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ABSTRACT OF THE THESIS 

 

Effects of Hemi-Joint Culture on Biomechanical  

and Biochemical Properties of Articular Cartilage 

 

by  

Rebecca J. Rone 

Master of Science in Bioengineering 

University of California, San Diego, 2008 

Professor Robert L. Sah, Chair 

 

 

Few studies have examined the response of whole or hemi joints to culture in a 

configuration where the cartilage tissue is retained on its natural bone support. Such a 

configuration may minimize the drawbacks of conventional explant culture, including 

chondrocyte death at cut surfaces and disruptions to the cells’ microenvironment.  

Maintaining the biological and biomechanical properties of articular cartilage in a hemi-

joint culture system would be beneficial for basic science studies on cartilage metabolism 



 

ix 

as well as storage applications for therapeutic allografts. The distal humerus of the elbow 

joint was harvested bilaterally from adult goat forelimbs and incubated in a static vessel 

in medium supplemented with 10% FBS for twelve days at 37ºC. The chondrocytes from 

freshly explanted and cultured samples were largely viable in the full-thickness vertical 

profile (>85%) and in the superficial en face profile (>90%). The articular cartilage 

structural properties of thickness and stiffness, as well as the biochemical properties of 

collagen and DNA content were maintained with culture. The Glycosaminoglycan 

(GAG) content within the tissue decreased 36% in comparison to the freshly explanted 

samples. However, overall GAG in the culture system, determined as the sum of that 

remaining in the cartilage and released into the medium, increased 5%. Multiple 

regression analysis showed stiffness to be inversely correlated with cartilage thickness as 

well as positively correlated with GAG content.  These results suggest that large joint 

segments consisting of articular cartilage on its natural bone support can be maintained at 

high viability during prolonged culture. Such culture methods may be useful for 

maintaining allografts with improved efficacy due to better maintenance of cell viability. 
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Chapter 1: Introduction 

1.1 Composition, Structure and Function of Articular Cartilage  

Articular cartilage is a hyaline cartilage that is located in synovial joints and 

provides a low-friction, wear-resistant, load-bearing surface between two or more joining 

bones [12, 23, 45]. Adult articular cartilage is composed of a small percentage of 

chondrocytes by volume, surrounded by an extracellular matrix consisting mainly of type 

II collagen and proteoglycans [24].  

Articular cartilage has an inhomogeneous composition and anisotropic structure 

that varies with depth [4, 12, 45]. The variation can be classified into three zones 

descending from the cartilage surface: superficial, middle and deep (Figure 1.1) [45]. A 

depth-dependent trend of decreasing chondrocyte density and collagen content and 

increasing proteoglycan content descending from the articular cartilage surface can be 

observed in the three zones. [32]. Chondrocyte density is greatest at the superficial zone. 

In the middle zone, the density of chondrocytes is lower and the cells are more rounded 

in shape. The cell density is lowest in the deep zone. Closely surrounding the 

chondrocytes in the superficial zone, the extracellular matrix is composed mostly of thin 

collagen fibrils oriented parallel to the articular surface [32]. Collagen content decreases 

from the superficial zone to the middle zone. In the middle zone, the collagen fibers 

increase in diameter and become oriented in a random fashion [32]. Collagen content is 

the lowest in the deep zone. The collagen fibers continue to increase in diameter from the 

middle zone to the deep zone [45]. The proteoglycan content in the extracellular matrix is 
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lowest in the superficial zone. The proteoglycan content increases into the middle zone 

and becomes the greatest in the deep zone [32]. 

The biomechanical properties of articular cartilage are a result of its unique 

composition and structure [12]. The proteoglycans in the extracellular matrix consist of a 

protein core to which one or more glycosaminoglycan (GAG) chains are attached [30]. 

Hydration of the large negative charge from the GAG chains on the proteoglycan 

aggrecan causes the tissue to swell. The swelling of proteoglycans is restricted by the 

crosslinked collagen network [45]. Together, the swelling pressure of the proteoglycans 

and the tensile strength of the collagen provide the tissue with the load-bearