints in the static and airflow groups (figure 3.1, panels 7-9). In 

the static air group, a smooth and shiny cartilage appearance was restored (median 

DS 0). The airflow group also became lighter following re-hydration and had no 

defined darkening at ridges and edges, but remained darker than at 0 min (median 

DS 2). In dried (T = 21 ºC; Va = 0.18 m/s; t = 30 min) osteochondral explants, 

rehydration with 0.9 % saline prevented further chondrocyte death (figure 3.6). The 

PCD of dried osteochondral explants (41.2 ± 7.7 %) did not differ significantly (p > 

0.05, one-way ANOVA) from osteochondral explants dried and rehydrated for 60 min 

(45.6 ± 6.2 %) or 120 min (43.2 ± 6.0 %).

Figure 3.6 Rehydration of dried cartilage prevented further chondrocyte death. 
There was no significant difference in PCD for dried (T = 21 ºC; Va = 0.18 m/s; t = 30 
min) osteochondral explants immediately following drying (Dry) or after rehydration 
for 60 min (R60) and 120 min (R120) (N = 6, n = 6 in all groups) (from Paterson et 
al., 2015). 

3.4.5 Cell death in drying osteochondral explants was more rapid at the cut 

edge

In partially-dried samples, cell death was not uniformly distributed within the SZ 

(figure 3.7). Therefore, cell death was compared between chondrocytes at (ROI 1) 
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and distant from the cut edge (ROI 2). Immediately after harvesting and trimming, 

cell death in bovine explants was 0.38 ± 0.1 % (ROI 1) and 0.16 ± 0.1 %(ROI 2) and 

cell death in human explants was 2.3 ± 1.6 % (ROI 1) and 1.2 ± 1.1 % (ROI 2). In 

dried cartilage, cell death was consistently more advanced in ROI 1 compared to 

ROI 2. This difference was significant (p < 0.001, two-tailed Student’s t-test) in the 

partially-dried bovine osteochondral explants (ROI 1 = 80.2 ± 4.9 %; ROI 2 = 15.7 ± 

4.0 %; figure 3.7 D). In human cartilage dried in static air over 20 to 60 min (figure 

3.7 E), there was consistently more cell death for ROI 1 compared to ROI 2, and 

although there was a clear trend in chondrocyte death, there was no significant 

effect of time (p = 0.185) or ROI (p = 0.064) from the cut edge (two-way ANOVA). In 

human cartilage dried in airflow, results of a two-way ANOVA showed a significant 

effect of time (p < 0.001) and distance from the cut edge (p < 0.001; figure 3.7 F) 

with a significant difference observed at 20 min (ROI 1 = 56.4 ± 15.3 %; ROI 2 = 

20.7 ± 10.7 % p < 0.01, post-hoc Tukey's mutliple comparisons tests).
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3.5 Discussion
Compared to static air, airflow markedly increased the deleterious effects of drying 

on cartilage appearance and chondrocyte viability. The finding that almost complete 

protection was obtained if the cartilage surface or osteochondral explants were 

covered with saline-saturated gauze, supported the idea that loss of cartilage water 

was the primary cause of chondrocyte death. Although relatively normal cartilage 

appearance could be restored following rehydration after cartilage drying, the 

majority of chondrocytes were dead. Chondrocytes at the cut edge were more 

vulnerable to the effects of cartilage drying compared to cells distant from the injury. 

These results have clear implications for the protection of chondrocytes when 

cartilage is exposed to air during surgery.

Macroscopic changes in cartilage appearance with drying have been observed 

(Mitchell and Shepard, 1989; Han and Kang, 1990; Speer et al., 1990; Pun et al., 

2006) and reported to be transient, reversing after a period of recovery (Han and 

Kang, 1990; Speer et al., 1990) or incubation (Pun et al., 2006). Our results support 

these findings in bovine joints as both the airflow and static air groups exhibited 

substantial reversal of their macroscopic changes following rehydration in saline 

(after 120 min; figure 3.1), measured as a reduction in their drying score. This was 

far more rapid than reported previously where only later time points were 

investigated (3 days for explants (Pun et al., 2006) and up to 6 weeks for joints 

studied in vivo (Han and Kang, 1990; Speer et al., 1990). However, it is important to 

note that while the gross appearance was largely restored, the cartilage was devoid 

of viable cells (Figure 3.1, panels 10-12). Therefore it was clear that cartilage 

appearance was dependent on hydration state and should not necessarily be used 

to indicate cell viability. This finding is particularly relevant to any orthopaedic 

surgery that involves exposure of articular cartilage to laminar airflow in the 

operating theatre. This commonly occurs after open arthrotomy for cartilage repair 
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procedures (e.g. autologous chondrocyte implantation (ACI)), joint preservation 

surgery (e.g. unicompartmental knee replacement) and (more commonly) during 

intra-articular fracture fixation. Moreover, such surgery often lasts for periods longer 

than 60 min and native cartilage of synovial joints would be exposed to the effects of 

laminar airflow in the operating theatre for a prolonged period. The simple 

manoeuvre of covering exposed cartilage with saline-saturated gauze would protect 

against the deleterious effects of drying during these procedures. Our data show 

that unless measures (e.g. covering with a moist gauze) are taken to prevent the 

drying of native cartilage during surgery, there is the risk of almost 100 % loss of cell 

viability within 60 min in otherwise uninjured normal tissue, which may eventually 

compromise the outcome of the procedure.

Although cartilage scoring systems are well established in the assessment of 

cartilage degeneration (Mankin et al., 1971; Van Der Sluijs et al., 1992; Dougados et 

al., 1994; Peterson et al., 2000; Smith et al., 2005) and changes in the appearance 

of cartilage during drying have been noted (Mitchell and Shepard, 1989; Han and 

Kang, 1990; Speer et al., 1990; Pun et al., 2006), to our knowledge no standardised 

scoring method has been created for cartilage drying. The scoring method described 

for the bovine joints (section 2.3.5.1) was a pragmatic attempt to semi-quantify and 

thus compare the changes that were apparent visually (figure 3.1). No attempt was 

made to correlate the drying scores with PCD or water-loss due to the difficulty in 

assessing all of these criteria from the same joint. Future studies could develop this 

system to take a more precise account of the complex changes that occur during 

cartilage drying. 

There was no significant change in PI-positive labelling following short-term (120 

mins) rehydration of cartilage with saline (figure 3.6). This strongly suggested that 

there was no further chondrocyte death during this period, in other words the 
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restoration of cartilage hydration prevented further cell death. We cannot however 

exclude the possibility that over a longer time period chondrocyte death would 

continue, albeit at a slower rate. It has been shown previously (Bush et al., 2005) 

that the death of chondrocytes following injury by mechanical load is complex, and 

comprised of both short (acutely-injured) and long term (chronically-injured) 

processes, and thus it is possible that the chondrocyte death that we have observed 

under these conditions is an underestimate. 

The mechanism of chondrocyte death in dried cartilage remains unclear. The insult 

to cartilage that results from air exposure may be twofold, as cartilage is 

simultaneously exposed to air and isolated from its dominant nutritional source, the 

synovial fluid (Wang et al., 2013). Therefore, cell death may be due to dehydration, 

and/or nutritional deficiency (Han and Kang, 1990). However, in previous studies 

(Mitchell and Shepard, 1989; Han and Kang, 1990; Speer et al., 1990; Pun et al., 

2006) cartilage dehydration has not been assessed. The initial water content 

observed in this study was c. 20 % lower than the values presented by Maroudas 

and Schneiderman (1987) and Farr et al. (2015), however this may be attributed to 

the inclusion of subchondral bone in the osteochondral explants in this study, which 

was necessary to prevent deformation of the cartilage as it dried. Our results 

suggested that water-loss from osteochondral explants exposed to moving air was 

more pronounced compared to those dried in static air (figure 3.5), mirroring the 

results obtained for chondrocyte death (figures 3.3 and 3.4). Furthermore, in the 

covered cartilage, hydration and chondrocyte viability were maintained despite 

isolation from the synovial fluid, mirroring the findings of Farr et al. (2015) who 

observed a relationship between tissue hydration and PCD during drying. Although 

the cell death mechanism remains unknown, this suggests that dehydration, rather 

than nutritional deficiency, is of greater consequence to chondrocyte viability in 

drying cartilage. 
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It has previously been identified that during drying, chondrocyte death was initiated 

at the cartilage surface (Mitchell and Shepard, 1989; Han and Kang, 1990; Speer et 

al., 1990; Carames et al., 2013). Our axial CLSM images support and extend this 

observation, revealing a characteristic and consistent pattern of chondrocyte death 

in cartilage of both species (figures 3.4 B and 3.7) since the PCD values in the 

region 0 - 200 µm from the cut edge were consistently in advance of the more 

central region which was further from the cut edge (400 - 600 µm) (figure 3.7). It is 

possible that the increased scalpel trauma at the cut edge (Tew et al., 2000; 

Redman et al., 2004; Huntley et al., 2005) pre-disposed these chondrocytes to 

death by cartilage drying, however it is also possible that water-loss was greater 

compared to regions distant from the cut edge. This could be due to a greater 

surface area open to the drying environment (i.e. chondrocytes exposed to both 

articular surface and cut edge). It is also conceivable that there was differential 

water-loss between the cut edge and the articular surface, which is known to have 

reduced permeability to water (Maroudas and Bullough, 1968). The implication of 

this would be that chondrocytes at a cut (and therefore injured) edge when 

visualised in the coronal plane (Pun et al., 2006) would be more vulnerable to water-

loss. 

The results demonstrated that cartilage drying has similar effects on cartilage 

hydration and chondrocytes within both bovine and human cartilage. There is no 

chondrocyte division in healthy cartilage and thus they are irreplaceable (Archer, 

1994), and in the absence of viable cells, cartilage undergoes inevitable 

degenerative changes (Simon et al., 1976; Squires et al., 2003; Stufkens et al., 

2010). The airflow velocities used in this study were in close approximation with 

those outlined for the surgical environment by National Health Service guidelines 

(Department-of-Health, 2007; NHS-Scotland, 2013), which suggest that chondrocyte 

death due to drying during surgical procedures may be more pronounced than 
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previous studies using ‘room’ air have suggested (Han and Kang, 1990; Pun et al., 

2006; Von Keudell et al., 2013). The temperature and airflow profile around a joint 

during surgery may be more complex than that used in this study and would benefit 

from further detailed investigation. It is anticipated that a range of other factors, 

including surgical procedure, patient position, and movement of the surgical staff, 

could potentially shelter the joint, reduce cartilage drying and hence limit 

chondrocyte death. Conversely, an increase in operating theatre temperature may 

accelerate dehydration and chondrocyte death. Additionally, while we cannot rule 

out the possibility of regions of degeneration, as far as possible the cartilage 

samples used in this study were healthy, non-degenerate and the chondrocytes 

viable (figure 3.4) and are taken to represent cartilage’s normal response to drying. 

It is likely that changes in cartilage thickness and hydration with disease and age 

and the presence of fibrillations may influence cartilage drying. 

The increased chondrocyte death during drying at the cut cartilage edge (figure 3.7) 

may be relevant to clinical scenarios e.g. during mosaicplasty, as this could lead to 

greater cell death in a region where tissue integration is crucial. Possible 

interventions to minimise cartilage drying include frequent irrigation (Mitchell and 

Shepard, 1989; Pun et al., 2006) and covering exposed cartilage with saline-

saturated gauze to limit cartilage drying, water-loss, and chondrocyte death (figures 

3.1, 3.3 - 3.5). It is also important to note that if cartilage drying does occur during 

surgery then while it might be thought that subsequent rehydration might have 

restored cartilage to its normal appearance, this will be of little benefit as the 

chondrocytes might already be dead. 

This study has demonstrated that airflow accelerated drying and chondrocyte death 

in exposed bovine and human cartilage. An increased airflow velocity resulted in 

advanced macroscopic changes, increased water-loss in articular cartilage and 
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accelerated chondrocyte death especially at the cut edge. Saline-saturated gauze 

may protect cartilage and chondrocytes against drying, but while the rehydration of 

dried cartilage could restore cartilage appearance, inevitable cartilage failure may 

result because of the absence of viable chondrocytes. Our findings strongly support 

the view that articular cartilage must be kept well hydrated throughout any surgical 

procedure in which it is exposed to airflow.  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4. Irrigation solution 
composition and its effect 

on drying  

�80



4.1 Introduction
For the purposes of this thesis, ‘irrigation’ is considered as the washing or bathing of 

cartilage, and ‘rewetting’ is the repetition of this irrigation at intervals throughout the 

drying period - wetting the cartilage surface for a transitory period (for example as 

carried out by Mitchell and Shepard (1989) and Pun et al. (2006)). Both irrigation 

and rewetting are used during surgery in order to prevent drying, and periodic 

rewetting (in particular) has been shown to be protective against chondrocyte death 

during drying (Mitchell and Shepard, 1989; Pun et al., 2006). However, the success 

of this is dependent on its frequency of application and its composition.

Mitchell and Shepard (1989) observed that irrigation using lactated Ringer’s solution 

(LRS) at intervals of 5 min completely prevented cell death in exposed leporine 

(rabbit) articular cartilage. However, achieving such frequent irrigation may be 

impractical during orthopaedic procedures (Mitchell and Shepard, 1989; Pun et al., 

2006). As an alternative, Pun and colleagues (2006) recommend rewetting (also 

with LRS) at intervals of 10 to 20 min, which may be more practical and were also 

effective in reducing cell death during drying. In their study, irrigation every 10 min 

resulted in significantly less death than irrigation every 20 min (Pun et al., 2006). 

Although even with rewetting every 10 min, air exposure still resulted in some 

chondrocyte death (c. 20 %). However, contradicting these observations, von 

Keudell and colleagues (2013) reported no chondroprotection in bovine cartilage 

samples rewetted with LRS (intervals of 20 min) over 120 mins of air exposure. Cell 

death in the rewetted and control (dried) groups was c. 35 %. 

It has previously been speculated that irrigation solutions with properties closely 

mimicking those of synovial fluid may be chondroprotective against drying (Mitchell 

and Shepard, 1989). Additionally, Bulstra et al. (1994), describe the model irrigation 

solution as being compatible with cartilage and synovial fluid in terms of its osmotic, 
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pH, and ionic properties. Despite this, the solutions used routinely in irrigation (e.g. 

saline, LRS) to supplant the synovial fluid are not considered ‘physiological’ 

solutions.

While saline is comparable with serum in terms of Na+ and Cl- ionic concentration, it 

does not contain phosphate, bicarbonate, acetate, lactate, K+, or Ca2+ and has a 

variable pH (Reagan et al., 1983). Furthermore, saline and Hartmann’s solution 

have osmolarities of c. 250-300 mOsm (Amin et al., 2010), somewhat lower than 

that of normal human synovial fluid (c. 400 mOsm; Baumgarten et al., 1985). Finally, 

these solutions lack glucose, isolating cartilage from access to a source of nutrition. 

In a study on intact murine (rat) patellar cartilage, Bulstra and colleagues (1994) 

observed that both saline and LRS reduced chondrocyte metabolism (assessed 

using sulphate uptake to indicate proteoglycan synthesis) by 20 %, compared to a 

culture media control. However, Reagan and colleagues (1983) observed that 

chondrocyte metabolism was not reduced in samples irrigated in LRS and conclude 

that LRS was more ‘physiological’ than saline. This study was carried out on bovine 

osteochondral explants though and may not reflect the clinical scenario due to loss 

of recently synthesised PG into culture media (Verbruggen et al., 1985) and thus the 

observation may be most applicable to the irrigation of damaged cartilage. 

It has been proposed that hyaluronan (HY), a non-sulphated GAG present in 

synovial fluid, may be chondroprotective against drying due to its hydrophilic nature 

and ability to adhere to the articular surface (Bloebaum et al., 1992). Bloebaum and 

colleagues (1992) irrigated murine patellar articular cartilage with a 1.4 % 

hyaluronan solution at 30 min intervals during air exposure. They observed a 

maintenance of chondrocyte metabolism in the treatment group compared to dried 

controls and concluded that HY was an ‘excellent’ antidessicant. (Bloebaum et al., 

1992). However, the omission of a control group not exposed to air prevents the 
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metabolic activity of healthy cartilage from being established and thus the level of 

metabolic activity in the HY group relative to healthy cartilage is undetermined. 

Furthermore, the HY group was frequently rewetted throughout drying (using saline 

and LRS) and the control group was not. Therefore, the protection that the authors 

attributed to the HY solution may actually result from the periodic rewetting (shown 

to be protective by Mitchell and Shepard (1989) and Pun et al. (2006)) and the 

actual efficacy of HY as an irrigation solution is unsubstantiated. 

A notable difference between the aforementioned irrigation solutions and native 

synovial fluid is the absence of glucose. This isolation from the native nutritional 

source (Wang et al., 2013) has been proposed as a possible mechanism for the 

injury resulting from drying (Han and Kang, 1990). This is supported by the highly 

glycolytic nature of chondrocyte metabolism and requirement for a regular supply of 

glucose for optimal ATP production and homeostasis (Mobasheri et al., 2008). 

However, no study has been carried out to assess the role of nutritional deficiency or 

the efficacy of an irrigation solution supplemented with glucose in cartilage drying 

and chondrocyte death.

Recently, irrigation solution osmolarity has been identified as an important factor in 

the chondroprotection against various other forms of cartilage trauma. For example, 

the use of a hyperosmolar solution (600 mOsm) decreases the extent of 

chondrocyte death in response to sharp and blunt force trauma (Bush et al., 2005; 

Amin et al., 2008; Eltawil et al., 2015) and drilling (Farhan-Alanie and Hall, 2014). 

However, no comparable study on drying cartilage has been identified.

Changes to the extracellular osmolarity of cartilage are reflected rapidly in the 

volume of passive chondrocytes, with a swelling effect at low osmolarities and cell 

shrinkage at higher osmolarities (Bush & Hall, 2001). One method to alter the 

osmolarity is via compression. Sustained compressive load expels fluid from within 
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the ECM, causing an increased concentration of negatively charged PGs, and 

sequent rise in mobile cations (Na+, K+, Ca2+, H+) and osmolarity (Urban, 1994). 

These changes to osmolarity significantly alter matrix synthesis (Urban et al., 1993).

In response to osmotic shock, chondrocytes exhibit volume regulatory pathways. A 

reduction in extracellular osmolarity resulting in chondrocyte swelling initiates a 

calcium dependant regulatory volume decrease, which restores the chondrocyte to 

its original volume (Erickson et al., 2001). Conversely however, very few 

chondrocytes (< 10 %; isolated and in situ) demonstrate regulated volume increase 

following osmotically induced chondrocyte shrinking (Kerrigan et al., 2006). The 

absence of a strong regulated volume increase response may result from the 

swelling pressure provided by the PGs in the ECM, which is hypothesised to be 

sufficient to return cells to their ‘volume set-point’ (Kerrigan et al., 2006). However, 

this relies upon the presence of water within the tissue to rehydrate the tissue and 

chondrocytes. While this is the norm in loading and unloading cartilage, it remains 

unclear how this would affect dried cartilage. 
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4.2 Aim, Objectives, and Hypothesis
This study aimed to assess the effectiveness of 2 types of irrigation solution on 

preventing chondrocyte death during cartilage drying: (1) a saline irrigation solution 

supplemented with glucose, and (2) a hyperosmolar irrigation solution. Cartilage 

hydration and chondrocyte death were compared in a series of experiments using 

intact bovine joints and osteochondral explants dried after irrigation in solutions at a 

range of glucose concentrations and osmolarities. Control cartilage was irrigated in 

0.9 % saline solution, the most commonly used irrigation solution.

It was hypothesised that (1) the inclusion of glucose in an irrigation solution would 

be chondroprotective against chondrocyte death during drying and (2) irrigation 

using a hyperosmolar solution would result in accelerated drying, due to the osmotic 

movement of water out of the tissue (Guilak et al., 2002), which may exacerbate 

cartilage drying and accelerate chondrocyte death.  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4.3 Methods
4.3.1 Experimental overview

Irrigation solutions used in this study were applied as (1) a transitory wash of 250 ml 

of solution in studies on whole joints, or (2) immersion (with no agitation) in 1 ml of 

solution for 20 min in osteochondral explant studies and 60 min when determining 

water content. All irrigations were carried out at (and using solutions at) room 

temperature. Following irrigation, surface fluid was removed from the articular 

surfaces using absorbent tissue and the samples were experimentally dried as 

detailed below. 

The trauma resulting from drying was assessed in bovine cartilage (explants and 

joints) in terms of percentage chondrocyte death (PCD) and water-loss. PCD was 

assessed via labelling with CMFDA and PI (as detailed in section 2.3.4.1) 

immediately following experimental drying. The water content throughout irrigation 

(at 15 min intervals) and drying (at 45 min intervals) was measured as detailed in 

section 2.3.4.2. Assessments of water content were independent from assessments 

of PCD, i.e. no samples were used to assess both water content and PCD. In time-

course experiments, osteochondral explants were harvested from joints and 

organised into treatment groups. Thus, each joint was represented by one 

osteochondral explant in each combination of time-point and treatment group (as 

described in section 2.3.2). 

4.3.2 Investigating the effect of glucose supplemented irrigation solutions on 

drying

In order to assess the chondroprotective properties of irrigation solutions 

supplemented with glucose, bovine joints and osteochondral explants were used in 

a number of studies. Cartilage from a total of sixty nine bovine joints was used in 

these studies. Joints and osteochondral explants were irrigated in a range of 
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solutions supplemented with (and absent of) glucose (at various concentrations) 

(table 4.1). Following irrigation in these solutions for 20 min, surface fluid was 

removed using absorbent tissue and joints and osteochondral explants were dried 

under various experimental conditions.

Table 4.1 Irrigation solution compositions - Glucose studies.  Concentrations of 
glucose and sodium chloride (NaCl) and measured osmolarity (mOsm) for irrigation 
solutions used in experiments considering the role of glucose on chondrocyte death 
during experimental drying. Clinical saline (Sc) and osmotically balanced saline 
solutions (S and S+) were used as controls to solutions supplemented with glucose. 
*clinical saline refers to purchased 0.9 % (w/v) saline solution (Baxter Healthcare, 
Newbury, UK).

4.3.2.1 Determining the PCD in cartilage irrigated in a glucose 

supplemented solution

Pilot studies to determine the effect of a glucose irrigation solution on bovine joints 

and osteochondral explants were structured as follows:

• Intact bovine joints (N = 9) were subject to experimental drying (T = 21 ºC; Va 

= 0.25 m/s; Time = 50 min) following irrigation in 250 ml irrigation solution: 

either clinical saline (Sc; N = 5) or saline supplemented with glucose (SG; N = 

4) (figure 4.1). 

Solutio
n Details Concentration 

Glucose (mM)
Concentration 

NaCl (mM)
Osmolarity (mOsm)

Calculated Measured

Sc Clinical saline* - 154 300 296 ± 5

Sg Glucose solution 25 150 300 313 ± 3

S
Saline solution 

osmotically balanced 
with ‘SG’

- 162 300 311 ± 5

Sg+ Concentrated glucose 
solution 100 107 300 308 ± 7

S+
 Saline solution 

osmotically balanced 
with ‘SG+’

- 161 300 303 ± 6

SF Synovial fluid - - - 311 ± 3

DMEM DMEM 25 110 - 346 ± 2
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• Osteochondral explants (n = 24) harvested from four bovine joints were 

subject to experimental drying (T = 21 ºC; Va = 0 m/s; H = 0 %; Time = 180 

min) following irrigation for 20 min in 1 ml irrigation solution: either saline (S; N 

= 4, n = 12) or SG (N = 4, n = 12) (figure 4.2). 

Additionally, time-course drying experiments were carried out in moving or static air, 

using irrigation solutions supplemented with either 25 mM or 100 mM glucose (SG, 

and SG+ respectively) and osmotically balanced saline controls (S and S+). PCD 

was calculated in all experiments as described in section 2.3.4.1). 

Each experiment used osteochondral explants from ten bovine MTP joints, 

organised into the four treatment groups (S, SG, S+, and SG+) and over three time 

points to assess the PCD resulting from drying. The drying intervals in the moving 

air (T = 21 ºC; Va = 0.18 m/s) and static air (T = 21 ºC; Va = 0 m/s) experiments were 

dried for 20, 30, and 40 min and 60, 90, and 120 min respectively _. In both vi

experiments, each combination of time point and irrigation solution was represented 

by five osteochondral explants, from five independent bovine joints (as outlined in 

section 2.3.2).

4.3.2.2 Determining the effect of glucose deficiency on chondrocyte 

viability during culture in the absence of drying

In order to determine the effect of nutritional deficiency on chondrocyte death, 

osteochondral explants from eight bovine MTP joints were cultured in 1 ml of either 

150 mM saline solution supplemented with 25 mM glucose (SG) or an osmotically 

balanced 162 mM saline solution (S) for up to 5 days at 37 ºC and 5 % CO2 (absent 

of buffer). In order to prevent infection during culture, both solutions were 

supplemented with antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin) and 

 shorter drying intervals (mins) were used for drying in moving air because drying is vi

accelerated in these circumstances.
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culture solutions were changed daily. Representative samples (N = 4, n = 4) were 

taken from each solution at daily intervals and labelled with CMFDA and PI (as 

described in section 2.3.4.1) and used to assess PCD. 

4.3.2.3 Determining the water content in cartilage irrigated in a glucose 

supplemented solution

The effect of a glucose irrigation solution on cartilage water content was determined 

for twelve osteochondral explants taken from a further three bovine MTP joints. 

Osteochondral explants were organised into four groups based on their irrigation 

solution (S, SG, S+. and SG+). Explants were each immersed in 1ml of irrigation 

solution for 60 min with weight measurements taken at 15 min intervals, and then 

dried in moving air (T = 21 ºC; Va = 0.18 m/s) for 90 min with weight measurements 

taken at 45 min intervals. The dry weight of the osteochondral explants was then 

determined and used to calculate the percentage water content at each stage (as 

detailed in section 2.3.4.2). 

4.3.2.4 Determining the effect of DMEM and SF on PCD when used as 

irrigation solutions during drying

The chondroprotective effect of bovine synovial fluid (SF) and DMEM when used as 

irrigation solutions prior to experimental drying was compared to a clinical saline 

(Sc) control and assessed in terms of PCD and water-loss in two independent 

experiments. The first set of experiments used osteochondral explants from twelve 

bovine MTP joints. Osteochondral explants were dried in a desiccator (T = 21 ºC; Va 

= 0 m/s; H = 0 %) for up to 315 min, with representative samples (N = 6, n = 6 for  

both the DMEM and Sc groups, N = 11, n = 11 for SF group) taken at 45 min 

intervals and processed for PCD assessment (as detailed in section 2.3.4.1).

The water content was calculated in eighteen osteochondral explants harvested 

from a further six bovine MTP joints, organised into 3 groups (Sc, DMEM, and SF, 
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each N = 6, n = 6). Explants were each immersed in 1ml of irrigation solution for 60 

min with weight measurements taken at 15 min intervals, and then dried in moving 

air (T = 21 ºC; Va = 0.18 m/s) for 90 min with weight measurements taken halfway 

through (45 min). The dry weight of the osteochondral explants was then determined 

and used to calculate the percentage water content at each stage (as detailed in 

section 2.3.4.2). 

4.3.3 Investigating the effect of irrigation solution osmolarity on drying

A number of experiments were used to determine the role of irrigation solution 

osmolarity on the PCD and water-loss resulting from cartilage drying. The osmolarity 

of the irrigation solutions used prior to drying was altered by the addition of NaCl, 

sucrose, or glucose in various concentrations (table 4.2).

Table 4.2 Irrigation solution compositions - Osmolarity studies. Concentrations 
of sucrose, glucose, and sodium chloride (NaCl) and measured osmolarity (mOsm) 
for irrigation solutions used in experiments considering the role of osmolarity on 
chondrocyte death during experimental drying.

4.3.3.1 Assessing the effect of a hyperosmolar irrigation solution prior to 

cartilage drying on PCD 

Osteochondral explants from seven bovine MTP joints were organised into two 

groups (N = 7, n = 21 in each group) and each irrigated with 1 ml of either 

normosmolar 161 mM saline solution (300 mOsm; “300” in figures) or hyperosmolar 

161 mM saline solution supplemented with 294 mM sucrose (600 mOsm; “600” in 

Solution Details Concentration 
Sucrose (mM)

Concentration 
NaCl (mM)

Concentration 
Glucose (mM)

Osmolarity (mOsm)

Calculated Measured

300 normosmolar 
solution - 161 - 300 301 ± 2

600

Hyperosmolar 
solutions

294 161 - 600 622 ± 3

600NaCl - 330 - 600 603 ± 3

600G - 161 310 600 608 ± 2

900 588 161 - 900 965 ± 2
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figures) for 20 min. Following irrigation, explants were dried in a desiccator (T = 21 

ºC; Va = 0 m/s; H = 0 %) for 210 min and then immediately stained and fixed for 

assessment of PCD (section 2.3.4.1). 

In order to ensure that any differences observed between the normosmolar and 

hyperosmolar solutions were due to osmolarity and not the presence of sucrose in 

the irrigation solution, a further experiment was carried out using hyperosmolar (600 

mOsm) solutions supplemented with sucrose (294 mM, “600” in figures), glucose 

(310 mM; “600G” in figures), or NaCl (final concentration: 330 mM; “600NaCl” in figures). 

Osteochondral explants from a further eighteen bovine MTP joints were used and 

organised into four groups and irrigated in 1 ml solution (300, 600, 600G, and 600NaCl) 

for 20 min before being dried (T = 21 ºC; Va = 0.18 m/s) for 30 min. Explants were 

then labelled, fixed, and assessed for PCD as detailed in section 2.3.4.1. 

In order to establish the effect of solution osmolarity throughout drying, PCD was 

assessed in osteochondral explants from six bovine MTP joints in two groups (300 

mOsm and 600 mOsm) at three time points (0 min, 30 min, and 60 min). Each 

explant was irrigated in 1 ml of irrigation solution for 20 min and then dried (T = 21 

ºC; Va = 0.18 m/s). Representative samples (N = 6, n = 6) were selected from each 

group (irrigation solution) at each time point and assessed for PCD as previously 

described. 

In order to establish the wider relationship between irrigation solution osmolarity and 

PCD in dried cartilage, three irrigation solution osmolarities were included in 

subsequent osmolarity experiments on bovine osteochondral explants: 300, 600, 

and 900 mOsm (see table 4.2 for details on solution compositions). 

Two further independent PCD time-course experiments were carried out where 

drying occurred in either moving air (T = 21 ºC; Va = 0.18 m/s) or static air (T = 21 

ºC; Va = 0 m/s). In each experiment, osteochondral explants from ten bovine MTP 
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joints were organised into three groups/irrigation solution osmolarities (300, 600, 

and 900 mOsm) and dried for up to 40 min (moving air experiment) or 90 min (static 

air experiment). Representative samples were assessed to determine the PCD at 

four drying intervals. 

4.3.3.2 Assessing the effect of a hyperosmolar solution cartilage water 

content during irrigation and drying

The effect of irrigation solution osmolarity on cartilage water content was determined 

for eighteen osteochondral explants taken from a further six bovine MTP joints. 

Osteochondral explants were organised into three groups based on their irrigation 

solution osmolarity (300, 600, and 900 mOsm). Explants were each immersed in 

1ml of irrigation solution for 60 min with weight measurements taken at 15 min 

intervals, and then dried in moving air (T = 21 ºC; Va = 0.18 m/s) for 90 min with 

weight measurements taken at 45 min intervals. The dry weight of the osteochondral 

explants was then determined and used to calculate the percentage water content at 

each stage (as detailed in section 2.3.4.2). 

4.3.3.3 Assessing the effect of a hyperosmolar irrigation solution on PCD 

in dried human femoral head cartilage

Due to tissue availability, a pilot study to assess the relationship between irrigation 

solution osmolarity and PCD during drying in human tissue was carried out on 

osteochondral explants taken from one femoral head. Osteochondral explants (n = 

12) were organised into two groups based on the irrigation solution osmolarity (300 

and 600 mOsm) and dried (T = 21 ºC; Va = 0.18 m/s) for up to 30 min. 

Representative samples (n = 2) were taken from each irrigation solution group at 10 

minute intervals and used for PCD analysis as detailed in section 2.3.4.1. 
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4.3.4 Statistical Analyses

For studies involving data organised into two independent groups, for example when 

comparing the effect of irrigation solutions on whole joints (figure 4.1), parametric 

two-tailed Student's t-tests were performed using Prism (GraphPad Software Inc., 

California, USA). In osteochondral explant studies where multiple explants (n) from 

an individual animal (N) are present within one group (e.g. figure 4.2), analyses 

were performed using the Univariate GLM function of SPSS (Ver. 22; IBM Corp, 

New York, USA) considering a joint identifier as a ‘random factor’. Two-way ANOVA 

analyses were carried out on Prism for time-course experiments (e.g. figure 4.3) 

assessing PCD (where no repeated measures were taken) and repeated measures 

two-way ANOVA analyses were performed on data from dry weight studies (e.g. 

figure 4.6). Post-hoc Tukey’s and Sidak’s multiple comparisons analyses were 

carried out where appropriate, as indicated throughout and presented in figures as 

asterisks (as detailed in section 2.5). 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4.4 Results
4.4.1 The effect of glucose supplemented irrigation solutions on bovine 

cartilage drying

4.4.1.1 The presence of glucose in irrigation solutions did not affect PCD 

during drying

In order to assess the role of nutritional deficiency in cartilage drying and 

chondrocyte death, cell death was compared between cartilage samples irrigated in 

solutions absent of, and supplemented with, glucose. In whole joints dried for 50 min 

at an airflow of 0.25 m/s, average cell death was 51.2 ± 14.1 % in the group (N = 5) 

irrigated with a clinical saline solution (Sc) and 78.4 ± 10.4 % in the group (N = 4) 

irrigated with a 25 mM glucose solution (Sg). Due to the small sample sizes, normal 

distribution was assumed and the results of a parametric two-tailed student’s t-test 

indicate that there was no statistically significant difference in chondrocyte death 

between the groups (t7 = 1.472; p = 0.185; figure 4.1).

In osteochondral explants experimentally dried for 180 min in a desiccator, PCD was 

90.3 ± 4.8 % and 78.1 ± 7.5 % in the groups incubated in saline (S) and glucose 

(Sg) solutions respectively. However, there was no significant effect of irrigation 

solution on PCD (F1 = 1.155; p = 0.361; figure 4.2). Additionally, there was no 

significant effect related to the joint of origin (F3 = 0.421; p = 0.752) or interaction 

between the joint and solution (F3 = 2.202; p = 0.130). 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Figure 4.1 No chondroprotection from drying in joints irrigated with a glucose 
solution. A) Mean PCD values in whole joints resulting from drying (T = 21 ºC; Va = 
0.25 m/s; t = 50 min) following irrigation with 250 ml of a clinical saline solution (Sc; 
N = 5) and a saline solution supplemented with 25 mM glucose (Sg; N = 4). The 
broken line indicates complete cell death (100 %). B) Axial CLSM projections 
labelled with CMFDA (green) and PI (red), indicating living and dead superficial 
chondrocytes respectively (x10 objective lens; scale bar = 150 μm).
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Figure 4.2 No chondroprotection from drying in osteochondral explants 
irrigated with a glucose solution. A) Mean PCD in osteochondral explants 
resulting from drying (T = 21ºC; Va = 0 m/s; H = 0 %; t = 180 min) following irrigation 
with a saline solution (S; N = 4, n = 12), and a saline solution supplemented with 25 
mM glucose (Sg; N = 4, n = 12). The broken line indicates complete cell death (100 
%). B) Axial CLSM projections labelled with CMFDA (green) and PI (red), indicating 
living and dead superficial chondrocytes respectively (x10 objective lens; scale bar = 
150 μm).

In osteochondral explants dried for up to 40 min under airflow (0.18 m/s) following 

irrigation in either saline solution supplemented with 25 mM glucose (SG); 

osmotically balanced saline solution (S); saline solution supplemented with 100 mM 

glucose (SG+); or an osmotically balanced saline solution (S+), time was observed 

to have a very significant effect on PCD (F2 = 64.697; p < 0.001; figure 4.3). 

�96



However, neither the effect of irrigation solution or interaction between time and 

solution were significant (F3 = 0.673; p = 0.573; and F6 = 0.361; p = 0.9, 

respectively). 

Similarly, when repeated using osteochondral explants dried in static air (T = 21 ºC; 

Va = 0 m/s; H = 0 %; t = 120 min) PCD was observed to be time dependent (F2 = 

18.842; p < 0.001; figure 4.4) whereas the incubation solution had no significant 

effect (F3 = 0.371; p = 0.774). In the static air study, the interaction between solution 

and time was not significant (F6 = 0.371; p = 0.894).  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Figure 4.3 Irrigation solutions supplemented with glucose did not reduce PCD over 
time in airflow dried explants. Mean post-drying joint PCD grouped by irrigation solution: 
saline supplemented with 25 mM glucose (Sg)  or 100 mM glucose (Sg+) or osmotically 
balanced saline solutions (S and S+).  A) Mean PCD in osteochondral explants resulting 
from drying in moving air (T = 21 ºC; Va = 0.34 m/s; t = 20 - 40 min). B) Representative axial 
CLSM projections, stained with CMFDA (green) and PI (red), indicating living and dead 
superficial chondrocytes respectively (x10 objective lens; scale bars = 150μm).
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Figure 4.4 Irrigation solutions supplemented with glucose did not reduce PCD 
over time in dried explants. A) Mean PCD in osteochondral explants resulting 
from drying in static air (T = 21 ºC; Va = 0 m/s; t = 60 - 120 min).  No significant 
differences were observed between the solutions at any time point in either the 
airflow or static air experiments. N = 5; n = 5 in all combinations of solution and 
drying interval. B) Representative axial CLSM projections stained with CMFDA 
(green) and PI (red), indicating living and dead superficial chondrocytes respectively 
(x10 objective lens; scale bars = 150μm).
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4.4.1.2 Culture in glucose supplemented saline resulted in less death than 

a saline control

The long term effect of glucose deficiency was demonstrated in osteochondral 

explants cultured for up to 5 days in either 162 mM saline solution supplemented 

with antibiotics, or a 150 mM saline solution supplemented with 25 mM glucose and 

antibiotics. PCD in control, (uncultured, time = 0 min) osteochondral explants was 

0.86 ± 0.38 %. Chondrocyte death was accelerated in osteochondral explants 

cultured in the absence of glucose (100 % cell death after 2 days), compared to 

samples cultured in its presence (100 % cell death after 4 days) (figure 4.5). 
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Figure 4.5 Explants cultured in absence of glucose achieved 100 % chondrocyte death 
within 2 days. A) PCD in osteochondral explants cultured in either saline solution (S) or saline 
solution supplemented with 25 mM glucose (SG). Post-hoc Tukey test results (asterisks) indicate a 
significant difference in PCD between the groups at day 2. The broken line indicates complete cell 
death (100 %). N = 4, n = 4 in each combination of solution and culture period (N = 3, n = 3 for 
days 4 and 5). B) Axial CLSM projections labelled with CMFDA (green) and PI (red), indicating 
living and dead superficial chondrocytes respectively (x10 objective; scale bar = 150 μm).



Parametric two-way ANOVA showed a significant effect of both culture period (F4 = 

415.8; p < 0.001) and solution (F1 = 59.33; p < 0.001), and a significant interaction 

between the two (F4 = 47.11; p < 0.001). Post-hoc Tukey’s multiple comparisons 

indicate a significant increase in cell death in the saline group (100 %) compared to 

the glucose group (34.65 ± 5.97 %; p < 0.001) at a culture period of 2 days. 

4.4.1.3 The presence of glucose in irrigation solutions did not effect the 

rate of  water-loss in drying explants

Osteochondral explants immersed (60 min) in either: 25 mM glucose (SG); 

osmotically balanced saline solution (S); 100mM glucose solution (SG+); or 

osmotically balanced saline solution (S+); demonstrated no change to their water 

content (%). The results of a RM two-way ANOVA indicated that neither irrigation 

solution (F3 = 0.642; p = 0.61) nor duration (F4 = 1.927; p = 0.13) had a significant 

effect on the water content of the explants examined (figure 4.6 A). The interaction 

between solution and time was also not statistically significant (F12 = 0.704; p = 

0.74). 

Following immersion for 60 min osteochondral explants were dried (T = 21 ºC; Va = 

0.18 m/s; t = 90 min) with water content determined at 45 and 90 min (figure 4.6 B). 

The irrigation solution had no statistically significant effect on water content 

throughout drying (F3 = 1.881; p = 0.21). However, time was determined to have a 

significant effect on water content (F2 = 433.2; p < 0.001). The interaction between 

solution and drying interval was not statistically significant (F6 = 1.740; p = 0.24). 

Post-hoc Tukey’s tests for the main effect of time indicate a significant difference 

between all time points (p < 0.001). 
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Figure 4.6 Irrigation solutions supplemented with glucose did not effect water 
content of immersed cartilage or water loss during drying. A) Mean water 
content in osteochondral explants throughout immersion in saline supplemented 
with 25 mM glucose (SG) or 100 mM glucose (SG+) or osmotically balanced saline 
controls (S and S+) for 60 min. B) Mean water content for osteochondral explants 
dried (T = 21 ºC; Va = 0.34 m/s; t = 90 min), organised by irrigation solution. 
Repeated observations from osteochondral explants were taken at each time-point, 
N = 3, n = 3 in each solution.

4.4.1.4 Synovial fluid and DMEM when used as irrigation solutions did not 

effect the PCD or water-loss rate in drying cartilage

In osteochondral explants dried (T = 21 ºC; Va = 0 m/s; H = 0 %; t ≤ 315 min) 

following irrigation with either clinical saline (Sc), tissue culture media (DMEM), or 
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bovine synovial fluid (SF) there was a significant effect of time on PCD (F4 = 81.371; 

p < 0.001; figure 4.7). However, the irrigation solution had no significant effect on 

PCD (F2 = 1.043; p = 0.356; interaction between solution and time: F8 = 1.051; p = 

0.404).

Figure 4.7 Irrigation using DMEM and SF resulted failed to reduce chondrocyte 
death in dried cartilage. A) Mean PCD resulting from drying (T = 21 ºC; Va = 0 m/
s; H = 0 %; t = 0 - 315 min) in samples irrigated prior to drying in clinical saline (Sc), 
tissue culture media (DMEM) or synovial fluid (SF). The broken line represents 
complete cell death (100%).  N = 6, n = 6 in each combination of solution and drying 
interval (N = 11, n = 11 for SF group in each combination). B) Representative axial 
CLSM projections stained with CMFDA (green) and PI (red), indicating living and 
dead superficial chondrocytes respectively (x10 objective lens; scale bar = 150μm).
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During immersion in clinical saline (Sc), DMEM, and synovial fluid (SF) for 60 min, 

osteochondral explants demonstrated minimal change to their water content. The 

results of a RM two-way ANOVA indicate that time had a significant effect on water 

content (F4 = 2.948; p = 0.0272; figure 4.8 A). However, post-hoc Sidak’s mutliple 

comparisons tests indicated that water content did not differ significantly between 

any time points in any of the groups (p > 0.05). There was no significant effect of 

irrigation solution on water content (F2 = 0.06; p = 0.94) and water content did not 

differ significantly between groups (p > 0.05). The interaction between solution and 

time was not significant (F8 = 0.55; p = 0.82). 

In all groups, water content was affected by drying duration (Two-way ANOVA; F2 = 

12288; p < 0.001; figure 4.8 B). Compared to the initial water content (100 %), water 

content was significantly reduced at 45 min (S = 24.64 ± 1.04 %; DMEM = 26.83 ± 

0.95 %; SF = 25.74 ± 0.67 %) and 90 min (S = 16.74 ± 0.69 %; DMEM = 18.03 ± 

1.52 %; SF = 16.87 ± 0.80 %) in all groups (post-hoc Sidak’s mutliple comparisons 

test; p < 0.001). However, incubation solution had no significant effect on water 

content (F2 = 1.1; p = 0.358) and there was no significant interaction between 

solution and time (F4 = 0.655; p = 0.627).
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Figure 4.8 Irrigation using DMEM and SF did not effect water content of 
immersed cartilage or water loss during drying. A) Mean water content in 
osteochondral explants throughout immersion in 154 mM clinical saline (S); tissue 
culture media (DMEM); or synovial fluid (SF). B) Mean water content for 
osteochondral explants dried (T = 21 ºC; Va = 0.34 m/s; t = 90 min) organised by 
irrigation solution. N = 6, n = 6 in each solution (Total N = 6, n = 18), repeated 
measures taken throughout incubation and drying.
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4.4.2 The effect of irrigation solution osmolarity on cartilage drying

4.4.2.1 Irrigation in a hyperosmolar solution slightly reduced PCD in dried 

cartilage

Osteochondral explants were irrigated for 30 min in either saline solution (300 

mOsm) or saline solution supplemented with sucrose (600 mOsm) and dried (T = 21 

ºC; Va = 0 m/s; H = 0 %; t = 210 min). The PCD was reduced in the 600 mOsm 

group (69.17 ± 6.27 %) compared to the 300 mOsm group (81.34 ± 5.73 %; figure 

4.9 A). Data were not normally distributed and the difference between the groups 

was not statistically significant (Mann-Whitney test; U = 263.5; p = 0.074). 

A similar relationship was observed in an independent study where multiple 600 

mOsm irrigation solutions (600; 600G; 600NaCl) were compared to a 300 mOsm 

saline control (300). Compared to the 300 mOsm group, PCD following drying (T = 

21 ºC; Va = 0.18 m/s; t = 30 min) was reduced in all groups irrigated with a 600 

mOsm solution (figure 4.9 B). PCD in the 300 mOsm group was 81.18 ± 5.12 % 

compared to 65.21 ± 3.91 % in the 161 mM saline solution supplemented with 

294mM sucrose, 64.62 ± 5.81 % in the 161 mM saline solution supplemented with 

310 mM glucose, and 64.11 ± 7.34 % in the 330 mM saline solution (all 600 mOsm). 

However, this difference was not statistically significant (F3 = 2.110, p = 0.108; figure 

4.9 B). 

In a time-course experiment, osteochondral explants dried (T = 21 ºC; Va = 0.18 m/

s; t ≤ 30 min), PCD was lowest in the group incubated in the 600 mOsm solution at 

30 and 40 min drying intervals (figure 4.10). However, the effect of irrigation solution 

osmolarity on PCD was not significant (Two-way ANOVA; F1 = 0.827; p = 0.368). As 

observed in previous time-course experiments, the drying time significantly affected 

the PCD in both groups (F2 = 146.952; p < 0.001) and there was no significant 

interaction between time and incubation solution osmolarity (F2 = 0.134; p = 0.875). 
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Figure 4.9. A trend towards chondroprotection in dried explants following 
irrigation in hyperosmolar saline. A) The mean PCD in dried (T = 21 ºC; Va = 0 m/
s; H = 0 %; t = 210 min) osteochondral explants irrigated with either a 300 mOsm (N 
= 7, n = 21) or 600 mOsm (N = 9, n = 27) solution. B) The mean PCD in dried (T = 
21 ºC; Va = 0.34 m/s; t = 30 min) osteochondral explants following irrigation in either 
300 mOsm saline solution (300), or 600 mOsm saline solution supplemented with 
sucrose (600), glucose (600G); or sodium chloride (600NaCl). C) Axial CLSM 
projections representative of A.  D) Axial CLSM projections representative of B.  All 
CLSM projections were stained with CMFDA (green) and PI (red), indicating living 
and dead superficial chondrocytes respectively (x10 objective lens; scale bars = 
150μm).
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Figure 4.10 A trend towards chondroprotection over time in dried explants following 
irrigation in hyperosmolar saline. A) Mean PCD values for osteochondral explants dried 
(T = 21 ºC; Va = 0.34 m/s; t = 0-40 min) following irrigation in a saline solution at either 300 
mOsm or 600 mOsm (supplemented with sucrose). N = 6, n = 6 for all combinations of 
solution osmolarity and drying interval (total N = 6, n = 36). B) Representative axial CLSM 
projections for each combination of solution osmolarity and drying interval, stained with 
CMFDA (green) and PI (red), indicating living and dead superficial chondrocytes respectively 
(x10 objective lens; scale bar = 150 μm).

When using three irrigation solution osmolarities (300, 600, or 900 mOsm), there 

was a significant effect of time (F3 = 181.199; p < 0.001), and no significant effect of 

solution osmolarity on PCD (F2 = 0.327; p = 0.723) during drying (T = 21 ºC; Va = 

0.18 m/s; t ≤ 40 min; figure 4.11). There was no significant interaction between 

solution osmolarity and time (F6 = 0.750; p = 0.613). However, at drying intervals of 

30 and 40 min the highest PCD values were observed in the 300 mOsm groups (30 
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min: 48.20 ± 9.28 %; 40 min: 99.62 ± 0.31 %) and the lowest were observed in the 

900 mOsm group (30 min: 42.67 ± 5.56 %; 40 min: 86.81 ± 4.04 %). 

Figure 4.11 Suggestions of chondroprotection in airflow dried cartilage that is 
dependent on irrigation solution osmolarity. A) Mean PCD resulting from drying 
(T = 21 ºC; Va = 0.34 m/s; t = 0-40 min) in explants irrigated prior to drying in saline 
solutions at 300 mOsm, 600 mOsm, and 900 mOsm. The broken line represents 
complete cell death (100%).  N = 5, n = 5 in each combination of solution and drying 
interval. B) Representative axial CLSM projections stained with CMFDA (green) and 
PI (red), indicating living and dead superficial chondrocytes respectively (x10 
objective lens; scale bar = 150 μm).

In an equivalent static air experiment (T = 21 ºC; Va = 0 m/s; t ≤ 90 min; irrigation 

solution osmolarities: 300, 600, and 900 mOsm) time also had a significant effect on 
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PCD (F3 = 213.494; p < 0.001), whereas solution osmolarity had no effect (F2 = 

1.274; p = 0.289) and there was no significant interaction between the two factors 

(F6 = 0.835; p = 0.549; figure 4.12). 

Figure 4.12 No evidence of an osmolarity dependent chondroprotection in explants 
dried in static air. A) Mean PCD resulting from drying (T = 21 ºC; Va = 0 m/s; t = 0-90 min) 
in explants irrigated prior to drying in solutions at 300 mOsm, 600 mOsm, and 900 mOsm. 
The broken line represents complete cell death (100%).  N = 5, n = 5 in each combination of 
solution and drying interval. B) Representative axial CLSM projections stained with CMFDA 
(green) and PI (red), indicating living and dead superficial chondrocytes respectively (x10 
objective lens; scale bar = 150 μm).

4.4.2.2 Irrigation solution osmolarity influenced water-loss during drying

During immersion in solutions at 300, 600, and 900 mOsm, time was observed to 

have a significant effect on the water content of osteochondral explants (RM two-
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way ANOVA; F4 = 7.161; p < 0.001) whereas solution osmolarity had no significant 

effect (F2 = 3.662; p = 0.05) with no interaction between the two factors (F8 = 1.374; 

p = 0.23; figure 4.13 A). The results of post-hoc Dunnett’s mutliple comparisons 

tests indicate that water content did not differ significantly over culture in the group 

irrigated at 300 mOsm (p > 0.05); however water content was significantly higher 

(compared to 0 min) in the 600 mOsm group from 30 min (p < 0.05; p < 0.01 at 45 

and 60 min immersion intervals) and in the 900 mOsm at 30 and 60 min immersion 

intervals (p < 0.05). 

During immersion, compared to the 300 mOsm group water content was 

significantly higher in the osteochondral explants in the 600 mOsm groups at 30 and 

60 min (post-hoc Tukey's mutliple comparisons tests; p < 0.05). At 30 min 

incubation, the water content of the 900 mOsm group was significantly higher than 

the 300 mOsm group also (p < 0.05). No other comparisons were statistically 

significant (p > 0.05). 

During drying, the water content of osteochondral explants was significantly affected 

by drying interval (RM two-way ANOVA; F2 = 7626; p < 0.001) and solution 

osmolarity (F2 = 11.6; p < 0.001), with a significant interaction between the two 

factors (F4 = 6.828; p < 0.001; figure 4.13 B). Post-hoc Tukey’s mutliple 

comparisons tests indicated that at a drying interval of 45 min, water content was 

significantly lower in the 300 mOsm group (24.64 ± 1.04 %) compared to both the 

600 mOsm (29.06 ± 1.53 %; p < 0.05) and 900 mOsm (32.74 ± 1.69 %; p < 0.001) 

groups. At this time point, the water content of the 900 mOsm group was also 

significantly higher than that of the 600 mOsm group (p < 0.05). At a drying interval 

of 90 min, water content was significantly higher in the 900 mOsm group (23.50 ± 

1.31 %) compared to both the 600 mOsm (18.20 ± 0.96 %; p < 0.01) and 300 mOsm 

(16.74 ± 0.69 %; p < 0.001) groups. 
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Figure 4.13 Irrigation solution osmolarity influenced water loss during drying. A) Mean 
water content in osteochondral explants throughout immersion in solutions at 300 mOsm, 
600 mOsm, or 900 mOsm. * indicate results of post hoc Tukeys’s multiple comparison tests 
and denote statistical differences between groups. # indicate results of Dunnett’s multiple 
comparison tests and denote statistical differences within groups in comparison to the group 
control (0 min).  The grey and black # and broken lines indicate differences in the 600 mOsm 
and 900 mOsm groups respectively. B) Mean water content for osteochondral explants dried 
(T = 21 ºC; Va = 0.34 m/s; t = 90 min) organised by irrigation solution. * indicate the results of 
post-hoc Tukey’s multiple comparison tests. N = 6, n = 6 in each solution (Total N = 6, n = 
18), repeated measures taken throughout incubation and drying.  
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4.4.2.3 Hyperosmolarity did not reduce PCD in a pilot study using human 

cartilage

In a pilot study using human samples taken from one donor dried at an airflow 

velocity of 0.18 m/s, PCD in the group incubated in 600 mOsm exceeded that of the 

300 mOsm group at all time points (10, 20, and 30 min; figure 4.14). The low sample 

size in this study prevented the use of statistical tests. 

Figure 4.14 No evidence of chondroprotection during drying following hyperosmolar 
irrigation in a human pilot study. A) Mean PCD in human osteochondral explants resulting 
from drying (T = 21 ºC; Va = 0.34 m/s; t = 10-30 min) after irrigation with a saline solution at 
either 300 mOsm or 600 mOsm (supplemented with sucrose). N = 1, n = 2 for all 
combinations of incubation solution osmolarity and drying interval. B) Representative axial 
CLSM projections labelled with CMFDA (green) and PI (red), indicating living and dead 
superficial chondrocytes respectively (x10 objective lens; scale bar = 150 μm). 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4.5 Discussion
It was hypothesised that an irrigation solution supplemented with glucose would be 

chondroprotective against drying. The data presented in section 4.4.1 were unable 

to support this hypothesis and offer no evidence that the inclusion of glucose 

prevents or retards chondrocyte death or water-loss during drying (figures 4.1 - 4.6). 

Additionally, the use of DMEM and SF as irrigation solutions (both containing 

glucose) resulted in the same percentage of chondrocyte death and water-loss as 

the saline control and offered no protection from drying (figures 4-7 - 4.8). 

It was also hypothesised that the use of a hyperosmolar irrigation solution on 

cartilage would result in accelerated water-loss from the tissue via osmosis and 

would result in accelerated chondrocyte death compared to the control solution. 

However, irrigation medium osmolarity was not observed to significantly influence 

the PCD in drying cartilage in any trial reported (section 4.4.2). Therefore, the use of 

a hyperosmolar solution was neither chondroprotective or chondrotoxic. Though not 

statistically significant, there was a trend throughout the trials that PCD was reduced 

in the groups irrigated in the hyperosmolar solutions compared to the control saline 

(figure 4.9 - 4.12). Additionally, water-loss was significantly reduced in samples dried 

following irrigation in both 600 and 900 mOsm (figure 4.13 B). 

Wider investigations into the efficacy of irrigation solutions have adopted a range of 

irrigation techniques, e.g. via cannulation (Marshall et al., 1988; Yang et al., 1993) 

and pulsative lavage device (Owens et al., 2009) in in vivo models and via 

immersion (with and without agitation) (Reagan et al., 1983; Bert et al., 1990; 

Bulstra et al., 1994). Throughout this study ‘irrigation’ has referred to (1) the 

immersion of osteochondral explants in solutions at 21 ºC without agitation for up to 

60 min, or (2) the immersion and transitory washing of intact joint surfaces with 250 

ml irrigation solution at 21 ºC. Immersion of osteochondral explants mirrors the 
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irrigation technique used in other ex vivo cartilage drying experiments (Mitchell and 

Shepard, 1989; Von Keudell et al., 2013). Repeated immersion in the irrigation 

solution (Pun et al., 2006) or injection over the articular surface (Bloebaum et al., 

1992) has been used as a proxy for repeated surgical rewetting in ex vivo cartilage 

drying experiments but has not been addressed in this project. These differences in 

application are worth noting as the method of irrigation solution application and its 

effect on cartilage health is still unknown (Tejwani and Immerman, 2008). Immersion 

of cartilage in a solution prior to experimental drying may differ considerably from 

the application of an irrigation solution during surgery.

From the results of this study, it is unlikely that glucose deprivation and cellular 

starvation is the mechanism by which chondrocytes die during drying. This study 

reports no chondroprotection from the inclusion of glucose in irrigation solutions 

(section 4.4.1). In individual trials (figures 4.1 - 4.4), it is possible that differences in 

PCD may be overlooked due to the overall level of chondrocyte death in each study 

(c. 60 % in figure 4.1 and c. 80 % in figure 4.2). However, collectively observations 

spanned a range of times and chondrocyte death from c. 50 - 100 %. Although 

differences may have been observed at earlier timepoints, the overall rate of 

chondrocyte death was unaltered; complete cell death was achieved simultaneously 

in all groups in figure 4.3 - 4.4. 

The glucose concentration in bovine synovial fluid is approximately 3.66 mM, 

compared to 5.55 mM in bovine serum (Davies, 1966), much lower than the 25 mM 

and 100 mM concentrations used in this study. It is therefore unlikely that the 

glucose concentrations were insufficient to ensure that chondrocytes were suitably 

exposed to glucose prior to drying. Furthermore, when osteochondral explants were 

cultured in the absence of glucose in isolation from drying (figures 4.5), there was 

minimal death (< 5 %) after 24 hr, much longer than the mean orthopaedic 
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procedure (105.2 min, as reported by Travis et al. (2014)). This suggests that the 

trauma associated with nutritional deficiency is delayed. However drying may result 

in physiological stresses that accelerate chondrocyte glucose metabolism or 

physicochemical processes that draw glucose from the tissue. Nevertheless, the 

results of section 4.4.1 suggest that chondrocytes are able to survive in isolation 

from glucose for a longer duration than typical orthopaedic procedures and the 

addition of glucose to irrigation solutions has not resulted in chondroprotection. 

Therefore cell death resulting from drying seems unlikely to occur as a result of 

nutritional deficiency.

It is important to note that synovial fluid demonstrated no chondroprotective 

properties in this study (figures 4.7 - 4.8), with no reduction in PCD or water-loss 

compared to DMEM or a saline control. This solution is another example of a 

glucose containing solution that offers no chondroprotection from drying, although 

this may be complicated due to the SF’s complex constituency. Furthermore, as SF 

(unlike DMEM and saline) contains hyaluronan (HY), these results also question the 

observations of Bloebaum et al. (1992), that identified HY as chondroprotective 

during drying. This dissonance may be due in part to the methodological oversights 

by Bloebaum and colleagues (1992), previously stated in the introduction to this 

chapter (section 4.1), where imprecise controls may have exaggerated the action of 

HY in this capacity. This study offers no evidence to suggest that the addition of HY 

to an irrigation solution would prove chondroprotective against drying. 

The use of a hyperosmolar irrigation solution (600 mOsm) was observed to 

consistently, but not significantly, reduce PCD compared to a normosmolar (300 

mOsm) saline control in dried bovine osteochondral explants (figures 4.9 - 4.12). 

Furthermore, this effect was observed regardless of the sugar (glucose or sucrose) 

or salt (NaCl) used to alter the osmotic pressure (figure 4.9 B + D). Although soluble 
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sugars (mainly the non-reducing disaccharide of glucose, trehalose) have been 

associated with desiccation tolerance in animals, fungi, yeast, and bacteria (Crowe 

et al., 1992; Leprince et al., 1993; Ingram and Bartels, 1996), these results suggest 

that the effect may be due to the altered irrigation solution osmolarity rather than 

sugar presence. Future study in this area could include the possible 

chondroprotective action of sugars such as trehalose, which has a role in 

desiccation tolerance in plants and animals (Crowe, 2014) and has been used in the 

reduction of cell death and drying in human embryonic kidney cells (Guo et al., 

2000), corneal cells (Matsuo, 2001; Matsuo et al., 2002) and erythrocytes (Satpathy 

et al., 2004). 

Compared to the study carried out in moving air (figure 4.11), the trend for 

chondroprotection following irrigation with a hyperosmolar solution was less 

pronounced in the static air study (figure 4.12). It has previously been assumed, 

based on the observations of dried cartilage and PCD values (chapter 3), that the 

mechanism of cartilage drying and chondrocyte death is the same in airflow and 

static air drying, albeit proceeding at different rates. Future experimentation should 

consider the possibility that drying in static and moving air may proceed at different 

rates and via different mechanism.

Irrigation solution osmolarity was also observed to have no effect on the water 

content of osteochondral explants during incubation. However, water content during 

drying was influenced by irrigation solution osmolarity, with water content highest in 

the 900 mOsm group and lowest in the 300 mOsm group (figure 4.14 B). 

The observation that the 600 mOsm group had less cell death and water-loss than 

the 300 mOsm during drying (figures 4.9 - 4.11, and 4.14) suggests that water 

content is important in chondrocyte death during drying. This supports the similar 
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observation in chapter 3, where the static air treatment group resulted in both less 

cell death and less water-loss than the airflow group. 

The human pilot study (figure 4.14), albeit based on samples from only one patient, 

failed to replicate the trend for chondroprotection (in terms of PCD) following 

irrigation using a hyperosmolar solution observed in bovine tissue. The patient was 

a 64 yr old female and it is possible that the chondroprotective effect of hypertonic 

irrigation solutions against drying is related to tissue hydration (which is known to 

reduce with age, (Grushko et al., 1989)) and would benefit from thorough 

investigation. It is proposed that, relative to younger cartilage, aged cartilage would 

be more susceptible to chondrocyte death via drying simply due to the lower levels 

of fluid present in the tissue. However, it is also possible that osteoarthritic cartilage 

may possess a predisposed resistance to drying by virtue of the abnormal hydration 

associated with the degradation of the collagenous matrix (Venn and Maroudas, 

1977). 

Drying is not the only mechanism by which cartilage can be injured during surgery. 

Other sources of injury that have been investigated include blunt force trauma from 

trephines (Tew et al., 2000; Redman et al., 2004), sharp force scalpel injury 

(Redman et al., 2004), suturing (Hunziker and Stahli, 2008), temperature (Voss et 

al., 2006), and drilling (Farhan-Alanie and Hall, 2014) and few of these are isolated 

from one another. A hyperosmolar (600 mOsm) solution has been proposed as 

chondroprotective to chondrocyte death resulting from sharp and blunt force trauma 

(Bush et al., 2005; Amin et al., 2008; Eltawil et al., 2015) and drilling (Farhan-Alanie 

and Hall, 2014). Although the observations in section 4.4.2 do not suggest a 

concurrent chondroprotection against drying, the use of a hyperosmolar solution 

does not appear to be chondrotoxic and therefore does not compound its use during 

surgery. 
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The results of this chapter suggest that nutritional deficiency during drying is not the 

primary insult to cartilage and chondrocyte health. The addition of glucose to 

irrigation solutions failed to reduce chondrocyte death and cartilage water-loss when 

compared to a saline control. Additionally, this chapter supports the use of 

hyperosmolar irrigation solutions, which have previously been shown to reduce 

other forms of trauma. In this study the use of hyperosmolar (600 mOsm) solutions 

significantly reduced water-loss during drying although PCD was only slightly 

reduced. This agrees with the observations in chapter 3 that water-loss may be of 

vital importance in drying and should be avoided during surgical procedures in order 

to maintain chondrocyte viability. 
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5. Investigating the 
mechanism of chondrocyte 

death during cartilage 
drying  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5.1 Introduction
The extant literature relating to cartilage drying confirms that chondrocyte death 

occurs in a time-dependent manner and progressively from the articular cartilage 

surface to the deeper chondrocytes (Mitchell and Shepard, 1989; Han and Kang, 

1990; Speer et al., 1990; Pun et al., 2006). Additionally, the influence of 

environmental factors and surgical interventions on the severity of chondrocyte 

death have been investigated throughout this thesis and in the literature (Mitchell 

and Shepard, 1989; Han and Kang, 1990; Speer et al., 1990; Bloebaum et al., 1992; 

Pun et al., 2006; Smyth et al., 2013; Von Keudell et al., 2013; Farr et al., 2015; 

Paterson et al., 2015). However, the mechanism of cell death remains unclear. 

There is a wealth of literature relating to the definition and assessment of cell death 

mechanisms (reviewed by Kroemer et al., 2005; Kroemer et al., 2009; Galluzzi et al., 

2012; and Galluzzi et al., 2015), which extend far beyond the scope of this thesis. 

Within the literature, the terminology and classification criteria vary considerably and 

largely depend on the defining criteria (i.e. morphological, enzymological, functional, 

or immunological data (Kroemer et al., 2009)). Therefore, for the purposes of this 

thesis, two classification systems have been adopted to determine the way in which 

chondrocytes die in drying cartilage: (1) operational and (2) morphological.

Operationally, the Nomenclature Committee on Cell Death (NCCD) broadly 

categorises cell death into two mutually exclusive categories: accidental (ACD) or 

regulated (RCD) cell death (Galluzzi et al., 2014; Galluzzi et al., 2015). ACD is 

classified as virtually immediate cell death caused by severe insults (including 

physical, chemical, and mechanical trauma) that is insensitive to pharmacologic or 

genetic intervention. Conversely, RCD is facilitated by genetically encoded 

molecular machinery which may be manipulated by pharmacologic or genetic 

intervention (Galluzzi et al., 2014; Galluzzi et al., 2015). It has also been suggested 
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that RCD may be associated with an unsuccessful attempt to adapt and maintain 

cellular homeostasis (Fulda et al., 2010; Kroemer et al., 2010; Richter et al., 2010; 

Spriggs et al., 2010; Bhattacharyya et al., 2014). When RCD occurs in a 

physiological context during development and homeostasis (i.e. without pathological 

or accidental injury) and not due to changes in microenvironment, it has been 

referred to as programmed cell death. The relationships between ACD, RCD, and 

programmed cell death is presented graphically in figure 5.1. 

Figure 5.1 Accidental and regulated cell death. In this system of cell death 
classification, cell death is defined as either accidental (extreme stimuli leading to an 
uncontrollable cell demise) or regulated (facilitated by genetically coded machinery). 
A sub-group of regulated cell death occurring during development and homeostasis 
is termed programmed cell death (after Galluzzi et al. 2015). 

Morphological criteria (summarised in table 5.1) generally categorise cell death as 

apoptotic, autophagic, or necrotic (Kroemer et al., 2009). Additionally, a specialised 

form of cell death observed in chondrocytes (‘chondroptosis’) has been described 

(Roach et al., 2004; Pérez et al., 2005), and is considered in this chapter due to its 

pertinence. As described by Kerr and colleagues (1972) hallmarks of apoptosis 

include ‘rounding-up’ of the cell, cellular shrinkage, marginal chromatin 
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condensation, nuclear fragmentation, plasma membrane blebbing, and the 

formation of apoptotic bodies (ultimately engulfed by phagocytes). In comparison, 

autophagic cell death is triggered in response to intrinsic (e.g. accumulated 

damaged organelles) and extrinsic (e.g. extreme temperature or hypoxia) stress 

conditions (Levine and Klionsky, 2004) and is characterised via massive autophagic 

vacuolisation in the absence of chromatin condensation (Kroemer et al., 2009). 

Finally, necrosis is characterised by a gain in cell volume (oncosis), organelle 

swelling, and plasma membrane rupture (Kroemer et al., 2009) although it is often 

negatively defined in the absence of markers of apoptosis or autophagy (Denecker 

et al., 2001). 

In addition to the above criteria, DNA fragmentation is a well characterised feature of 

apoptosis (reviewed by Nagata, 2000), both of which have been associated with the 

activation of the caspase-cascade signalling system (Fan et al., 2005). Although 

apoptosis can proceed in the absence of DNA fragmentation and caspase 

activation, the NCCD highlight that DNA fragmentation and caspase activation may 

assist in the diagnosis of apoptosis (Kroemer et al., 2005). This is widely achieved 

by the use of the TUNEL assay (terminal deoxynucleotidyltransferase end labelling) 

assay (Gavrieli et al., 1992) for DNA fragmentation. Additionally, cell death may be 

considered caspase dependent when it is inhibited by a broad caspase inhibitor 

such as N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD-fmk) 

(Kroemer et al., 2005). 
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Table 5.1 Morphologically defined cell death mechanisms.  Morphological 
criteria for the diagnosis of necrosis, apoptosis, autophagy, and chondroptosis. 
Criteria taken from Kroemer et al. (2009)1 and Roach et al. (2004)2.

Cell Death Mechanism

Necrosis1 Apoptosis1 Autophagy1 Chondroptosis2

Nucleus Nuclear 
fragmentation

Chromatin 
Appearance

Moderate 
chromatin 
condensation -

Lack of 
chromatin 
condensation

Patchy and 
unorganised 
chromatin 
condensation

Cytoplasm Cytoplasmic 
swelling

Rounding-up of 
the cell

Massive 
vacuolisation of 
the cytoplasm

Retraction of 
pseudopodes

Blebbing of 
cytoplasmic 
material

Reduction of 
cellular and 
nuclear volume 
(pyknosis)

Cytoplasmic 
Organelles

Swelling of 
cytoplasmic 
organelles

Minor 
modification of 
cytoplasmic 
organelles

-

Increased 
number of golgi 
aparatuses and 
endoplasmic 
reticula

Vacuolisation

- -

Accumulation of 
double 
membraned 
autophagic 
vacuoles

Accumulation of 
Autophagic 
vacuoles in the 
cytoplasm

Plasma 
Membrane

Rupture of 
plasma 
membrane

Plasma 
membrane 
blebbing

Phagocyte 
uptake?

No engulfment 
by phagocytes in 
vivo

Engulfment by 
residual 
phagocytes in 
vivo

Little or no 
uptake by 
phagocytic cells 
in vivo

Other Identified in a 
negative fashion, 
lacking features 
of apoptosis or 
autophagy
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Evidence of classic apoptosis (RCD) has been found in chondrocytes associated 

with osteo- and rheumatoid arthritis (Hashimoto et al., 1998a; Hashimoto et al., 

1998b; Kim and Song, 1999; Kim et al., 2000), closure of the epiphyseal growth 

plate (Hatori et al., 1995; Zenmyo et al., 1996), and trauma (Tew et al., 2000; D'lima 

et al., 2001a; Kim et al., 2002; Huser et al., 2006). However, this evidence for 

apoptosis is largely based on positive TUNEL results in combination with 

morphological criteria (e.g. shrinkage or chromatin condensation) and few fulfil all 

the criteria of an apoptotic phenotype. For example, the hypertrophic cells of the 

growth plate are eponymously named due to their enlarged (swollen) appearance, 

whereas apoptosis is associated with shrinkage, thus their fate is debated (reviewed 

by Tsang et al., 2015). Additionally, apoptotic bodies have only been very rarely 

reported in the literature and appear limited to the epiphyseal plate (Erenpreisa and 

Roach, 1996; Roach et al., 2004). Instead, a typical form of RCD observed in in vivo 

chondrocytes, termed ‘chondroptosis’, has been described and it considered distinct 

from classic apoptosis (Roach et al., 2004; Pérez et al., 2005). This mechanism, 

appears to be a combination of apoptosis and autophagy (Almonte-Becerril et al., 

2010), sharing some hallmarks of apoptosis (e.g. cell shrinkage and chromatin 

condensation), yet being characterised by an absence of apoptotic bodies and 

nuclear fragmentation, and the presence of extensive cytoplasmic vacuolisation 

(Roach et al., 2004; Pérez et al., 2005; Almonte-Becerril et al., 2010). Chondroptosis 

has also been associated with caspase activation and DNA fragmentation (Battistelli 

et al., 2014) and observed in the growth plate, articular cartilage (Roach et al., 

2004), traumatised intervertebral disc cartilage (Sitte et al., 2009) and cartilage 

degeneration associated with the metabolic disease alkaptonuria (Millucci et al., 

2015). Therefore it has been included in this study as a possible mechanism of 

chondrocyte death during drying. 
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In addition to the mechanism of cell death, it is important to consider the pathways 

and processes that lead to cell demise. It has been proposed that the chondrocyte 

trauma associated with cartilage drying results from water-loss and/or nutritional 

deficiency (Han and Kang, 1990), both of which were considered in previous 

chapters. However, the surgical exposure of cartilage also represents a hyperoxic 

stress, as the cartilage is exposed to an oxygen concentration (c. 20 %) at least 

double that of the in vivo environment, which has been modelled to be between 10 

% at the articular surface decrease to < 1 % in deeper layers (Lund-Oleson (1970); 

Truehaft and McCarty (1971) (as cited in Malda et al. (2003)); Zhou et al. (2004)). It 

is therefore possible that the cellular trauma resulting from drying and culminating in 

chondrocyte death may (in part) be caused by the changed oxygen concentration.  

�126



5.2 Aim, Objectives, and Hypothesis
The aim of this study was to explore possible mechanisms of chondrocyte death 

during drying. Investigations into the cell death mechanism were carried out on 

bovine cartilage and utilised: 

1. Qualitative morphological assessment of TEM photomicrographs to identify 

characteristics of apoptosis, necrosis, autophagy, and chondroptosis.

2. Quantitative analysis of CLSM projections to determine changes in 

chondrocyte volume (swelling and shrinking) and shape (sphericity / ‘rounding-

up’) associated with apoptosis and necrosis.

3. A cytohistochemical assay (TUNEL assay) to assess DNA fragmentation, 

indicative of apoptosis.

4. The action of a caspase inhibitor (Z-VAD-FMK) on PCD to determine if death 

was via a caspase-dependent pathway (apoptosis). 

Additionally, this study aimed to determine if chondrocyte death during drying was 

influenced by the drying environment oxygen concentration. This was assessed 

independently in terms of PCD and water-loss in cartilage dried while exposed to 5 

% and 20 % oxygen concentrations. These studies were carried out on (1) intact 

bovine joints, (2) bovine osteochondral explants, and (3) human osteochondral 

explants (pilot study).

It was hypothesised that chondrocyte death during drying, which occurs in response 

to extreme changes in environment, would proceed via a necrotic mechanism. 

Therefore dried chondrocytes would present with the appropriate morphological and 

cytohistochemical markers and be absent for markers of apoptosis. It was also 

hypothesised that drying would be sensitive to the associated hyperoxia (20 % 

oxygen), which would exacerbate chondrocyte death. 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5.3 Methods
5.3.1 Morphological assessment of cell death mechanism

Live imaging, as described in section 2.3.5.3 was carried out on osteochondral 

explants (n = 15) from five bovine MTP joints. Osteochondral explants were 

organised into three treatment groups and repeat observations of c. 100 

chondrocytes per explant were taken pre- and post-treatment. Treatments were: 

1. experimental drying group: observations taken at t = 0 min (pre-drying) and t 

= 30 min (post drying). Drying conditions: T = 21 ºC; Va = uncontrolled; H = 

uncontrolled.

2. osmotic challenge group (no drying): observations taken at t = 0 min at 300 

mOsm (pre-treatment) following 10 min immersion in 600 mOsm solution (post-

treatment).

3. control group (no drying or osmotic challenge): observations taken at t = 0 

min at 300 mOsm and at t = 30 min at 300 mOsm. 

CLSM projections were then analysed using IMARIS (as detailed in section 2.3.5.3) 

to generate measures of (1) chondrocyte volume; (2) chondrocyte sphericity; (3) 

chondrocyte dimensions; and (4) the average distance between adjacent 

chondrocytes. The effect of the treatment on chondrocyte measurements was 

determined within groups (paired data) and between groups, using two-way RM 

ANOVA analyses and post-hoc Tukey’s and Sidak’s multiple comparisons tests as 

appropriate.

5.3.2 TUNEL assay studies

Cytohistochemical analyses were performed on bovine MTP joints (N = 16) in three 

studies, dried under the following conditions: (1) desiccator drying study (N = 6; T = 

21 ºC; Va = 0 m/s; H = 0 %; t = 150 min); (2) static air drying study (N = 5; T = 21 ºC; 

�128



Va = 0 m/s; 120 min); and (3) airflow drying study (N = 5; T = 21 ºC; Va = 0.18 m/s; 

60 min). For each experiment, osteochondral explants were obtained from each 

MTP joint and divided into control (undried) or experimental (dried) explants. In each 

study, representative explants from each group (N = 5, n = 5)  were used to vii

determine PCD (section 2.3.4.1). TUNEL assays were performed and quantified (as 

outlined in section 2.3.5.2) on all remaining osteochondral explants. In addition to 

experimental and control groups, unlabelled and experimental positive controls were 

included (table 5.2) as described in section 2.3.5.2, in order to ensure that the assay 

was working accurately.

Table 5.2 Bovine samples used for DNA fragmentation studies. Total number of 
chondrocytes assessed for TUNEL positive labelling broken down by study and 
experimental group. 

 N = 6, n = 6 for the static air drying study.vii

�129

Study Group N (n) Total 
Chondrocytes

Desiccator Study

Dried cartilage 5 (10) 211

Control cartilage 1 (1) 20

Positive Control 3 (3) 93

Unlabelled control 2 (2) 65

Static air study

Dried cartilage 5 (5) 141

Control cartilage 2 (2) 25

Positive Control 3 (3) 79

Unlabelled control 2 (2) 60

Airflow study

Dried cartilage 5 (5) 117

Control cartilage 5 (5) 81

Positive Control 3 (3) 64

Unlabelled control 2 (2) 34



5.3.3 Caspase inhibitor study

Osteochondral explants (n = 18) from bovine MTP joints (N = 3) were organised into 

two groups: (1) an experimental group incubated in DMEM supplemented with 

caspase inhibitor (60 mM Z-VAD-FMK, Calbiochem, Nottingham, UK), and (2) a 

control group incubated in DMEM supplemented with 0.08 % (w/v) DMSO (Sigma 

Aldrich, Poole, UK). Incubation in the experimental and control solutions was carried 

out at 37 ºC for 3 hr without agitation. Following incubation, osteochondral explants 

were dabbed dry of surface fluid, dried (T = 21 ºC; Va = 0 m/s; H = 0 %) for up to 

120 min and assessed for PCD. Differences in PCD over time and between 

treatment groups were compared using a two-way ANOVA. 

5.3.4 The role of oxygen concentration on chondrocyte death during drying

The effect of oxygen concentration on cartilage drying was assessed in terms of 

PCD and cartilage water content in forty seven bovine MTP joints; thirty six were 

experimentally dried as whole joints and eleven were dried as osteochondral 

explants. In order to control the drying environment’s oxygen concentration, 

experimental drying was carried out in sealed modulator incubator chambers (MIC - 

101, Billups-Rothenberg, California, USA), circulated with 20 % oxygen (hyperoxic 

environment ) or 5 % oxygen (normoxic environmentviii) (both balanced with viii

nitrogen) (BOC Ltd, Guildford, UK) at a volumetric airflow rate (Q) of 1 litre per 

minute (LPM), as regulated by a Key FR2000 series flow meter (Model 2A13, IDS 

industry, Coalville, UK). Humidity was not controlled in these experiments and the 

ambient temperature for all drying was 21 ºC. Immediately following drying, samples 

were harvested (from dried joints), fluorescently labelled and used to assess PCD 

(as detailed in section 2.3.4.1).

 named relative to the in vivo cartilage oxygen concentrationviii
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In order to assess the role of oxygen concentration on cartilage water-loss, a 

subsample of osteochondral explants (N = 11, n = 22) from the explant drying 

experiment were weighed before and after drying. Dry weights and water contents 

(%) were calculated as described in section 2.3.4.2. As drying was carried out in 

sealed chambers, it was not possible to remove MTP joints or osteochondral 

explants at multiple time-points. Therefore, repeated observations for individual 

osteochondral explants were not possible for water-content throughout drying (45 

and 90 min) and unpaired two-way ANOVAs were used for statistical analyses. 

Finally, one human femoral head (female, 88.8 yr) was made available during this 

study. Osteochondral explants (n = 21) were harvested (section 2.3.1.2) and 

experimentally dried at 5% and 20% oxygen (as above) for up to 90 min. Due to the 

small sample size, no statistical analyses were carried out on this pilot study. 

�131



5.4 Results
5.4.1 Qualitative and quantitative assessments of chondrocyte morphology 

during drying

5.4.1.1 The morphology of dried articular chondrocytes possessed 

characteristics of apoptosis, autophagy, necrosis and chondroptosis 

Representative chondrocytes from dried (T = 21 ºC; Va = 0 m/s; H = 0 %; t = 100 

min) osteochondral explants (taken from one bovine MTP joint) demonstrated a 

number of morphological features associated with various cell death mechanisms 

(figure 5.2). These included cytoplasmic vacuoles, chromatin condensation, and 

plasma membrane rupture, which are indicative for multiple cell death mechanisms. 

In contrast, chondrocytes from control cartilage (immersed in DMEM for 100 min) 

were healthy (rounded with large nuclei). PCD in the representative dried and 

control osteochondral explants was 100 % and 1.52 % respectively.

5.4.1.2 Dried chondrocytes demonstrated minimal shrinkage and 

‘rounding-up’

Chondrocyte shrinkage was assessed in terms of changes to chondrocyte volume 

(µm3) during drying, normalised to control explants imaged at constant hydration. 

Additionally, ’rounding-up’ was assessed via chondrocyte volume, normalised to 

control explants imaged at constant hydration. 

The average volume of chondrocytes in the dried group was 890.1 ± 113.9 µm3 and 

572.4 ± 83.1 µm3 before and after drying respectively. Control (undried) 

osteochondral explants shrank from 964.6 ± 256.5 µm3 to 642.1 ± 182.8 µm3 during 

immersion at constant osmolarity.
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Expressed as a percentage and relative to the starting volumes, the shrinkage (%) 

observed in the dried group was 36.14 ± 3.78 % and did not differ significantly from 

that observed in the control group (34.56 ± 1.80 %; p > 0.05). When normalised to 

the control group, this decrease was 1.58 ± 3.78 %. Therefore a minimal 

chondrocyte shrinkage was observed in dried cartilage. A further group was subject 

to a change in media osmolarity (from 300 to 600 mOsm). The average volume in 

this group changed from 1033.0 ± 130.6 µm3 to 459.6 ± 101.0 µm3. This shrinkage 

when normalised to the control group, was 22.88 ± 6.01 %, significantly higher than 

the dried group (T8 = 3.002; p < 0.01; figure 5.3 A).

An increase in sphericity was taken as indication of chondrocyte ‘rounding-

up’ (figure 5.3 B). The change in sphericity (%) in the dried group was 2.24 ± 1.39 % 

and did not differ significantly from that observed in the control group (2.27 ± 0.55 

%; p > 0.05). Normalised to the control group, this ‘rounding-up’ was -0.04 ± 1.39 %. 

Therefore chondrocyte shrinkage and ‘rounding-up’ are minimal in dried 

osteochondral explants (figure 5.3). These observations are counter-indicative to 

apoptosis and are not characteristic of autophagy, necrosis, or chondroptosis (table 

5.3). 

Figure 5.3 Compared to osmotically challenged samples, chondrocyte shrinkage was 
less pronounced in dried cartilage. A) The normalised mean shrinkage (decrease in 
volume) in dried and osmotically challenged (‘Osm') osteochondral explants. B) The 
normalised mean change in sphericity (‘rounding up’) of chondrocytes in dried and 
osmotically challenged (‘Osm') osteochondral explants.
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Table 5.3 Morphological indications (tick) and contraindications (cross) for 
cell death mechanism.

5.4.2 No evidence for DNA fragmentation during drying

The TUNEL assay was carried out on osteochondral explants dried under various 

conditions: (1) in a desiccator (T = 21 ºC; Va = 0 m/s; H = 0 %; t = 150 min); (2) in 

static air (T = 21 ºC; Va = 0 m/s; t = 120 min); and (3) in airflow (T = 21 ºC; Va = 0.18 

m/s; 60 min). The variation in drying intervals and conditions produced 

osteochondral explants that had all been subject to drying and demonstrated low ( < 

10 %) or high (100 %) chondrocyte death. No evidence of DNA fragmentation 

(TUNEL positive results) was obtained in any study. 

5.4.2.1 No DNA fragmentation in osteochondral explants dried in a 

desiccator

PCD in representative dried osteochondral explants was minimal (6.50 ± 1.64 %; 

control non-dried samples = 2.13 ± 0.47 %). The results of the TUNEL assay for this 

experiment are presented in figure 5.4. No TUNEL positive cells/DNA fragmentation 

was identified in experimentally dried tissue (0 %; N = 5, n = 10). Non-dried 

osteochondral explants also presented with 0 % DNA fragmentation (N = 1, n = 1). 

The validity of the assay was confirmed in experimental positive chondrocytes 

treated with TACS-Nuclease to induce DNA fragmentation (44.63 ± 11.16 %; N = 3, 

n = 3), and unlabelled controls (0 %; N = 2, n = 2). 
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Result: APOPTOSIS NECROSIS AUTOPHAGY CHONDROPTOSIS

Vacuolisation

Chromatin condensation

Plasma membrane 
damage

No shrinkage or swelling

No change to  sphericity



Figure 5.4 No evidence of DNA fragmentation in dried osteochondral explants. Coronal 
CLSM projections of bovine chondrocytes with nuclei labelled with ToPro (blue) and used in 
TUNEL assay. A - C) Positive control (fresh) samples (treated with TACS-nuclease to 
generate DNA breaks) positively labelled with Strep-Fluorescein (green). D - E) Unlabelled 
control samples (treated with TACS-nuclease but processed in absence of the TdT Enzyme) 
demonstrating no TUNEL labelling. F) Experimental fresh cartilage demonstrating no TUNEL 
labelling. G - I) Experimental dried cartilage demonstrating no TUNEL labelling. (all 
superficial chondrocytes; x63 objective lens; scale bar = 10 μm).

5.4.2.2 No DNA fragmentation in osteochondral explants dried in static air

In this study, the PCD in representative experimentally dried and control cartilage 

was 100 ± 0 % (N = 5, n = 5) and 2.89 ± 0.98 % (N = 4, n = 4) respectively. The 

results of the TUNEL assay for this experiment are presented in figure 5.5. Again, no 

TUNEL positive chondrocytes were recorded, indicating that no DNA fragmentation 

had occurred. Experimentally dried osteochondral explants had 0 % positive cells (N 

= 5, n = 5) and experimental negatives had 5.36 ± 5.36 % (N = 2, n = 2). The validity 
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of the assay was confirmed in experimental positive chondrocytes (93.44 ± 1.61 % 

%; N = 3, n = 3), and unlabelled controls (0 %; N = 2, n = 2).

Figure 5.5 No evidence of DNA fragmentation in dried (Va = 0 m/s) osteochondral 
explants. Coronal CLSM projections of bovine chondrocytes with nuclei labelled with ToPro 
(blue) and used for TUNEL assay. A - B) Positive control (fresh) samples (treated with TACS-
nuclease to generate DNA breaks) positively labelled with Strep-Fluorescein (green) 
(superficial chondrocytes). C - D) Positive control (dried) samples positively labelled with 
Strep-Fluorescein (green) (C - superficial chondrocytes, D - deeper chondrocytes). E) 
Unlabelled control sample (treated with TACS-nuclease but processed in absence of the TdT 
Enzyme) demonstrating no TUNEL labelling. F - H) Experimental dried cartilage 
demonstrating no TUNEL labelling (superficial chondrocytes). (x63 objective lens; scale bar 
= 10 μm).

5.4.2.3 No DNA fragmentation in osteochondral explants dried in airflow

The PCD in representative experimentally dried and control cartilage was 100 ± 0 % 

(N = 5, n = 5) and 1.64 ± 0.94 % (N = 5, n = 5) respectively.  The results of the 

TUNEL assay for this experiment are presented in figure 5.6. No positive TUNEL 
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labelling (0 %) was observed in experimentally dried samples (N = 5, n = 5) and 

non-dried cartilage presented with 6.15 ± 6.15 % TUNEL positive cells (N = 5, n = 

5). The validity of the assay was confirmed in positive control samples, which 

presented with 96.30 ± 3.70 % positive TUNEL labelling (N = 3, n = 3), and in 

unlabelled control samples (0 %, N= 2, n = 2).

Figure 5.6 No evidence of DNA fragmentation in dried (Va = 0 m/s) osteochondral 
explants. Coronal CLSM projections of bovine chondrocytes with nuclei labelled with ToPro 
(blue) and used for TUNEL assay. A - B) Positive control (fresh) samples (treated with TACS-
nuclease to generate DNA breaks) positively labelled with Strep-Fluorescein (green). C) 
Positive control (dried) samples positively labelled with Strep-Fluorescein (green). D - I) 
Experimental dried cartilage demonstrating no TUNEL labelling. (all images taken from 
superficial 100 µm; x63 objective lens; scale bar = 10 μm).
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No positive TUNEL labelling was present in any experimentally dried osteochondral 

explants. This is counter-indicative for apoptosis and suggestive of necrosis (table 

5.4)

Table 5.4 DNA fragmentation - indications (tick) and contraindications (cross) 
for cell death mechanism.

5.4.3 Caspase inhibition did not alter chondrocyte death during drying

The efficacy of a caspase inhibitor in preventing chondrocyte death was assessed in 

dried (T = 21 ºC; Va = 0 m/s; H = 0 %; t ≤ 20 min) bovine osteochondral explants 

and used as indication of a caspase dependent apoptotic pathway. 

PCD was compared between dried groups subject to caspase inhibition and control 

cartilage. Immediately following inhibition and prior to drying (t = 0 min), PCD was 

1.90 ± 0.13 % and 1.77 ± 0.77 % in the inhibited and control groups respectively. 

During drying, PCD increased with drying interval (two way ANOVA; F2 = 289; p < 

0.001). However, caspase inhibition had no significant effect (F1 = 0.849; p = 0.375; 

interaction between factors: F2 = 0.196; p = 0.825; figure 5.7). At 60 min PCD was 

13.62 ± 9.94 % and 8.89 ± 1.81% in the inhibited and control groups respectively, 

increasing to 100 ± 0 % in the inhibited group and 94.97 ± 3.58 % in the control 

group following 120 min drying. This is counter-indicative of caspase-dependent 

apoptosis (table 5.5). 

Result: APOPTOSIS NECROSIS AUTOPHAGY CHONDROPTOSIS

No DNA fragmentation 
(TUNEL)
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Figure 5.7 The effect of caspase inhibition on chondrocyte death during 
drying. Mean PCD values following drying for up to 120 min for cartilage treated 
with a caspase inhibitor (Z-VAD-fmk) and a control group. N = 3, n = 3 for all 
combinations of treatment and drying interval (total N = 3, n = 18).  

Table 5.5 Caspase inhibition - indications (tick) and contraindications (cross) 
for cell death mechanism.

5.4.4 The effect of oxygen concentration on cartilage drying varied between 

whole-joint and osteochondral explant studies

In order to assess the effect of oxygen concentration on cartilage drying, 

experimental drying was carried out on bovine cartilage at oxygen concentrations of 

5 % (normoxic) and 20 % (hyperoxic) using whole joints and osteochondral 

explants. 
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5.4.4.1 Hyperoxic (20 % oxygen) drying resulted in more chondrocyte 

death in whole joints

In whole joints, the mean PCD following drying for up to 6 hr in either 5 % or 20 % 

oxygen (T = 21 ºC; Q = 1 LPM) was significantly affected by the oxygen 

concentration in the drying environment (F1 = 36.65; p < 0.001), and drying interval 

(F4 = 10.53; p < 0.001) (figure 5.8). The interaction between oxygen concentration 

and drying interval was also significant (F4 = 4.738; p < 0.01). In the 20 % oxygen 

group, at drying intervals of 4 and 6 hr PCD was 26.45 ± 4.74 % and 31.09 ± 6.00 % 

respectively, significantly higher than the 5 % group (7.12 ± 1.63 % and 4.40 ± 1.16 

%; post-hoc Sidak’s mutliple comparisons tests; p < 0.001). Additionally, within the 

20 % oxygen group, PCD in the samples dried for 4 and 6 hr were significantly 

higher (p < 0.05) than samples dried for 1 (2.30 ± 1.25 %), 2 (11.98 ± 4.02 %), and 

3hr  (6.27 ± 4.74 %). No significant differences in PCD were observed between 

drying intervals in the 5 % oxygen group (post-hoc Tukey’s mutliple comparisons 

tests; p > 0.05). Therefore, PCD progressed throughout the drying interval in the 

hyperoxic group but remained minimal in the normoxic group, suggesting a 

chondrocyte sensitivity to oxygen during drying.
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Figure 5.8 A hypoxic (5 %) drying environment retarded PCD during drying in intact 
bovine MTP joints. A) PCD values for bovine osteochondral explants dried at 5 % or 20 % 
oxygen for up to 6 hours. The 20 % oxygen group exhibited the most cell death at 4 and 6 
hours. B) Axial CLSM projections of bovine articular cartilage labelled with CMFDA (green) 
and PI (red), indicating living and dead superficial chondrocytes respectively and organised 
by oxygen concentration and drying interval (x10 objective lens; scale bar = 150 μm). N = 4 
in all combinations of oxygen concentration and drying interval (N = 3 in each group for 1 hr 
and 3 hr intervals; overall N = 36). 

5.4.4.2 Hyperoxic (20 % oxygen) drying did not affect chondrocyte death or 

water-loss in osteochondral explants

In contrast to dried whole joints, dried osteochondral explants dried more rapidly and 

were not sensitive to changes in oxygen concentration. Although the drying interval 
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significantly affected PCD in osteochondral explants dried for up to 90 min (F1 = 

14.266; p < 0.01; figure 5.9), the effect of oxygen concentration was not significant 

(F1 = 0.7; p = 0.414). The interaction between drying interval and oxygen 

concentration was not significant (F1 = 0.759; p = 0.395). 

At a drying interval of 45 min, PCD was lower in the 5 % oxygen group (29.66 ± 8.18 

%) compared to the 20 % oxygen group (46.20 ± 6.51 %) although this difference 

was not significant (Sidak’s mutliple comparisons test, p > 0.05). At 90 min, the PCD 

was almost equal in both groups (5 % group: 74.67 ± 11.00 %; 20 % group: 74.34 ± 

13.24 %). The PCD at 90 min, was significantly higher that at 45 min in the 5% 

group (p < 0.01), but not in the 20 % group (p > 0.05). Therefore, it appears that 

PCD in drying osteochondral explants was not sensitive to oxygen concentration. 

These observations for PCD were mirrored in explant water content. The water 

content of osteochondral explants dried in oxygen concentrations of 5 % and 20 % 

was significantly affected by time (F1 = 24.71; p < 0.001; figure 5.10) with the water 

content significantly reduced at 90 min in both groups, compared to the 45 min 

samples (Sidak’s mutliple comparisons tests; p < 0.01). However, the water content 

was not significantly affected by the oxygen concentration in the drying environment 

(F1 = 2.612; p = 0.12). However, water content was lower in the groups dried at 20 % 

at both 45 min (49.57 ± 1.02 %; 53.01 ± 1.25 in the 5 % group) and 90 min (41.06 ± 

2.39 %; 43.48 ± 2.36 in the 5 % group), but not significantly so (p > 0.05). The 

interaction between drying interval and oxygen concentration was not significant (F1 

= 0.079; p = 0.78). Similar to PCD, water-loss in osteochondral explants proceeded 

in a time-sensitive manner, but was not sensitive to changes in drying environment 

oxygen concentration. 
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Figure 5.9 No effect of a hyperoxic (20 %) drying environment on PCD during drying in 
bovine osteochondral explants. A) PCD values for bovine osteochondral explants dried at 
5 % or 20 % oxygen for up to 90 min. B) Axial CLSM projections of bovinearticular cartilage 
labelled with CMFDA (green) and PI (red), indicating living and dead superficial 
chondrocytes respectively and organised by oxygen concentration and drying interval (x10 
objective lens; scale bar = 150 μm). N ≥ 5, n ≥ 5  in all combinations of oxygen concentration 
and drying interval (Overall, N = 11, n = 22). 
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Figure 5.10 Drying in a hypoxic environment did not alter the water-loss from 
osteochondral explants. The percentage of initial water content retained after drying for 45 
and 90 min (T = 21 ºC; Va = 0.18 m/s)  in bovine osteochondral explants (N ≥ 5, n ≥ 5  in all 
combinations of oxygen concentration and drying interval; overall, N = 11, n = 22). 

5.4.4.3 Hyperoxic (20 % oxygen) drying did not affect chondrocyte death in 

a pilot investigation using human osteochondral explants

PCD in dried human osteochondral explants was affected by drying interval, but not 

oxygen concentration. The mean PCD in control human cartilage (t = 0 min) was 1.1 

± 4.4 % (N = 1, n = 3). At a drying interval of 45 min, the mean PCD was 41.9 ± 8.8 

% and 42.5 ± 2.8 % in the groups dried in 5 % and 20 % oxygen respectively. At 90 

min, the mean PCD in both groups had increased to 88.2 ± 1.9% in the 5 % group 

and 88.4 ± 9.1 % (figure 5.11).
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Figure 5.11 No effect of a hyperoxic (20 %) drying environment on PCD during drying 
in human osteochondral explants. A) PCD values for human osteochondral explants dried 
at 5 % or 20 % oxygen for up to 90 min. B) Axial CLSM projections of human articular 
cartilage labelled with CMFDA (green) and PI (red), indicating living and dead superficial 
chondrocytes respectively and organised by oxygen concentration and drying interval (x10 
objective lens; scale bar = 150 μm). No difference was observed between the groups and no 
statistical analyses were performed due to the sample size (N = 1, n = 6). 
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In summary, osteochondral explants (human and bovine) were insensitive to an 

altered drying environment oxygen concentration. However, PCD in whole joints 

(bovine) proceeded more rapidly in 20 % oxygen (table 5.6). 

Table 5.6 The effect of oxygen concentration on PCD and water-loss. Results 
summary. ‘X’ = no statistics performed ‘-‘ = no test carried out. 

Oxygen Concentration

Format Species PCD Water-loss

Whole Joint
Bovine p < 0.001 -

Human - -

Osteochondral 
Explants

Bovine p > 0.05 p > 0.05

Human X -
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5.5 Discussion
This study aimed to investigate possible mechanisms of chondrocyte death during 

drying via the assessment of hallmarks of cell death (e.g. chondrocyte morphology, 

DNA fragmentation, and caspase activity). Additionally, the role of drying 

environment oxygen concentration on cell death was investigated. The results of this 

study did not conclusively determine the mechanism of chondrocyte death during 

drying, but has characterised the process to be: (1) associated with vacuolisation 

and chromatin condensation (figure 5.2) and (2) independent of DNA fragmentation 

(figures 5.4 - 5.6). Finally, exposure of cartilage from whole joints to an oxygen 

concentration of 20 % resulted in advanced death compared to a 5 % drying 

environment, suggesting that hyperoxic stress may be a contributing factor in death 

by drying (figure 5.8). 

Necrosis is traditionally considered to be accidental and not genetically 

programmed, instead resulting from severe damage, physicochemical insult, and 

pathology (Melino et al., 2005; Vanden Berghe et al., 2014). Contextually, it was 

therefore hypothesised that drying induced chondrocyte death would be necrotic or 

accidental cell death. However, the results of the morphological and biochemical 

assays in this study are attributable to a number of cell death mechanisms 

(apoptosis, necrosis, autophagy, and chondroptosis; summarised in figure 5.12) and 

do not subscribe fully to any of the mechanisms. 

The qualitative assessment of high power TEM images (figure 5.2) identified mixed 

features, including (1) frequent vacuolisation (indicative of autophagy and 

chondroptosis), (2) chromatin condensation (indicative of apoptosis, necrosis, and 

chondroptosis) and (3) disruption to the plasma membrane (indicative of necrosis). 

Furthermore, fluorescently labelled drying chondrocytes demonstrated minimal 

shrinkage and ‘rounding-up’ (figure 5.3), indicative against apoptosis.
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Figure 5.12 Characteristics of dried chondrocytes suggest a mixed 
mechanism of cell death. The results of this study have been summarised and 
classified in terms of the cell death mechanisms (defined in table 5.1). The 
characteristics of dead dried chondrocytes does not tightly adhere to any of the 
traditional mechanisms. Thus the mechanism may be negatively defined (based on 
the absence of features indicative of apoptosis e.g. absence of DNA fragmentation 
or caspase activity) as necrosis or may represent an alternative mechanism of 
chondrocyte death.  

The morphological observation of vacuolisation in dried and dead chondrocytes 

(figure 5.2), although limited due to the low sample size in this study, mirrors the 

observations of Speer and colleagues (Speer et al., 1990). These vacuoles are 

interpreted as autophagic vacuoles, which are distinct from other vesicles (e.g. 

endosomes and lysosomes) due to their structure: a double membrane containing 

degenerating cytosol and organelles (Kabeya et al., 2000; Levine and Klionsky, 

2004). However, this differentiation can be difficult to interpret in TEM 

photomicrographs (Mizushima, 2004). It is important that future studies confirm that 

these features are truly autophagic vacuoles via immunofluorescent labelling of the 

indicative membrane bound LC3-II protein (as used by Kabeya et al., 2000; and 
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Mizushima, 2004). Nevertheless, it appears likely that autophagic vacuolisation 

plays a role in chondrocyte death during drying. 

Unfortunately, autophagic vacuolisation is not pathognomonic for cell death 

mechanism; autophagic vacuolisation has been shown to precede apoptosis in T 

cells (Espert et al., 2006) and necrosis in murine L929 cells (Yu et al., 2006), and in 

particular can be indicative of autophagic cell death (Kroemer et al., 2005) or 

chondroptosis (Roach et al., 2004). However, contraindications are present for both 

autophagy and chondroptosis. The nuclei of chondrocytes in this study had irregular 

condensation (figure 5.2) which indicates against autophagic cell death 

(morphologically defined by the NCCD as cell death accompanied by, but not 

necessarily facilitated by, extensive vacuolisation and in the absence of chromatin 

condensation (Kroemer et al., 2005)). Additionally, the negative TUNEL results 

(figures 5.4 - 5.6) indicated against chondroptosis, normally associated with 

vacuolisation (LC3-II positive), chromatin condensation (Roach et al., 2004; 

Almonte-Becerril et al., 2010; Millucci et al., 2015) and DNA fragmentation (TUNEL 

positive) (Pérez et al., 2005; Almonte-Becerril et al., 2010; Battistelli et al., 2014).

Apoptosis and chondroptosis are characterised by cell shrinkage (Roach et al., 

2004; Kroemer et al., 2005). However, normalised chondrocyte shrinkage in dried 

cartilage was < 2 % (figure 5.3 A) and the degree of shrinkage expected during 

apoptosis is not specifically defined. This is likely because it is usually a 

morphological assessment and has been carried out on a plethora of cells and 

tissues (in vivo, ex vivo, and in vitro). However, in this study these factors were 

observed in three-dimensional CLSM projections and quantified using IMARIS. 

Therefore it is unclear if these changes are within physiological norms. 

Additionally, shrinkage (c. 40 %) was observed in control samples despite their 

maintained hydration. Shrinkage in other groups was normalised to this, which has 
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been attributed to the use of calcein, a cell viability dye which does not bind to any 

cellular contents and may be pumped out of cells over time (LifeTechnologies, N.D.). 

Notably, it is known that chondrocytes shrink when cultured in a hyperosmotic media 

and that this shrinkage is survivable (Bush and Hall, 2001). Conversely, it is known 

that drying results in cell death, water-loss (Mitchell and Shepard, 1989; Speer et al., 

1990; Pun et al., 2006) and slight shrinkage (figure 5.3). However, the shrinkage 

observed in the osmolarity group significantly exceeded that in the dried group 

(which was comparable with the control group). Therefore it may be that the 

shrinkage observed in the drying group is within the physiologically normal range 

rather than indicative of apoptosis.

Experimentally dried cartilage did not generate positive TUNEL labelling (figures 5.4 

- 5.6), indicating a lack of DNA fragmentation during drying. It is generally accepted 

that extensive nuclear DNA fragmentation is characteristic of apoptosis (Wyllie, 

1980; Earnshaw, 1995; Enari et al., 1998; Nagata, 2000) and thus the TUNEL assay, 

has been a popular and widely adopted assay used to identify cell apoptosis 

(Nagata, 2000; Martinez et al., 2010; Short, 2015). However, DNA fragmentation is 

not specific to apoptosis and has been recorded during chondroptosis (Battistelli et 

al., 2014). Therefore, these results suggest that cell death during drying does not 

proceed via apoptosis or chondroptosis and may indicate that necrosis is more 

likely.

Many authors have questioned the specificity of the TUNEL assay. Positive TUNEL 

results have been attained in necrotic hepatocytes (Grasl-Kraupp et al., 1995) and 

false positive may be achieved due to altered tissue handling and preparation 

(Thomas et al., 1995) e.g. excessive digestion using proteinase K (Labat-Moleur et 

al., 1998; Stahelin et al., 1998). 
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The results presented indicated no positive TUNEL labelling therefore false positives 

are not a concern. However, false negatives have been reported and were 

associated with (1) sampling (Van Wijk et al., 2000), (2) prolonged (> 3 weeks) 

formalin fixation (Davison et al., 1995), (3) insufficient permeabilisation with 

proteinase K or microwave irradiation (Labat-Moleur et al., 1998), and (4) steric 

hindrance (Youm et al., 2010). In order to prevent this, this study made use of 

appropriate controls (positive controls, unlabelled controls) and was able to achieve 

positive TUNEL staining following DNA fragmentation with TACS-Nuclease. This 

suggests that samples were not over-fixed and were sufficiently permeabilised to 

permit TUNEL labelling in the presence of DNA fragmentation. Alternatively, the 

assay may have been applied before DNA fragmentation had occurred, but this is 

unlikely because assays were carried out on samples from varying PCD (< 10 % 

and 100 %) and drying intervals (60 - 150 min). Therefore, it is unlikely that the 

results achieved in this study are false-negatives and it is proposed that DNA 

fragmentation is not a feature of chondrocyte death during drying. 

The results of this study suggest that chondrocyte death during drying is not Z-VAD-

fmk inhibitable (figure 5.7) and therefore not caspase dependent. This suggests that 

chondrocyte death may either be: (1) unprogrammed (i.e. accidental cell death or 

unprogrammed necrosis), or (2) programmed and occuring independent to caspase, 

cathespin and calpain activity (also inhibited by Z-VAD-FMK (Kroemer et al., 2005)). 

As no difference was observed in PCD throughout the study, it is impossible to 

determine whether caspases were involved in cell death during drying and further 

study is required. The concentration of Z-VAD-FMK in this study (60 µM) was 

selected based on the number of samples required for the experiment and 

exceeded that used by Rao and colleagues (2014) on isolated chondrocytes. 

However it was markedly reduced compared to 100 µM, which has been used in 

other studies (e.g. D'lima et al., 2001a; Dang et al., 2006; Mohanraj et al., 2014). 
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Therefore, It is possible that the treatment with Z-VAD-FMK was insufficient to illicit 

a full inhibition. Additionally, as cell death was not delayed or prevented, it is 

possible that successful suppression of a caspase dependent pathway was 

achieved, which facilitated another mechanism (as reviewed by Golstein and 

Kroemer, 2005). In the absence of further controls (e.g. TEM and 

immunofluorescence on inhibited samples), it is difficult to differentiate between 

these possibilities. Further studies should be carried out using a higher 

concentration of Z-VAD-FMK (> 100 µM) and for a prolonged incubation. 

Furthermore in addition to PCD assessments, caspase activity and inhibition during 

drying should be confirmed, e.g. using immunofluorescence. 

The combination of morphological and biochemical indicators of cell death 

mechanism indicate that chondrocyte death during drying does not subscribe fully to 

apoptosis, autophagy, necrosis, or chondroptosis. The NCCD recommends that 

apoptosis only be diagnosed when several of the criteria outlined in table 5.1 are 

present (Kroemer et al., 2009), which is not applicable in this situation. On the other 

hand, necrosis is often negatively defined in absence of signs of apoptosis or 

autophagy (Denecker et al., 2001).Therefore, in addition to the indicative membrane 

disruption and chromatin condensation (figure 5.2; also observed by Speer at al. 

(1990) and Mitchell and Shepard (1989)), the lack of DNA fragmentation and effect 

of caspase inhibition is also suggestive of necrosis. Thus necrosis is the most likely 

mechanism of chondrocyte death during cartilage drying.

In addition to characterising cell death in terms of changes to the chondrocytes, this 

study aimed to determine the effect of oxygen (O2) on cell death due to drying. 

Chondrocytes are adapted to a hypoxic environment (Rajpurohit et al., 1996) with a 

predominantly glycolytic metabolism (Lee and Urban, 1997). Thus, It has been 

suggested that they may be very sensitive to oxygen (Tschan et al., 1990). During 
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open surgical procedures cartilage is exposed to an aerated environment with an 

oxygen concentration of c. 20 %, somewhat higher than the in vivo environment, 

reported to be c. 10 % (Lund-Oleson, 1970; Truehaft and Mccarty, 1971; as cited in 

Malda et al., 2003). It was hypothesised that this change in oxygen concentration 

would represent a hyperoxic stress, contributing to the trauma of drying.

In intact joints (figure 5.8), the oxygen concentration had a significant effect on PCD 

(p < 0.001) with PCD in the 20 % group significantly exceeding that at 5 % at drying 

intervals of 4 and 6 hr, supporting the hypothesis. However, this effect appears to be 

dependent on the cartilage format. In contrast to the dried intact joints where oxygen 

concentration had a significant effect on chondrocyte death, dried osteochondral 

explants demonstrated no difference in PCD (p > 0.05) in bovine and human 

explants (figure 5.9 and 5.11). In these experiments, it also appears that oxygen 

concentration had no effect on cartilage water-loss (figure 5.10). Chondrocyte death 

proceeded more rapidly in the osteochondral explant studies (c. 80 % PCD at 90 

min in 5% O2 for osteochondral explants and c. 5 % PCD at 6 hr in 5% O2 for whole 

joints). Therefore it is proposed that in slower drying, chondrocyte death is highly 

sensitive to environmental oxygen, but when death occurs rapidly oxygen 

concentration has a lesser effect on PCD.

To the best of the author’s knowledge, this is the first time experimental cartilage 

drying has been carried out at varying oxygen concentrations. There is evidence 

that hypoxic culture conditions are beneficial to cartilage health. Compared to 20 % 

oxygen, culture of chondrocytes at 5 % oxygen has been shown to result in 

increased GAG and collagen (type II) synthesis and stabilisation of the 

chondrogenic phenotype (Hansen et al., 2001; Saini and Wick, 2004; Thoms et al., 

2013) and to promote chondrocyte differentiation and matrix synthesis, while 

suppressing terminal chondrocyte differentiation (Hirao et al., 2006). 
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Additionally, it has been demonstrated that chondrocytes are sensitive to toxic 

derivatives of molecular oxygen (reactive oxygen species (ROS)) (Tschan et al., 

1990). Recently in osteochondroal explants, hyperoxic culture conditions have been 

shown to increase nitric oxide production and autophagic vacuolisation (Fermor et 

al., 2010). Reactive oxygen species have been implicated in matrix degradation 

(Henrotin et al., 1992; Henrotin et al., 1993) and the inhibition of protein and DNA 

synthesis (Vincent et al., 1989), and have been observed to be overproduced in 

osteoarthritis (Henrotin et al., 2005). It is therefore proposed that the advanced cell 

death observed during hyperoxic cartilage drying (figure 5.8) may be a result of ROS 

activity. This should be considered fully in future research. 

In order to clarify the role of oxygen concentration and ROS in chondrocyte death, 

this study should be repeated at a wider range of oxygen concentrations (e.g. 5, 10, 

20, and 40 % oxygen) and comparing the effect on water-loss and PCD in intact 

joints and osteochondral explants of varying surface areas. Additionally, the action of 

various antioxidants and inhibitors on PCD may elucidate the role of oxygen in 

drying. This would also help differentiate between accidental (i.e. uninhibitable) cell 

death and regulated cell death. However, the assessment of ROS activity in drying 

cartilage may prove difficult. The Griess reagent, used in numerous cartilage studies 

in order to quantify nitrite (Clements et al., 2004; Chen et al., 2008; Fermor et al., 

2010), requires samples to be present in a liquid media and would not be compatible 

with drying experiments. An alternative method would be single cell gel 

electrophoresis/the comet assay which assesses DNA damage (as used by Chen et 

al. (2008)), however this is carried out on isolated chondrocytes and may prove 

labour/cost intensive. 

This chapter represents a broad attempt to characterise chondrocyte death during 

drying and identify trends associated with cell death mechanisms. This study has 
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demonstrated that drying chondrocytes, though exhibiting hallmarks from various 

cell death mechanisms, are notable in their absence of DNA fragmentation (TUNEL 

negative), chromatin condensation, and presence of vacuoles. In the absence of 

pathognomonic features of apoptosis, it is therefore suggested that chondrocyte 

during drying be negatively defined as necrosis. However, further work is required in 

order to confirm this and differentiate between regulated and accidental cell death. 

In addition, the data suggests that cell death is insensitive to fluctuations in 

extracellular calcium but when proceeding slowly, is vulnerable to hyperoxic shock. 

This may suggest a regulated form of chondrocyte death during drying, but also may 

indicate that cell death proceeds via different mechanisms, depending on the rate of 

death/severity of drying. This study was exploratory and has identified a number of 

areas for future research into the mechanism of chondrocyte death during drying, 

which may help with the identification of chondroprotective interventions. However, it 

is still recommended that cartilage drying is fastidiously avoided during surgery in 

order to avoid unnecessary cell death. 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6. A murine in vivo 
assessment of drying 

cartilage trauma and post-
operative degeneration 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6.1 Introduction
It is well documented that air exposure and drying results in progressive 

chondrocyte death that is initiated in the superficial zone and correlates with drying 

interval (Mitchell and Shepard, 1989; Han and Kang, 1990; Speer et al., 1990; 

Bloebaum et al., 1992; Pun et al., 2006; Von Keudell et al., 2013; Farr et al., 2015). 

However, the long term effect of drying on chondrocyte viability and tissue longevity 

has not been clearly demonstrated. 

Drying of leporine articular cartilage in in vivo drying studies resulted in matrix injury 

and chondrocyte death throughout the tissue, evidenced by loss of matrix GAGs, 

nuclear homogenisation, indiscernible organelles, and retraction from the matrix 

(Han and Kang, 1990; Speer et al., 1990). However, cellular signs of chondrocyte 

death were absent after a period of post-surgery rehabilitation. Three weeks after 

experimental drying, signs of necrosis were absent in all groups in the Han and 

Kang (1990) study, and after six weeks chondrocytes were healthy and GAGs were 

partially restored in the Speer et al. (1990) study. These findings appear to suggest 

that cartilage drying is reversible.

Rather than indicating the recovery of traumatised chondrocytes, it is possible that 

the remnants of these cells have been removed, for example by phagocytosis 

(Kouri-Flores et al., 2002; Castillo and Kouri, 2004) or chondroptotic final 

disintegration (Roach et al., 2004). It has also been identified that DNAse enzymes 

present in synovial fluid and fetal bovine serum (FBS) degrade the DNA in dead 

cells, preventing the binding of fluorescent markers (e.g. PI) to DNA (Zhou et al., 

2011). Thus it may be misleading to rely solely on evidence of chondrocyte injury 

and death as a marker of the long-term effect of drying (or any trauma) on cartilage. 

Indeed, although Speer et al. (1990) found no evidence of cell trauma six weeks 

post-drying, they also observed that the ellipsoid chondrocytes of the superficial 
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zone were notably absent from their samples. Although it is unclear whether the 

empty lacunae in this zone were still present or if the entire superficial zone had lost 

its integrity, this suggests that while chondrocyte injury during drying may be 

reversible, dead chondrocytes will not be replaced. 

Theoretically, any loss of chondrocytes is irreversible due to the absence of mitosis 

in healthy articular cartilage (Lee et al., 1993) and will increase the matrix 

maintenance burden on those remaining, possibly resulting in degradation in areas 

void of cells. Although not in cartilage drying, this has been supported 

experimentally; induced chondrocyte death resulted in widespread cartilage 

degeneration in leporine (rabbit) articular cartilage (Simon et al., 1976). It is 

therefore likely that in vivo chondrocyte death during drying would result in cartilage 

degeneration. It is proposed that in order to accurately assess the long-term effect of 

drying on cartilage, indicators of degeneration (including those outlined in table 2.3) 

should be routinely assessed.

6.2 Aim, Objectives, and Hypothesis
The aim of this study was to determine the long term effect of articular cartilage 

drying on joint health. Firstly, in order to test the hypothesis that PCD would be 

reduced following exposure to SF, an ex vivo trial was carried out using dried bovine 

osteochondral explants cultured over seven days in DMEM or DMEM supplemented 

with SF. Secondly, in order to test the hypothesis that in vivo cartilage drying would 

lead to subsequent joint degeneration, an in vivo murine (rat) study was carried out. 

The articular cartilage was either experimentally dried during surgery or subject to a 

sham procedure (detailed in section 2.4.1) and then the cartilage assessed 4 weeks 

and 8 weeks post-surgery. Cartilage was assessed in terms of PCD, cell count, 

cartilage thickness, chondrocyte volume and morphology, and histological analyses. 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6.3 Method
6.3.1 Bovine Culture Experiment

Osteochondral explants (n = 30) were harvested from the proximal surface of bovine 

MTP joints (N = 6) (as detailed in section 2.3.1.1). These osteochondral explants 

were dried (T = 21 ºC; Va = 0.18 m/s) and the initial PCD assessed (as detailed in 

section 2.3.4.1) in a subsample of explants (N = 6, n = 6). The remaining 

osteochondral explants were organised into two groups based on their culture 

solution: 1) DMEM supplemented with 20 % SF (bovine adult) or 2) DMEM. 

Osteochondral explants were cultured in these solutions for up to 7 days, with the 

solutions changed at 48 hr intervals. Representative samples from each group (N = 

6, n = 6 for each combination of culture period and solution) were taken after 3 and 

7 days of culture and labelled to determine the PCD and cell density.

6.3.2 Murine ex vivo pilot study

In order to determine the effect of drying interval on PCD, six adult male wild-type 

(WT) Sprague Dawley (SD) rat carcasses were dried for varying intervals. Rat 

carcasses were dissected and the femoral condyles removed within 2 hr of death. 

Isolated distal femora were rinsed in 0.9 % (w/v) saline prior to experimental drying 

in a desiccator (T = 21 ºC; Va = 0 m/s; H = 0 %; t ≤ 150 min). Two distal femora were 

removed at 30 minute intervals and used to assess PCD (as outlined in section 

2.4.2.1). In order to determine the optimal drying interval for the in vivo study, an 

additional three samples were dried in room air (T = 21 ºC) at drying intervals of 30, 

60, and 90 min (n = 1 per time point) and the PCD determined.

6.3.3 Murine in vivo study

Nine adult male WT SD rats were used in this study. Rats were organised in to 2 

groups and subject to experimental drying (n = 4) or a sham-surgical procedure (the 

control group; n = 5) by Dr Noha Eltawil, as detailed in section 2.4.1. In vivo drying 
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was carried out for 60 min. Post-surgery, rats subjected to experimental drying 

recovered without immobilisation, and a sub-sample from each group (N = 2) was 

culled after 4 and 8 weeks. All rats subjected to sham procedures were culled after 8 

weeks. The distal femoral condyles were then removed and fluorescently labelled 

(as outlined in section 2.4.2.1), and imaged using CLSM for assessment of PCD, 

chondrocyte density, and cell volume and organisation (as outlined in sections 

2.4.2.1). Following this, femoral condyles were decalcified, sectioned, and 

histologically examined in order to determine cartilage thickness and tissue integrity/

degeneration (as detailed in section 2.4.2.2). 

Due to the small sample size used in this study, normality tests were not possible. 

Therefore, it was assumed that data were normally distributed and parametric 

analyses were performed using GraphPad Prism (version 5.0c, GraphPad Software 

Inc., California, USA). Parametric one-way ANOVA analyses, and where appropriate 

post-hoc Sidak’s and Tukey’s multiple comparisons tests, were used to assess 

statistical differences between the three groups (sham (control); 4 weeks post-

surgery, and 8 weeks post-surgery). Joints coming from the same murine donor 

were considered to be independent and the organism was not considered as a 

factor in statistical analyses. Samples from individual rats were not used in multiple 

groups and no group was represented by joints from only one individual.
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6.4 Results
6.4.1 Culture in synovial fluid results in reduced cell death and cell count

Osteochondral explants presented with 52.81 ± 11.13 % chondrocyte death and a 

chondrocyte density of 46381 ± 4254 cells per mm3 immediately following drying (T 

= 21 ºC; Va = 0.18 m/s). During culture (up to 7 days) in DMEM, PCD and 

chondrocyte density remained relatively constant throughout culture in DMEM 

(57.37 ± 8.39 %  chondrocyte death and 43663 ± 4254 cells per mm3 after 7 days). 

However, culture over 7 days in media supplemented with SF resulted in a decrease 

in PCD (3.92 ± 0.97 %) and chondrocyte density (27610 ± 4355 chondrocytes per 

mm3) in dried bovine osteochondral explants (figure 6.1). Results of a two-way 

ANOVA indicated overall significant differences in PCD between the culture media 

(F1 = 11.16; p < 0.01; figure 6.1 B). Specifically, after 7 days culture, the PCD was 

significantly reduced in the group supplemented with SF (post-hoc Sidak’s test; p < 

0.01). 

Although overall, the culture period had no significant effect on PCD (F2 = 3.181; p = 

0.056), there was a significant interaction between culture period and culture media 

(F2 = 4.064; p < 0.05). Thus PCD was depleted progressively during culture in the 

presence of SF and remained steady in control DMEM. Furthermore, the 

chondrocyte density within the SF supplemented group also decreased during 

culture in the SF group. Results of a two-way ANOVA indicated overall significant 

differences between the culture media (F1 = 6.253; p < 0.05; figure 6.1 C). Cell 

density was significantly different after 7 days culture (post-hoc Sidak’s test; p < 

0.05).
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Figure 6.1 Culture in the presence of SF resulted in a decrease in PI labelling. 
A) Representative axial CLSM projections of osteochondral explants dried (Va = 
0.34 m/s; T = 21 ºC; t = 30 min) and cultured for up to 7 days in DMEM (control) or 
DMEM supplemented with 20% synovial fluid (SF) labelled with CMFDA (green) and 
PI (red). In the CLSM projection from the group cultured in SF for 7 days, an area 
almost void of cells (living and dead) is visible at the top edge. (x10 objective lens; 
scale bar = 150 µm). B) Mean PCD values for osteochondral explants cultured in 
DMEM with or without SF for up to 7 days. C) Mean cell count values for 
osteochondral explants cultured in DMEM with or without SF for up to 7 days.  In B) 
and C) Black asterisks and lines represent post-hoc Sidak’s multiple comparisons 
tests for comparisons between the groups within individual time points.  Grey 
asterisks and broken lines indicate post-hoc Tukey's multiple comparisons tests for 
comparisons within each group, but between time points. N = 6, n = 6 for all 
combinations of culture period and culture solution (overall N = 6, n = 33). 
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6.4.2 Chondrocyte death in drying ex vivo murine cartilage is time dependent

Articular cartilage from ex vivo patellar grooves (n = 12) harvested from murine 

carcasses was dried (H = 0 %; Va = 0 m/s; T = 21 ºC) for up to 150 min in order to 

confirm that chondrocyte death during drying was time-dependent. Results of the 

study (figure 6.2 A - B) demonstrated a positive correlation between PCD and the 

drying interval (Pearson’s correlation analysis; r = 0.888, p < 0.001). 

Furthermore, complete cell death (100 %) was observed in patellar groove cartilage 

during ex vivo drying in room air (T = 21 ºC) at drying intervals of 30, 60, and 90 min 

(n = 1 per time point). The results of this experiment determined the drying interval 

of 60 min used in the in vivo study (figure 6.2 C) .

6.4.3 Signs of degeneration were present following in vivo drying of murine 

cartilage

6.4.3.1 Macroscopic fibrillations were present in cartilage 4 and 8 weeks 

post-surgery

All animals were monitored throughout the experimental period and nothing unusual 

was recorded in terms of animal behaviour or gait between groups. Immediately 

prior to culling, no joints presented with swelling or redness suggestive of an 

inflammatory response. Additionally, upon dissection, joints had scar/healing tissue 

in association with the joint but this did not differ between experimental groups. 

The articular cartilage of the patellar groove in the sham-operated group was 

healthy with no macroscopic fibrillations present. On the other hand, in the group 

observed at 4 weeks post-surgery, fibrillations were present in 1 of 4 joints. At 8 

weeks, fibrillations were present in 3 of 4 joints. 
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Figure 6.2 PCD was time-dependent in dried murine (rat) joints. A) Mean 
PCD values for murine distal femoral cartilage following drying for up to 150 min 
(T = 21 ºC; H = 0 %; Va = 0 m/s; n = 12; r = 0.888; p < 0.001).  B - C) Axial 
CLSM projections from ex vivo pilot experiments, all images labelled with 
CMFDA (green) and PI (red), indicating living and dead superficial chondrocytes 
respectively (x10 objective lens; Scale bars = 150 μm).
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6.4.3.2 There were fewer chondrocytes in the dried cartilage at 4 and 8 

weeks but PCD was minimal

In addition to the fibrillations, samples at 4 and 8 weeks had reduced chondrocyte 

density compared to those in the sham-operated group (F2 = 40.32; p < 0.001; figure 

6.3 A + B). However, PCD was minimal and unchanged in all experimental groups 

(F2 = 1.472; p = 0.275; figure 6.3 C). In the sham operated group (observed 8 weeks 

post-surgery), the chondrocyte density was c. 180,000 cells/mm3 and PCD was 

negligible (0.60 ± 0.35 %; n = 5). In the dried group observed 4 week post-surgery, 

the density of CMFDA labelled chondrocytes had significantly (p < 0.001) declined 

by over 4-fold to c. 40,000 cells/mm3, although the PCD remained very low (1.55 ± 

0.67 %; n = 4). At 8 weeks post-surgery, chondrocyte density had increased 

significantly (p < 0.01) to c. 110,000 cells/mm3, with very low PCD (0.63 ± 0.21 %; n 

= 4). Thus PCD remained negligible throughout the study, but chondrocyte density 

was altered between in vivo drying groups and the sham-operated control. 
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Figure 6.3 Chondrocyte density was significantly reduced in dried cartilage. A) 
Representative axial CLSM projections of control and dried cartilage with fibrillation (dried; 
weeks 4 and 8) stained with CMFDA (green) and PI (red), indicating living and dead 
superficial chondrocytes respectively (x10 objective lens; scale = 100 µm). B) Mean cell 
density values (chondrocytes / mm3) and C) mean PCD values for murine patellar groove 
cartilage from control joints (n =  5) and joints experimentally dried for 60 min and assessed 
after 4 (n = 4) and 8 (n = 4) weeks.

6.4.3.3 In vivo cartilage drying resulted in cartilage thickening

The average thickness of control (sham operated) cartilage was 162.2 ± 11.3 µm. 

Compared to this, the articular cartilage thickness differed significantly in the 

experimentally dried groups (F2 = 53.68; p < 0.001; figure 6.4). Dried cartilage  

thickened to 265.2 ± 15.8 µm in the 4 week group, and 330.6 ± 5.2 µm in the 8 week 

group. Thus the cartilage was progressively thicker at 4 and 8 weeks (post-surgery).
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Group N Median Grade Median Stage Median Score

Sham 4 0 0 0

4 Weeks 4 2 3 (3-4) 6 (6-8)

8 Weeks 4 2 3 (2-3) 6 (4-6)



Figure 6.4 Cartilage was thicker in dried murine (rat) joints. The mean thickness 
of murine patellar groove cartilage, as a function of the three experimental groups (n 
= 5 for the control group and n = 4 for the groups at week 4 and week 8).  Asterisks 
indicate the results of post-hoc Tukey’s multiple comparison tests. 

6.4.3.4 Dried joints presented with histological signs of cartilage 

degeneration

On H&E stained histological sections, sham-operated joints showed no signs of 

degeneration and were therefore assigned to grade 0, stage 0, with an overall 

OARSI score (OS) of 0. Conversely, signs of degeneration were observed in all 

dried joints observed at both 4 and 8 weeks post-surgery (table 6.1). These signs 

included superficial fibrillation, cell death (empty lacunae), and focal discontinuity to 

the superficial zone (occasionally extending into the mid zone) (figure 6.5). No 

differences were observed between the week 4 and week 8 groups in terms of the 

median grade, stage, and score, which were 2, 3, and 6 respectively. 
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Table 6.1 OARSI Grades, Stages, and Scores as assessed in H&E stained 
sections. Ranges for median values presented in parentheses where appropriate (n 
= 12). 

6.4.3.5 Chondrocytes in dried joints were swollen and had an altered 

distribution

The volume and distribution of chondrocytes was assessed in sham-operated joints, 

and dried joints after 8 weeks (figure 6.6). In the sham-operated joints, the average 

chondrocyte volume was 611.1 ± 6.2 µm3 with predominantly single chondrocytes 

(75.74 ± 5.4 %). The remainder of the cells were present in pairs (24.26 ± 5.4 %) 

and no clusters (groups of ≥ 3 chondrocytes) were observed. However at 8 weeks, 

the average chondrocyte volume in the dried group had increased significantly (t5 = 

12.45; p < 0.001) by two-fold to 1292 ± 64.6 µm3. Additionally, this group had 

significantly fewer single cells (39.45 ± 9.6 %, t5 = 4.24; p < 0.01) and significantly 

more paired (45.87 ± 3.5 % t5 = 3.88; p < 0.05) and clustered (14.69 ± 4.2 %; t5 = 

3.00; p < 0.05) chondrocytes. The data presented are pooled from fibrillated and 

non-fibrillated areas, as there were no significant differences in chondrocyte 

organisation or volume between the chondrocytes in fibrillated and non-fibrillated 

areas in the 8 week group (p > 0.05; Table 6.2, figure 6.6 A-I).
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Figure 6.6 At 8 weeks, dried cartilage had significantly more paired and clustered 
chondrocytes. Representative high magnification (x40) axial CLSM projections of: control 
joints 8 weeks after a sham procedure (A-C) and dried joints (60 min) after 8 weeks in intact 
areas (D-F) and areas immediately adjacent to fibrillation (indicated by the broken line) (G-I). 
N = 4 for dried joints and N = 3 for control joints. CLSM projections labelled with CMFDA 
(green) and PI (red) indicating living and dead chondrocytes. J) The mean volumes (mm3)  
for chondrocytes from the sham (control) group and dried cartilage (8 Wk). K) The mean 
proportion of cells in control and dried cartilage (8 Wk) organised as single, paired, and 
clustered cells.  Asterisks indicate the results of a post-hoc Sidak’s multiple comparisons 
test.  
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Table 6.2 There was no difference in chondrocyte arrangement between fibrillated and 
non-fibrillated areas in dried cartilage 8 weeks post-surgery. Statistical values derived 
from unpaired t-tests.
  

Group

Organisation:
Difference

?Single Cells 
(%)

Paired Cells 
(%)

Grouped Cells 
(%)

Cell Volume 
(µm3)

Fibrillated 
Areas 39.4 ± 9.0 50.5 ± 9.4 10.1 ± 3.0 1181 ± 60

p > 0.05
Non-Fibrillated 

Areas 27.9 ± 12.7 45.7 ± 7.6 26.4 ± 12.8 1379 ± 100
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6.5 Discussion
The ex vivo trial carried out on bovine osteochondral explants, clearly demonstrated 

that PI labelling diminished when exposed to SF during culture (figure 6.1). Less 

than 10 % PI labelling was observed after 7 days in culture with SF (as opposed to 

c. 60 % in the control group), mirroring the findings of Zhou and colleagues (2011). 

Likely caused by the DNAse enzymes present in the synovial fluid (Zhou et al., 

2011), this reduction in PCD may be easily interpreted as a reversal in cartilage 

damage and replenishment of chondrocytes, if the chondrocyte density or the 

presence of empty lacunae are not considered. This observation informed the 

subsequent interpretation of the in vivo drying assessment. 

Additionally, this study demonstrated that in vivo articular cartilage was associated 

with degenerative changes to cartilage and chondrocyte properties. Degenerative 

changes were present in experimentally dried groups when examined 4 and 8 

weeks post-surgery and were absent in the sham-operated (control) group. These 

changes included, a decreased chondrocyte density (figure 6.3 C), a progressive 

increase in cartilage thickness (figure 6.4), and fibrillation and damage to the 

superficial zone of the cartilage (figure 6.5). Additionally at 8 weeks, there was a 

significant increase in chondrocyte pairing and clustering, and chondrocyte volume 

(figure 6.6). These results demonstrate the importance of cartilage hydration and its 

maintenance during open surgical procedures.

In vivo drying may differ from ex vivo studies, in part, due to the presence of 

adjacent soft tissue (e.g. the synovial membrane, fibrous capsule, and associated 

ligaments and tendons). It is likely that these structures would also dry during open 

procedures, however the permanence and wider effect of this on joint function is not 

known. It is anticipated that these structures are capable of some degree of repair 

and replacement of dead cells, however this is not the case for articular cartilage 
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due to its limited capacity for repair (Hunziker, 2002). Scar/healing tissue was 

present in association with the incision site in all samples and there was nothing to 

suggest that the soft tissue differed between the groups, although this may form the 

basis of future research.

Low PCD values were recorded in all groups (figure 6.3 B), therefore It may be 

suggested that the experimental drying was ineffective and that chondrocytes were 

not killed by the procedure. However, ex vivo cartilage drying in static air 

demonstrated that complete cell death was achieved from 30 min (section 6.4.1) 

and was used to inform the in vivo drying interval (60 min). It is also possible that the 

PCD values are an underestimate of chondrocyte death. Empty lacunae were 

observed in the superficial zone of histological sections (figure 6.5) and both the 

bovine ex vivo study (figure 6.1) and study by Zhou and colleagues (2011) suggest 

that PCD calculations based on PI labelling may not be reliable in in vivo studies 

where SF (and DNAse enzymes) are present. Future experiments should include 

surgically dried and sham-operated samples culled immediately after surgery in 

order to verify the exact PCD resulting from drying. 

In addition to the presence of empty lacunae, the chondrocyte density was reduced 

significantly in the dried groups at 4 and 8 weeks (figure 6.3 C). This also suggests 

that chondrocytes have been lost. However, the chondrocyte density had 

significantly increased at 8 weeks (figure 6.3 C). It is possible that at week 4, the 

axial projections recorded the reduced chondrocyte density within the superficial 

zone, whereas by week 8, the zone may have disappeared and therefore the 

chondrocytes imaged are actually those in the subjacent mid-zone.

The articular cartilage was also observed to increase in thickness post-surgery 

(figure 6.4). This may be indicative of OA (Venn and Maroudas, 1977; Vignon et al., 

1983; Bush and Hall, 2003; Madry et al., 2012). This is caused by disrupted collagen 
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within the matrix, which decreases its stiffness and increases its permeability, thus 

permitting GAG swelling and hydration, and cartilage swelling (Venn and Maroudas, 

1977; Buckwalter and Mankin, 1997a). It is proposed that this markedly reduces the 

cartilage’s load-bearing capacity and sensitises it to routine loading (Bank et al., 

2000). It is possible that changes in thickness may, in part, be attributable to 

variation in animal size and relative location of representative sections during 

sectioning. However, as far as possible, sections were taken from comparable areas 

of the patellar groove (see section 2.4.2.2) and in order to best account for animal 

variation, future studies should use the contralateral joint as the control joint.

Chondrocyte swelling (Rothwell and Bentley, 1973; Bush and Hall, 2003) and 

clustering (Crelin and Southwick, 1960; Rothwell and Bentley, 1973; Telhag, 1973; 

Hirotani and Ito, 1975; Johnell and Telhag, 1977; Havdrup, 1979; Bush and Hall, 

2003) (figure 6.6), have both been associated with OA and are considered when 

grading degenerative change (Pritzker et al., 2006). There was a two-fold increase 

in chondrocyte volume in the dried samples (8 weeks) compared to the sham 

operated samples. This mirrors the observation by Bush and Hall (2003), that SZ 

chondrocyte volume increased during degeneration.

The relationship between in vivo cartilage drying and post-operative cartilage 

degeneration may differ substantially to the situation occurring during and after open 

surgical procedures on human patients. Animal cartilage is markedly (c. 10x) thinner 

than human cartilage (Maroudas and Venn, 1977) and the onset of degeneration in 

this study is much more rapid than that in human OA (Buckwalter and Mankin, 

1997b). Additionally, the extent of drying during the clinical scenario is yet to be 

determined. 

The results of this study suggest strongly that in vivo drying can subsequently result 

in post cartilage degeneration. The evidence for degeneration comes from multiple 
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criteria (e.g. cartilage thickness, matrix properties, and chondrocyte density and 

organisation) and is not limited to tests of cell viability, as has previously been 

standard (Han and Kang, 1990; Speer et al., 1990). These findings may be of 

clinical significance but are currently restricted to murine joints and over a relatively 

short post-surgery period. While it is hypothesised that the changes observed would 

be more pronounced at later intervals, this would merit further investigation. 

Additionally, It is unclear how this relates to the human clinical scenario, which 

remains unexplored. A further project to establish the links between the experimental 

observations and the clinical scenario is essential. It is hypothesised that a similar 

pattern will be observed following similar levels of cell death (which depends on a 

number of factors discussed and investigated throughout this thesis) although 

potentially at a different rate. 
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7. General Discussion 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7.1 Discussion
This thesis aimed to investigate cartilage drying, and specifically to: (1) determine 

which variables influence the rate and extent of articular cartilage drying; (2) 

investigate whether it was possible to modify cartilage drying and chondrocyte death 

via surgical interventions and altered environmental factors; (3) interpret the results 

in order to gain mechanistic insights; and (4) assess the impact of cartilage drying 

on joint health and longevity.

The work presented in this thesis has demonstrated that cartilage drying is 

associated with water-loss and chondrocyte death and differs between intact joints 

and osteochondral explants. The rate of drying and chondrocyte death is sensitive to 

environmental airflow, occurring more rapidly with increased airflow velocity. 

Although it is established that cartilage drying and chondrocyte death are prevented 

by intermittent irrigation (Mitchell and Shepard, 1989; Pun et al., 2006), this study 

has also demonstrated that changes to the composition of irrigation solutions have a 

limited effect on cartilage drying and subsequent chondrocyte death. The inclusion 

of glucose in irrigation solutions conferred no chondroprotection to drying 

osteochondral explants and intact joints, and explants in culture in absence of 

glucose were observed to survive for at least 24 hr. Therefore, it is unlikely that 

glucose deficiency is the primary cause of chondrocyte death during drying. 

Although the mechanism of chondrocyte death during cartilage drying remains 

unconfirmed, this thesis has demonstrated that it is associated with extensive 

vacuolisation, chromatin condensation, and occurs in the absence of DNA 

fragmentation. Absent of pathognomonic indicators of established cell death 

mechanisms, this mechanism may be defined negatively as necrotic death or 

considered a novel form of death.
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This study also demonstrated a link between in vivo cartilage drying, the resultant 

chondrocyte death, and long-term degeneration of the joint. This is consistent with 

the seminal findings of Simon and colleagues (1976), who observed long-term 

degeneration following induced chondrocyte death. However, this is the first time 

that this has been reported following drying and supports Pun and 

colleagues’ (2006) supposition that cartilage drying during surgery may lead to post-

operative joint degeneration. 

It is clear that the exposure of articular cartilage to air and the subsequent tissue 

drying marks a multifactorial change to its environment. It is simultaneously: (1) 

isolated from its native source of glucose, the synovial fluid (Lee et al., 1997; Wang 

et al., 2013); (2) subject to water-loss; and (3) exposed to a hyperoxic environment 

(2 - 4 times that of the in vitro environment (Malda et al., 2003)). As a process, 

drying is characterised by the loss of surface moisture from a solid, semi-solid, or 

liquid, (typically via evaporation) resulting from the transfer of heat energy from the 

surrounding environment (Mujumdar, 2014). Therefore, it is logical that cartilage 

drying would be inextricably linked to water-loss, and this has been an assumption 

of the extant literature, which synonymously refers to ‘drying’, ‘air-exposure’, 

‘desiccation’, and ‘dehydration’ (Mitchell and Shepard, 1989; Han and Kang, 1990; 

Speer et al., 1990; Bloebaum et al., 1992; Pun et al., 2006; Smyth et al., 2013; Von 

Keudell et al., 2013). Yet, the water content of cartilage during drying has never 

been considered directly and has only been measured in this thesis and in the 

concurrent study by Farr et al. (2015). 

Thus, one of the most fundamental observations of this study was that cartilage 

drying and chondrocyte death are closely linked to tissue water-loss. Throughout 

this thesis a number of factors shown to affect water-loss have also had an effect on 

chondrocyte death (PCD). For example in chapter 3, the application of a saturated 
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gauze to exposed cartilage (bovine and human) prevented water-loss and retarded 

PCD, which indicates that water-loss may be an important contributor to cell death. 

This is consistent with the study by Farr et al. (2015), who demonstrated that 

interventions that reduced the chondrocyte death during drying also reduced the 

water-loss. Indeed throughout this thesis, no interventions that accelerated water-

loss during drying were found to retard chondrocyte death and vice versa. 

From the physicochemical perspective, drying (as defined by Mujumdar, 2014) is 

governed by extrinsic controls such as temperature, humidity, and airflow and 

intrinsic factors such as permeability and water content. Interestingly, this study has 

demonstrated that cartilage drying and chondrocyte death share some of these 

same factors, i.e. airflow accelerated water-loss and chondrocyte death, and 

osteochondral explants with an increased surface area and permeability due to the 

exposed cut edges demonstrated accelerated death relative to intact joints. It is 

proposed that the factors influencing cartilage drying and chondrocyte death in this 

study (summarised in figure 7.1) do so by modifying water-loss, which may be the 

primary contributor to cell death.

It is unclear however, if the relationship between water-loss and chondrocyte death 

is causal or purely correlative and this is difficult to determine. The efflux of cellular 

water using hyperosmolar solutions is routinely used in cartilage research (Bush and 

Hall, 2001; Guilak et al., 2002; Kerrigan et al., 2006), however this does not 

represent the same stress as air drying because the tissue is retained in an aqueous 

solution (Potts, 1994). For example, even in extremely halophilic bacteria, the water 

efflux is less than that imposed upon desiccation-tolerant cells (reviewed by Billi and 

Potts, 2002). Additionally, the high concentrations of ions required in order to 

achieve the water deficit experienced during air drying would likely prove toxic 

(Potts, 1994). In a comparison between chondrocytes subject to air drying and those 
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undergoing hyperosmotic shock, different responses were triggered during the live 

imaging (chapter 5), therefore hyperosmolar solutions are an inappropriate proxy for 

air drying. 

Figure 7.1 Factors influencing cartilage drying. Factors shown to influence water 
loss and chondrocyte death during drying. Green factors have been demonstrated in 
this study only. The effect of irrigation frequency (red) has  been demonstrated in the 
literature but not in this study. Black factors have been demonstrated in both this 
study and in the published literature.

It is known that drying (below 90 % relative humidity) in desiccation-sensitive cells 

results in changes to protein conformation (which can lead to toxic aggregates), the 

integrity of plasma membranes, and structural rearrangement and fragmentation of 

DNA and RNA (Crowe et al., 1992; Prestrelski et al., 1993; Leprince et al., 1995; 
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Hoekstra et al., 2001; Faria et al., 2005; Goyal et al., 2005; Potts et al., 2005; Gusev 

et al., 2010; Dinakar and Bartels, 2013; Tapia and Koshland, 2014). It is also noted 

that the loss of water can result in oxidative stress due to the presence of oxygen 

and high rates of electron transport (Colville and Kranner, 2010; Miller et al., 2010). 

It is possible that oxidative stress contributes to the chondrocyte death occurring 

during drying. The results of chapter 5 indicated that chondrocyte death was 

reduced when drying proceeded slowly (i.e. in intact joints) and in an environmental 

oxygen concentration of 5 %. This oxygen concentration is believed to be beneficial 

to cartilage health (Saini and Wick, 2004; Hirao et al., 2006; Thoms et al., 2013). 

Additionally, reactive oxygen species have been linked with choncrocyte death and 

matrix degradation (Vincent et al., 1989; Tschan et al., 1990; Henrotin et al., 1992; 

Henrotin et al., 2005). This is the first time oxygen (and ROS) have been implicated 

in cartilage drying and merits further investigation. 

Chondrocyte death occurring during drying may be governed by water-loss and 

oxygen exposure (possibly through the action of ROS). The exact mechanism of 

death, however, has not been conclusively determined and does not adhere tightly 

to the descriptions for apoptosis, autophagy, necrosis or chondroptosis. The 

preventative interventions identified in this study and in the wider literature (e.g. 

application of a saturated dressing, or frequency of irrigation) prevent, or temporarily 

reverse, water-loss. Thus these alterations modified the drying rate, which in turn 

altered the chondrocyte death. Interventions aiming to modifying the cell death 

pathway/chondrocyte physiology (e.g. caspase inhibitors in an apoptotic pathway or 

supplemental glucose in a pathway driven by nutritional deficiency) did not alter cell 

death during drying. This suggests that chondrocyte death during drying is not 

physiologically driven and may be governed by the same physicochemical 

processes as drying (Mujumdar, 2014). Cell death may occur as the result of 
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massive uncontrolled trauma, indicative of accidental cell death as defined by 

Galluzzi et al. (2015) (i.e. virtually immediate, caused by severe insult and 

insensitive to pharmacologic intervention). Future studies may wish to further clarify 

the events that result in chondrocyte death at a cellular level, but it appears unlikely 

that these proceed via a programmed mechanism. 

The results of this thesis (chapter 6) document a link between cartilage drying, 

chondrocyte death, and post-operative joint degeneration, albeit in a small mammal 

model. It is clear that the effect of in vivo drying extends beyond the chondrocyte 

death observed in the short-term following trauma. In the 8 week period following 

experimental drying and cell death, murine joints developed signs associated with 

joint degeneration and osteoarthritis. These observations are in contrast to the 

studies by Speer and colleagues (1990) and Han and Kang (1990), who reported 

partial and complete recovery in dried cartilage during the short-term interval after 

surgery. However, this dissonance may be because of (1) their use of limited 

measures of cartilage health (i.e. morphological indicators of chondrocyte death and 

cationic staining of GAGs), and/or (2) the brief period between surgery and 

observation. Han and Kang (1990) reported reversed trauma after 7 days, which 

may have been too early for degeneration to manifest. At 6 weeks, partial injury 

(GAG depletion) was observed by Speer et al. (1990), which may indicate early 

degeneration rather than prolonged injury. The study in chapter 6 is limited due to 

the small sample size and it is recommended that future in vivo studies are carried 

out on a larger scale and over a longer period of time to clarify both (1) the extent 

and distribution of cell death that is required to produce quantifiable degeneration, 

and (2) the longer term degeneration and its effect on animal joint longevity. 

The existing studies relating to cartilage drying do not follow a common method, 

representing a mix of in vivo and ex vivo studies using whole-joint surfaces and 
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osteochondral explants from a range of joints and donor species. In addition to 

experimental variation, the drying conditions vary between studies and are often 

inaccurately reported (table 1.3). Future studies may benefit from the use of multiple 

approaches, as in this thesis, or from clear and standardised drying protocols.

Cartilage drying was assessed throughout this study using intact joint surfaces and 

osteochondral explants, in in vivo and ex vivo procedures, and in three species, 

each with their own advantages and disadvantages. Ex vivo cartilage drying models 

are well established and have been carried out on osteochondral explants (Pun et 

al., 2006; Von Keudell et al., 2013) and intact articular surfaces (Bloebaum et al., 

1992; Farr et al., 2015) and are less financially and legislatively taxing than in vivo 

studies. Studies of this nature are well suited to assessments of how cartilage drying 

is modified by environmental changes and interventions, but are limited as the 

response is coming from isolated tissue without the complex responses of a living 

joint and the adjacent structures. Therefore, in vivo investigations are recommended 

when verifying ex vivo results and looking at the long-term effects of drying on 

cartilage. 

Some of the studies presented in this thesis have been carried out on both intact-

joint surfaces and osteochondral explants, allowing a general observation of the 

similarities and differences. Compared to whole joint drying, osteochondral explants 

dried at a faster rate. This was apparent upon visual inspection, and is 

demonstrated in figures 5.8 and 5.9, where PCD was c. 80 % at 90 min in 

osteochondral explants as opposed to c. 30 % at 6 hr in intact articular surfaces. 

Unfortunately, water-content was not assessed in whole joints due to the mass of 

the tissue involved. It is proposed that this may be due to accelerated water-loss in 

osteochondral explants, a possible consequence of the increased surface area and 

isolation from the bone, which may act as a fluid source in intact joints. 
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Another difference between whole-joint drying and osteochondral explants is the 

distribution of cell death within the superficial chondrocytes. This was discussed in 

chapter 3 and demonstrated in figure 3.7, which showed cell death within 

osteochondral explants being initiated at the cut edge of the explants and 

progressing towards the centre. Although cell death is often visible at the cut edge of 

explants taken from dried joints, this is associated with instrument injury at the 

trimmed edge (Tew et al., 2000; Redman et al., 2004; Huntley et al., 2015) rather 

than drying and in these samples it progresses more evenly (figure 5.8 B). 

These differences may be useful for future research. Osteochondral explants 

represent the faster cell death and allow for multiple samples from individual joints, 

which can be distributed between experimental groups. Additionally, these studies 

may be of use when considering the effect of drying during procedures such as 

mosaicplasty where donor and recipient cartilage is trimmed. Alternatively, whole-

joint experiments may be more accurate when considering a general drying 

response, or drying in uninjured cartilage (e.g. the cartilage of the patella and 

patellar groove which are routinely exposed during total knee replacements). These 

experiments are also suitable when a large number of samples is available 

simultaneously and when slower drying is preferred. 

In addition to changes in experimental approach, this project used cartilage from 

multiple donor species. Bovine cartilage was the primary source of cartilage in the 

ex vivo studies in this thesis and is well established in cartilage research and has 

been used in previous drying and irrigation studies (Reagan et al., 1983; Von 

Keudell et al., 2013). In addition to bovine cartilage, drying studies have been 

carried out on human (Pun et al., 2006), leporine (Mitchell and Shepard, 1989; Han 

and Kang, 1990; Speer et al., 1990; Bloebaum et al., 1992), equine (Smyth et al., 

2013), and canine (Farr et al., 2015) donors. Human cartilage is typically thicker with 
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a lower chondrocyte density than most animal models (Stockwell, 1967; Maroudas 

and Venn, 1977), which may influence the rate of drying. However, during this 

project, certain experiments were replicated in osteochondral explants from donated 

human tissue and the overall patterns of cartilage drying are broadly applicable 

between species. For example, observations for bovine cartilage were mirrored in 

human trials (e.g. figure 3.3 - 3.5) and drying in all species was demonstrated to be 

time dependent (e.g figures 3.4 (human), 4.11 (bovine), and 6.2 (murine)). This is 

pertinent because healthy/non-degenerate human tissue is invaluable but scarce. In 

this thesis, experimental protocols had to be optimised for human samples, for 

example the fluorescent labelling protocol in this study was altered in order to obtain 

good quality CLSM projections (outlined in 2.3.4).

It is also worth considering the demographic of the donor group, which in this study 

was predominantly aged individuals, with potential age related changes or 

degeneration (Li et al., 2013). However, when used in this project, the results 

obtained for human cartilage mirrored those occurring in the bovine model. This is 

the first time that cartilage drying has been simultaneously carried out in human 

tissue and a proxy, and supports the future use of bovine tissue in drying 

experimentation. Additionally, murine cartilage was used in in vivo studies in keeping 

with the existing study by Eltawil and colleagues (2015). Rats are well suited for, and 

well established in, in vivo studies due to the ability to perform surgeries and 

maintain large sample sizes over prolonged habituation, unlike larger mammals. 

7.2 Outstanding Questions
Each study presented in this thesis is associated with unanswered questions that 

are of scientific value and have been presented in the discussion sections of 

chapters 3 - 6. However there are four main outstanding questions regarding 

cartilage drying:
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1. Does all drying progress in the same manner?

In the various methods employed during ex vivo drying, cartilage drying has 

progressed rapidly (e.g. in airflow or osteochondral explants) or slowly (e.g. in static 

air and in intact joints). During these procedures, chondrocyte death has progressed 

in a time-dependent manner. Additionally both fast and slow chondrocyte drying 

resulted in TUNEL negative (i.e. not apoptotic) death. However, the results of the 

oxygen concentration studies in chapter 5 (figures 5.8 - 5.9) demonstrated a 

differential response to oxygen concentration between the fast drying 

(osteochondral explants) and slow drying (whole joint drying) groups. This may 

suggest that chondrocyte death during drying proceeds via differing mechanisms 

depending on the prevailing conditions. It is hypothesised that fast death coincides 

with rapid water-loss and is rapidly fatal whereas slower death (with slow water-loss) 

may be susceptible to intervention and influence. This is a potential direction for 

future research. The comparison of drying between fast and slow dried cartilage and 

chondrocytes may clarify the mechanism of cell death and lead to future 

interventions in slow drying cartilage. 

2. What degree of drying results in joint degeneration?

As previously discussed, experimental drying has been associated with post-

operative joint degeneration (chapter 6). It remains unclear however, how much 

chondrocyte death is required for post-operative degeneration to occur. It is known 

that chondrocyte death correlates with water-loss and drying interval and it would be 

logical for the severity of drying to correlate with the onset/severity of joint 

degeneration. This would be of direct clinical relevance and may be quantifiable in 

an in vivo murine study (similar to that in chapter 6) using experimental groups dried 

to varying degrees and assessed over a prolonged post-surgery period.

3. Is drying the same in healthy and degenerate joints?
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By their very nature, orthopaedic interventions are carried out on unhealthy or 

pathological joints. However, this study and those in the literature were selectively 

carried out on tissue that demonstrated no indication of cartilage disease or trauma 

(Mitchell and Shepard, 1989; Han and Kang, 1990; Speer et al., 1990; Bloebaum et 

al., 1992; Pun et al., 2006; Smyth et al., 2013; Von Keudell et al., 2013; Farr et al., 

2015). It is theorised that injured cartilage may have an altered response to drying 

than healthy counterpart tissue. For example, it has been shown (chapter 3) that 

cartilage at a cut edge is more susceptible to drying than intact surfaces, which may 

be important in cartilage with lesions or undergoing mosaicplasty. Alternatively, it is 

feasible that tissue water-loss may be delayed in osteoarthritic and abnormally 

hydrated cartilage (Venn and Maroudas, 1977), or accelerated due to the increased 

surface area associated with fibrillation. This may be achieved in a pilot ex vivo 

study comparing drying between compromised and healthy tissue.

4. Does drying occur during orthopaedic procedures?

Related to questions 2 and 3, it remains unknown to what extent cartilage drying 

actually occurs during surgical procedures. In this thesis and all published studies, 

drying has been active and deliberate; there is a void in the published data relating 

to the actual clinical scenario which inspired this avenue of research. Therefore, it is 

important to qualify the relationship between orthopaedic practice and cartilage 

drying, which may differ somewhat from that demonstrated experimentally due to 

environmental and surgical variables (outlined in chapter 3). This may be clarified 

using a combination of simulated surgeries on donor cartilage, surveys and 

observations of orthopaedic surgeons and their current attempts to prevent drying, 

and retrospective studies of post-operative joint degeneration. However, practically 

this aim may be very difficult to achieve and is therefore unlikely. In the absence of 

this data, it may be that this avenue of research is best served as a warning to 
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medical practitioners of the dangers of drying during surgery if cartilage hydration is 

not maintained. 

7.3 Conclusions
This thesis is in agreement with the existing literature that chondrocyte death should 

be fastidiously avoided during surgical procedures by the careful maintenance of 

tissue hydration and use of interventions including irrigation and the application of 

saturated covers where appropriate. Further to the previous work, this thesis has 

demonstrated a clear link between airflow velocity and cartilage drying and 

chondrocyte death. Therefore cartilage drying during surgery may be more severe 

than previously anticipated due to the accelerated airflow in operating theatres. 

Building on the current understanding of joint irrigation, this study has also found 

that the best interventions against drying are those that prevent or retard drying and 

water-loss (i.e. the use of saturated dressings, or reduced airflow) rather than those 

that aim to alter cartilage physiology (i.e. irrigation solutions supplemented with 

caspase inhibitors or glucose). 

Mechanistically, chondrocyte death during drying remains unclear. However this 

study suggests that mechanism correlates closely with (and may be caused by) 

water-loss, is associated with vacuolisation and chromatin condensation, and 

typically occurs without DNA fragmentation. It has also been demonstrated that the 

cell death mechanism can be sensitive to environmental oxygen concentration. This 

may represent a novel form of cell death, or may represent an accidental cell death.

Futhermore, the pilot in vivo drying study has presented the first evidence for link 

between surgical drying and post-operative degeneration. Currently limited to an in 

vivo study using small mammals. this observation contradicts the preliminary 

observations by Han and Kang (1990) and Speer and colleagues (1990), that drying 

is transitory and is in keeping with the understanding of cartilage repair and 
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regeneration. This may be an appropriate in vivo model for future drying research 

and for experimental cartilage degeneration in the absence of physical trauma.

In addition to the warnings for clinical practice, this project has highlighted a number 

of points that should be considered for future research in this field. Cartilage drying 

extends beyond chondrocyte death and studies should additionally adopt measures 

of water-loss, changes to appearance, histological alterations, and changes to the 

matrix. When reporting experimental results, drying conditions should be defined as 

fully as possible in terms of sample parameters and environmental variables. This 

will ensure that results are widely applicable and not limited to generalisations. 

Additionally, by definition, cartilage drying is inherently linked to water-loss which 

should be considered when addressing interventions against drying (particularly if 

comparing interventions which limit water-loss and those that do not). 

Finally, this thesis has identified numerous avenues for future experimentation. 

Although these will aid our understanding of drying, some are not currently feasible 

due to methodological limitations (e.g. the requirement for liquid media during 

assessment). Nevertheless, the data presented here and in the literature act as a 

clear warning to clinicians, that cartilage hydration is important during surgery. So as 

not to undermine restorative surgical interventions by causing widespread 

chondrocyte death, it is important that drying is prevented and cartilage is irrigated 

frequently and effectively. 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s u m m a r y

Objective: Exposure of articular cartilage to static air results in changes to the extracellular matrix (ECM)
and stimulates chondrocyte death, which may cause joint degeneration. However during open ortho-
paedic surgery, cartilage is often exposed to laminar airflow, which may exacerbate these damaging
effects. We compared drying in static and moving air in terms of cartilage appearance, hydration and
chondrocyte viability, and tested the ability of saline-saturated gauze to limit the detrimental effects of
air exposure.
Design: Articular cartilage from bovine metatarsophalangeal joints (N ¼ 50) and human femoral heads
(N ¼ 6) was exposed for 90 min to (1) static air (2) airflow (up to 0.34 m/s), or (3) airflow (0.18 m/s),
covered with gauze. Following air exposure, cartilage was also rehydrated (0.9% saline; 120 min) to
determine the reversibility of drying effects. The influence of airflow was assessed by studying macro-
scopic appearance, and quantifying superficial zone (SZ) chondrocyte viability and cartilage hydration.
Results: Airflow caused advanced changes to cartilage appearance, accelerated chondrocyte death, and
increased dehydration compared to static air. These effects were prevented if cartilage was covered by
saline-saturated gauze. Cartilage rehydration reversed macroscopic changes associated with drying but
the chondrocyte death was not altered. Chondrocytes at the cut edge of cartilage were more sensitive to
drying compared to cells distant from the edge.
Conclusions: Airflow significantly increased articular cartilage dehydration and chondrocyte death
compared to static air. As laminar airflow is routinely utilised in operating theatres, it is essential that
articular cartilage is kept wet via irrigation or by covering with saline-saturated gauze to prevent
chondrocyte death.

© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Exposure of articular cartilage to air results in tissue drying,
chondrocyte death, and alterations to the extracellular matrix
(ECM)1e4. A range of changes have been reported, including an
increase in articular surface roughness observed via profilometry5,
glycosaminoglycan depletion measured by staining with cationic
dyes3, and chondrocyte trauma and death, identified by trans-
mission electron1e3 and confocal laser scanning microscopy
(CLSM)4. While the exact mechanism and permanence of the
changes remain unknown, the potential dangers of cartilage drying

during surgery have been highlighted as it may contribute to post-
operative joint degeneration4.

Cell death has been shown to correlate with the duration of
drying and to be progressive, starting with cells in the superficial
zone (SZ) of cartilage1e4. Previous studies in leporine cartilage have
suggested that features associated with cell death (nuclear ho-
mogenization, cell membrane rupture, and cellular retraction from
the matrix) are localized to cells in the SZ after brief air exposure
("30 s) but extend into deeper zones with prolonged (#60 min)
drying1e3. Similarly, in human cartilage, the percentage of chon-
drocyte death in the SZ exceeded that in deeper zones after 30, 60,
and 120 min of drying4.

Articular cartilage is commonly exposed to air during surgical
procedures (e.g., cartilage repair techniques, joint preservation
procedures, and intra-articular fracture surgery). Drying during
surgery can be minimised by repeated irrigation; however, the
frequency is vital1,4. Mitchell and Shepard1

first reported that

* Address correspondence and reprint requests to: A.C. Hall, Centre for
Integrative Physiology, School of Biomedical Sciences, George Square, University of
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irrigation with Ringer's lactate solution at 5 min intervals pre-
vented cell death. Additionally, Pun and colleagues4 observed a
significant reduction in cell death in human cartilage irrigated
every 10 or 20 min and further noted that more frequent irrigation
conferred greater protection. A thin layer of surgical lubricant
applied as a single treatment to articular cartilage has also been
shown to reduce chondrocyte death associated with drying6.

Although some effects of drying and air exposure have been
examined experimentally1e7, this was routinely performed in ‘room
air’2,4,6. Most modern orthopaedic operating theatres are routinely
equipped with specialised laminar airflow ventilation systems,
with the airflow exceeding 0.2 m/s at the operating table level8,9.
Therefore, the hazardous effects of air exposure on cartilage that
have been reported2,4,6 may not represent actual ‘in-theatre’ con-
ditions, as the effect of airflow does not appear to have been pre-
viously considered.

To address this, the aim of this study was to assess the effect of
increased airflow on cartilage drying. Our hypothesis was that the
effects of drying on articular cartilage and chondrocytes would be
exacerbated by exposure to airflow. We compared the appearance
of cartilage, chondrocyte death, and water loss between control
tissue (dried in static air), and experimental tissue dried in airflow
or covered using a saline-soaked gauze. Additionally, we assessed
the degree of chondrocyte death in response to varying airflow
rates and durations.

Materials & methods

Tissue procurement and preparation

Bovine metatarsophalangeal joints from fifty animals (36 ± 2
month-old) were sourced from a local abattoir and used within
24 h. Human articular cartilage was obtained with Ethical Permis-
sion (Tissue Governance, NHS Lothian) and consent from six pa-
tients who underwent hip hemiarthroplasty for a fractured neck of
femur. Human articular cartilage e comprising the entire femoral
head of the hip joint e was confirmed to be non-degenerate from
clinical evaluation and radiological records. The femoral head was
then immediately placed in Dulbecco's Modified Eagle Medium
(DMEM) (Invitrogen, Paisley, UK) supplemented with 100 U/ml
penicillin and 100 mg/ml streptomycin (Gibco, Paisley, UK) and used
within 12 h of surgery. The median age of the human donors was
87 yrs (range 62e89 yrs). Bovine and human joints were visually
assessed and only cartilage with a smooth and shiny (hyaline-like)
gross appearance without any damage or fibrillation was used.

Open bovine joints with cartilage exposed were used when
investigating gross changes in cartilage appearance and the effect
of airflow on the percentage cell death (PCD). Alternatively,
osteochondral explants, consisting of full thickness cartilage and
approx.1e2mmof subchondral bone, were used for assessments of
bovine cartilage water content and for all measurements on human
cartilage (PCD, water content). Osteochondral explants were trim-
med to approx. 5 $ 5 mmwith subchondral bone retained in order
to limit deformation of the cartilage surface and reflect the in situ
response to drying. Explants were sampled using a number-24
scalpel blade and trimmed using two blades (24 blade) bound
together to achieve parallel cuts to give reproducible explants.

Of the fifty bovine joints, twenty were used for assessing the
effect of airflow rate on PCD, in eight explants harvested from each
joint. A further eighteen joints (minimum of four explants per joint)
were used to compare the effect of the threemain treatment groups
on PCD. Water loss was assessed in twenty-five osteochondral ex-
plants taken from a further six joints. Eighteen osteochondral ex-
plants from the final six joints were used to determine the effect of

rehydration on drying induced cell death (see Supplementary
Table 1).

Osteochondral explants (n ¼ 130) were harvested from six hu-
man femoral heads (see Supplementary Table 1). Seventy-nine of
these (from three joints) were used to compare the effect of the
three main groups on PCD. Water loss in these treatment groups
was assessed in the remaining fifty-one osteochondral explants
(from four femoral heads).

Drying protocol

Two treatment groups were used throughout this study: (1) the
‘airflow’ group, exposed to an airflow rate of 0.18 m/s; and (2) the
‘covered’ group, exposed to air at an airflow rate of 0.18 m/s but
coveredwith sterile surgical gauze saturated in 0.9% saline solution.
The control (‘static’ air group) was exposed to static air only. As the
relationship between air exposure and chondrocyte death is well
established1e7, no unexposed controls were used. Experiments
were carried out in a microbiological safety cabinet (Model Bio2þ,
Envair, Rossendale, UK). In order to remove residual synovial fluid
prior to experimentation, joints and osteochondral explants were
gently rinsed with DMEM or 0.9% saline (Baxter Healthcare, New-
bury, UK).

Additionally, a subsample of bovine joints were dried in a hor-
izontal laminar flow cabinet (Model HFC 120, Rayair, Bolton, UK) at
airflows up to 0.34 m/s for 50 min. All airflows reported were taken
from hood output displays and confirmed using an anemometer,
and experiments were performed at 21&C. Bovine joints and
osteochondral explants were rehydrated in 0.9% saline for 120
min following drying in order to assess the effect of rehydration on
cartilage appearance and chondrocyte viability.

Assessment of macroscopic changes in cartilage

Bovine joints were visually assessed for changes in their
appearance throughout treatment in each of the groups. A pro-
gressive and characteristic pattern of cartilage discolouration was
identified in drying bovine joints. These changes were observed at
varying levels of progression in all joint surfaces exposed to air. In
order to compare this qualitative data, these changes were used to
devise a descriptive table (see Table I), which was used to retro-
spectively score the extent of drying in a subsample of joints.

Assessment of chondrocyte viability

In situ superficial chondrocytes were fluorescently-labelled
immediately following the experimental procedure by incubating
explants in DMEM supplemented with Cell Tracker™ Green 5-
chloromethylfluorescein diacetate (CMFDA) and propidium iodide
(PI) (Invitrogen, Paisley, UK) as described10. For the purposes of this
study, the SZ was defined as the superficial 100 mm of tissue (c.20%
of the tissue thickness). To optimize images for chondrocytes
within human cartilage, the CMFDA concentration was maintained
at 10 mM, however the PI concentrationwas increased to 20 mM and
labelling was performed with gentle agitation for 2 h at 21&C. These
dyes labelled the cytoplasm of living cells and nuclei of dead cells
respectively and are well established in cartilage and connective
tissue research11. Fluorescently-labelled chondrocytes were imaged
using a Zeiss Axioskop LSM510 (Carl Zeiss, Welwyn Garden City,
UK) with a low power (x10 dry, NA ¼ 0.3) objective lens. A series of
axial images of in situ superficial chondrocytes were acquired at
10 mm intervals typically to a depth of about 100 mm, so as to
produce a three-dimensional projection of explants10.

The PCD was quantified in a three-dimensional region of inter-
est (ROI) (XYZ dimensions 700 mm $ 921 mm $ 100 mm) using
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Volocity® 3D Image Analysis Software (version 5.4.1, Improvision,
Coventry, UK) and a semi-automated protocol which identified
CMFDA (green) and PI (red) labelled cells/nuclei based on size and
relative percentage intensity. Additionally, the PCD in osteochon-
dral explants was also quantified in two equally sized regions of
interest (ROI; XYZ dimensions 200 mm $ 921 mm $ 100 mm) posi-
tioned adjacent to the cut edge of the cartilage (ROI1) and also
400 mm from the edge (ROI2) to determine if cell death was
advanced at the cut edge.

Assessment of cartilage hydration

Osteochondral explants from six bovine joints and four human
joints were weighed (initial weight) and sorted into the three
treatment groups (airflow, static, and covered). Following treat-
ment, explants were weighed (post-treatment weight) and then
dried to constant dry weight. Dry weights were subtracted from
initial and post-treatment weights to determine the weight of
water present at each time point. Post-treatment water contents
were presented as percentages of the initial water content, calcu-
lated as [(post treatment water content (mg)/initial water content
(mg)) $100)].

Data analysis and presentation

Data were presented as [N(n)] where ‘N’ represents the number
of individuals studied and ‘n’ the number of independent osteo-
chondral explants. Two-tailed Student's t-tests, one-way analysis of
variance (ANOVA) for analyses comparing multiple groups, and
two-way ANOVA for groups with two independent variables with
post-hoc Tukey tests were performed as required (and indicated in
Figures and Results) using the Univariate General Linear Model
(GLM) function of SPSS (Ver.22; IBM Corp, New York, USA). To guard
against the possibility that the statistical analyses are affected by
the inclusion of multiple samples from individual joints, we
included a joint identifier as a ‘random factor’ in Univariate GLM
analyses (as appropriate), and confirmed that the joint did not have
a statistically significant effect (P > 0.05). All figures were produced
using GraphPad Prism (Ver. 5.0c) (GraphPad Software Inc., Califor-
nia, USA). Unless otherwise stated, all data were normally distrib-
uted and were presented as mean ± 95% CI values. Asterisks denote
significant levels as follows; *P < 0.05, **P < 0.01, and ***P < 0.001.
P-values not reaching the level of significance (P > 0.05) were not
indicated.

Results

Gross cartilage appearance

Articular cartilage in freshly-opened bovine joints (time ¼ 0)
had a normal appearance and a median drying score of 0 for all
groups (airflow, static air, and covered cartilage, Fig. 1(A)).
Following 90 min of drying, the articular surface had become
darker in the airflow and static air groups, starting at the edges of
the joints and spreading over the entire joint surface [Fig. 1(A)].
Compared to the control group dried in static air with discoloura-
tion localised to the raised ridges and edges of each condyle (me-
dian drying score 1), the joints in the airflow group showed
prominent changes (dark brown/purple discolouration and
roughening) across the entire surface (median drying score 3). In
the covered group, the macroscopic appearance of the cartilagewas
indistinguishable from the fresh cartilage with a median drying
score of 0, even at 90 min.Ta

bl
e
I

D
ry
in
g
sc
or
es

an
d
de

sc
ri
pt
iv
e
cr
it
er
ia

fo
r
m
ac
ro
sc
op

ic
ch

an
ge

s
in

th
e
di
st
al

ar
ti
cu

la
r
ca
rt
ila

ge
of

th
e
bo

vi
ne

m
et
at
ar
sa
lb

on
e
du

ri
ng

dr
yi
ng

Sc
or
e

0
1

2
3

4

Cr
it
er
ia

Li
gh

t,
lil
ac
/w

hi
te

ap
pe

ar
an

ce
Sl
ig
ht
ly

da
rk
en

ed
ap

pe
ar
an

ce
at

ri
dg

es
an

d
ed

ge
s,
re
m
ai
nd

er
of

su
rf
ac
e
st
ag

e
0

Su
rf
ac
e
da

rk
en

ed
,e

dg
es

an
d
ri
dg

es
sl
ig
ht
ly

da
rk
er

D
ar
k
ac
ro
ss

m
aj
or
it
y

of
th
e
jo
in
t
su

rf
ac
e,

ri
dg

es
an

d
ed

ge
s
da

rk
er

V
er
y
da

rk
ac
ro
ss

en
ti
re

su
rf
ac
e

Ex
am

pl
e
su

rf
ac
e

(s
ca
le

¼
1
cm

)

S.I. Paterson et al. / Osteoarthritis and Cartilage 23 (2015) 257e265 259



Effect of airflow on chondrocyte viability

Chondrocyte death in representative unexposed bovine joints
was 1.1 ± 1.4%. Following 50 min of drying at increasing airflow
rates (0, 0.13, 0.25, and 0.34 m/s), a positive correlation was
observed between cell death and airflow (r2 ¼ 0.511; P < 0.001;
Fig 1(B)). Additionally, there was a significant effect of airflow on
PCD (P < 0.01, one-way ANOVA) with cell death at an airflow of
0.34 m/s (78.3 ± 32.0%) being significantly higher than static
air (2.7 ± 4.7%; P < 0.01, post-hoc Tukey multiple comparison
test).

In joints dried for 90 min in an airflow of 0.18 m/s, there was
complete cell death which was significantly (P < 0.001) higher than
the control joints dried in static air (2.9 ± 2.3%), or in moving air
(0.18 m/s) covered in saturated gauze (0.8 ± 0.6%) [Fig. 1(C)].

Additionally, the PCD in joints covered by saturated gauze was
significantly reduced compared to both the airflow group
(P < 0.001) and static air control (P < 0.05). Thus while
99.99 ± 0.01% of the chondrocytes within the SZ were dead after 90
min of exposure to an airflow rate of 0.18 m/s, 99.25 ± 0.57% of
chondrocytes remained viable if bovine cartilage was simply
covered by saturated saline-soaked gauze.

As an airflow rate of 0.18 m/s resulted in marked differences in
bovine cartilage and chondrocyte death, and closely mimicked the
airflow rate in orthopaedic theatre systems, its effects were further
investigated in human articular cartilage explants (Fig. 2). A two-
way ANOVA demonstrated a significant difference in PCD be-
tween the three treatment groups (P < 0.001) and with time
(P < 0.001), with a significant interaction between the two
(P < 0.01). In the airflowgroup, the PCD at the three time points (20,

Fig. 1. Airflow resulted in prominent changes in the appearance of bovine articular cartilage and accelerated chondrocyte death. (A) Bovine joints were dried in airflow (0.18 m/s)
(column 1), static air (column 2), or airflow (0.18 m/s) covered in saturated (0.9% sterile saline-saturated gauze (column 3). Photographs demonstrate the appearance of joints (1e3)
prior to experimentation, (4e6) after 90 min of drying, and (7e9) at 210 min following drying and 120 min of rehydration in 0.9% saline. Panels 10e12 show axial CLSM projections
labelled with CMFDA and PI, indicating living and dead superficial chondrocytes respectively (CMFDA stains the cytoplasm of living chondrocytes green and PI stains the nuclei of
dead chondrocytes red) (Scale bar ¼ 150 mm) [N ¼ 18]. CLSM ¼ confocal laser scanning microscopy; CMFDA ¼ 5-chloromethylfluorescein diacetate; PI ¼ propidium iodide. (B) The
percentage of cell death (PCD) in bovine joints dried for 50 min in relation to airflow rate (m/s) and best-fit line as calculated by linear regression (r2 ¼ 0.511, P < 0.001) [N ¼ 20]. (C)
Percentage cell death (PCD) values for the cartilage of bovine joints exposed to air for 90 min under the conditions outlined in (A). PCD was most advanced in the airflow group and
was lowest in the covered group [N ¼ 18].

S.I. Paterson et al. / Osteoarthritis and Cartilage 23 (2015) 257e265260



40 and 60 min) was 40.1 ± 25.4%, 87.3 ± 15.6% and 99.9 ± 0.2
respectively. At the same time points, this significantly exceeded
the static (10.8 ± 8.4%; 21.0 ± 15.8%; 43.1 ± 22.5%) and covered
groups (3.8 ± 4.0%; 13.5± 3.6%; 8.3 ± 5.4%) (P< 0.001; Fig. 2(A), (B)).
Thus at 60 min, the SZ chondrocytes in osteochondral explants
dried in airflow were all dead compared to those exposed to static
air or gauze-covering where approximately 57% and 92% respec-
tively of the chondrocyte population remained viable.

Measurement of water content

The initial water content of the osteochondral explants
contributed 41.4 ± 2.6% [6(25)] and 51.7 ± 2.4% [4(51)] of the
initial weight of bovine and human osteochondral explants
respectively. However the water content was markedly reduced
following drying for 45 min in bovine (airflow 32.5 ± 9.7%; static
56.7 ± 8.3%; covered 91.2 ± 14.9%) and human (airflow

Fig. 2. Drying under airflow resulted in accelerated chondrocyte death in human articular cartilage. (A) PCD values for human osteochondral explants in the three treatment groups
at 0, 20, 40, and 60 min of exposure. The airflow group exhibited the most cell death at 20, 40 and 60 min [3(80)]. (B) Representative axial CLSM projections of human articular
cartilage (trimmed edge at the top of each panel; scale bar ¼ 150 mm) showing advanced cell death in the group exposed to airflow (0.18 m/s) (column 1) relative to the static
(column 2) and covered (column 3) groups at 0 min (panels 1e3), 20 min (panels 4e6), 40 min (panels 7e9) and 60 min (panels 10e12) [3(80)].
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30.0 ± 3.5%; static 57.3 ± 5.6%; covered 91.7 ± 4.8%) osteo-
chondral explants, and airflow significantly accelerated dehydra-
tion compared to the static and covered groups (P < 0.001; one-way
ANOVA; Fig. 3).

Rehydration reversed macroscopic changes and prevented further
chondrocyte death

In dried bovine joints, rehydration for 120min in saline reversed
most of the gross changes visible in joints in the static and airflow
groups (Fig. 1, panels 7e9). In the static air group, a smooth and
shiny cartilage appearance was restored (median drying score ¼ 0).
The airflow group also became lighter following re-hydration and
had no defined darkening at ridges and edges, but remained darker
than at t ¼ 0 (median drying score of 2). In osteochondral explants
dried for 30 min in an airflow of 0.18 m/s, rehydration with 0.9%
saline prevented further chondrocyte death (Fig. 4). The PCD of
dried osteochondral explants (41.2 ± 19.8%, [3(6)]) did not differ
significantly (P > 0.05, one-way ANOVA) from osteochondral ex-
plants dried and rehydrated for 60 min (45.6 ± 16.0%, [3(6)]) or 120
min (43.2 ± 15.4%, [3(6)]).

Cell death in drying osteochondral explants was more rapid at the
cut edge

In partially-dried samples, cell death was not uniformly
distributed in the SZ (Fig. 5). Therefore, cell death was compared
between chondrocytes at (ROI1) and distant from the cut edge
(ROI2). Immediately after harvesting and trimming, cell death in
bovine explants was 0.38 ± 0.26% (ROI1) and 0.16 ± 0.21%(ROI2)
and cell death in human explants was 2.3 ± 1.97% (ROI1) and
1.1 ± 0.9% (ROI2). In dried cartilage, cell death was consistently
more advanced in ROI1 compared to ROI2. This difference was
significant (P < 0.001, two-tailed Student's t-test) in the partially-
dried bovine osteochondral explants (ROI1 ¼ 80.2 ± 10.3%;
ROI2 ¼ 15.7 ± 8.5%; Fig. 5(D)). In human cartilage dried in static air
over 20e60 min [Fig. 5(E)], there was consistently more cell death
for ROI1 compared to ROI2, and although there was a clear trend in
chondrocyte death, there was no significant effect of time
(P ¼ 0.185) or ROI (P ¼ 0.064) from the cut edge (two-way ANOVA).
In human cartilage dried in airflow, results of a two-way ANOVA
showed a significant effect of time (P< 0.001) and distance from the
cut edge (P < 0.001; Fig. 5(F)) with a significant difference observed
at 20 min (ROI1 ¼ 59.5 ± 30.0%; ROI2 ¼ 23.9 ± 27.2% P < 0.01, post-
hoc Tukey multiple comparison tests).

Discussion

Compared to static air, airflow markedly increased the delete-
rious effects of drying on cartilage appearance and chondrocyte
viability. The finding that almost complete protectionwas obtained
if the cartilage surface or osteochondral explants were covered
with saline-saturated gauze, supported the notion that loss of
cartilage water was the primary cause of chondrocyte death.
Although relatively normal cartilage appearance could be restored
following rehydration after cartilage drying, the majority of chon-
drocytes were dead. Chondrocytes at the cut edge were more
vulnerable to the effects of cartilage drying compared to cells
distant from the injury. These results have clear implications for the
protection of chondrocytes when cartilage is exposed to air during
surgery.

Macroscopic changes in cartilage appearance with drying have
been observed1e4 and reported to be transient, reversing after a
period of recovery2,3 or incubation4. Our results support these
findings in bovine joints as both the airflow and static air groups
exhibited substantial reversal of their macroscopic changes
following rehydration in saline (after 120 min), measured as a
reduction in their drying score (Fig. 1). This was far more rapid than
reported previously where only later time points were investigated
(3 days for explants4 and up to 6 weeks for joints studied in vivo2,3).
However it is important to note that while the gross appearance
was largely restored, the cartilage was devoid of viable cells

Fig. 3. Drying under airflow accelerated water loss in osteochondral explants. The percentage of initial water content retained after 45 min air exposure in (A) bovine [6(25)] and (B)
human [4(51)] osteochondral explants under various conditions. Water content was lowest in the airflow group in both bovine and human explants.

Fig. 4. Rehydration of dried cartilage prevented further chondrocyte death. There was
no significant difference in PCD for bovine osteochondral explants dried for 30
min (‘Dry’), dried for 30 min and rehydrated for 60 min (‘R60’), and dried for 30
min and rehydrated for 120 min (‘R120’). During drying the airflow was 0.18 m/s
[6(18)].
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[Fig. 1(A) panels 10e12]. Therefore it was clear that cartilage
appearance was dependent on hydration state and should not
necessarily be used to indicate cell viability. This finding is partic-
ularly relevant to any orthopaedic surgery that involves exposure of
articular cartilage to laminar airflow in the operating theatre. This
commonly occurs after open arthrotomy for cartilage repair pro-
cedures such as autologous chondrocyte implantation (ACI), joint
preservation surgery such as unicompartmental knee replacement,
and more commonly, during intra-articular fracture fixation.
Moreover, such surgery often lasts for periods longer than 60
min and native cartilage of synovial joints would be exposed to the
effects of laminar airflow in the operating theatre for a prolonged
period. The simple manoeuvre of covering exposed cartilage with
saline-saturated gauzewould protect against the deleterious effects
of drying during these procedures. Our data show that unless
measures (e.g., covering with a moist gauze) are taken to prevent
the drying of native cartilage during surgery, there is the risk of
almost 100% loss of cell viability within 60 min in otherwise un-
injured normal tissue, which may eventually compromise the
outcome of the procedure.

Although cartilage scoring systems are well established in the
assessment of cartilage degeneration12e16 and changes in the
appearance of cartilage during drying have been noted1e4, to our
knowledge no standardized scoring method has been created for
cartilage drying. The scoringmethod described for the bovine joints
(Fig.1) was a pragmatic attempt to semi-quantify and thus compare
the changes that were apparent visually (Fig. 1). We did not
correlate the drying scores with PCD or water loss due to the dif-
ficulty in assessing all of these criteria from the same joint. Future
studies could develop this system to take a more precise account of
the complex changes that occur during cartilage drying.

There was no significant change in PI-positive labelling
following short-term (120 min) rehydration of cartilage with saline
(Fig. 4). This strongly suggested that there was no further chon-
drocyte death during this period, in other words the restoration of

cartilage hydration prevented further cell death. We cannot how-
ever exclude the possibility that over a longer time period chon-
drocyte death would continue, albeit at a slower rate. It has been
shown previously17 that the death of chondrocytes following injury
by mechanical load is complex, and comprised of both short
(acutely-injured) and long term (chronically-injured) processes,
and thus it is possible that the chondrocyte death that we have
observed under these conditions is an underestimate.

The mechanism of chondrocyte death in dried cartilage remains
unclear. The insult to cartilage that results from air exposure may
be twofold, as cartilage is simultaneously exposed to air and iso-
lated from its dominant nutritional source, the synovial fluid18.
Therefore, cell death may be due to dehydration, and/or nutritional
deficiency2. However, in previous studies1e4, cartilage dehydration
has not been assessed. The initial water content observed in this
study is lower than the values presented by Maroudas and
Schneiderman19, however this may be attributed to the inclusion of
subchondral bone in the osteochondral explants in this study,
which was necessary to prevent deformation of the cartilage as it
dried. Our results suggested that water loss from osteochondral
explants exposed tomoving air was more pronounced compared to
those dried in static air (Fig. 3), mirroring the results obtained for
chondrocyte death (Fig. 2). Furthermore, in the covered cartilage,
hydration and chondrocyte viability were maintained despite
isolation from the synovial fluid. This suggests that dehydration,
rather than nutritional deficiency, is of greater consequence to
chondrocyte viability in drying cartilage.

It has previously been identified that during drying, chondrocyte
death was initiated at the cartilage surface1e4. Our axial CLSM im-
ages support this observation (e.g., Fig. 2) but also revealed a char-
acteristic and consistent pattern of chondrocyte death in cartilage of
both species (Fig. 5) since the PCD values in the region 0e200 mm
from the cut edge were consistently in advance of the more central
regionwhichwas further from the cut edge (400e600 mm; Fig. 5). It
is possible that the increased scalpel trauma at the cut edge20e22

Fig. 5. PCD in drying osteochondral explants was more advanced at the cut edge. Representative axial CLSM projections of bovine osteochondral explants dried in static air at (A)
0 min, (B) 25 min, and (C) 45 min and labelled with CMFDA and PI. In panels AeC, the top broken white line identifies the cut edge. PCD was quantified from the cut edge to a
distance of 200 mm (ROI1) and between the lines 400e600 mm (ROI2) from the cut edge (bar ¼ 200 mm). (D) PCD values for bovine osteochondral explants dried for 30 min in
airflow (0.18 m/s) as a function of the distance from the cut edge of the explant [6(18)]. (E) PCD in human osteochondral explants dried for up to 60 min in static air as a function of
the distance from the cut edge [3(35)]. (F) PCD in human osteochondral explants dried for up to 60 min in airflow (0.18 m/s) as a function of the distance from the cut edge [3(36)]. In
panel (F) the results of a two-way ANOVA showing the effect of distance from the cut edge are presented with black asterisks and results of post-hoc tests are presented with grey
asterisks.
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pre-disposed these chondrocytes to death by cartilage drying,
however it is also possible that water loss was greater compared to
regions distant from the cut edge. This could be due to a greater
surface area open to the drying environment (i.e., chondrocytes
exposed to both articular surface and cut edge). It is also conceivable
that there was differential water loss between the cut edge and the
articular surface, which is known to have reduced permeability to
water23. The implication of this would be that chondrocytes at a cut
(and therefore an injured) edge when visualized in the coronal
plane4 would be more vulnerable to water loss.

The results demonstrated that cartilage drying has similar ef-
fects on cartilage hydration and chondrocytes within both bovine
and human cartilage. There is no chondrocyte division in healthy
cartilage and thus they are irreplaceable24, and in the absence of
viable cells, cartilage undergoes inevitable degenerative changes25.
The airflows used were in close approximation with those outlined
for the surgical environment by National Health Service guide-
lines8,9, which suggest that chondrocyte death due to drying during
surgical procedures may be more pronounced than previous
studies using ‘room’ air have suggested2,4,6. The temperature and
airflow profile around a joint during surgery may be more complex
than that used in this study andwould benefit from further detailed
investigation. We anticipate that a range of other factors, including
surgical procedure, patient position, and movement of the surgical
staff, could potentially shelter the joint, reduce cartilage drying and
hence limit chondrocyte death. Conversely, an increase in operating
theatre temperature may accelerate dehydration and chondrocyte
death. Additionally, while we cannot rule out the possibility of re-
gions of degeneration, as far as possible the cartilage samples used
in this study were healthy, non-degenerate and the chondrocytes
viable (Fig. 2) and are taken to represent cartilage's normal
response to drying. It is likely that changes in cartilage thickness
and hydrationwith disease and age and the presence of fibrillations
may influence cartilage drying.

The increased chondrocyte death during drying at the cut
cartilage edge (Fig. 5) may be relevant to clinical scenarios e.g.,
during mosaicplasty, as this could lead to greater cell death in a
region where tissue integration is crucial. Possible interventions to
minimize cartilage drying include frequent irrigation1,4 and
covering exposed cartilage with saline-saturated gauze to limit
cartilage drying, water loss, and chondrocyte death (Figs. 1e3). It is
also important to note that if cartilage drying does occur during
surgery then while it might be thought that subsequent rehydra-
tion might have restored cartilage to its normal appearance, this
will be of little benefit as the chondrocytes might already be dead.

This study has demonstrated that airflow accelerated drying and
chondrocyte death in exposed bovine and human cartilage. An
increased airflow resulted in advanced macroscopic changes,
increased water loss in articular cartilage and accelerated chon-
drocyte death especially at the cut edge. Saline-saturated gauze
may protect cartilage and chondrocytes against drying, but while
the rehydration of dried cartilage could restore cartilage appear-
ance, inevitable cartilage failure may result because the absence of
viable chondrocytes. Our findings strongly support the view that
articular cartilage must be kept well hydrated throughout any
surgical procedure in which it is exposed to airflow.
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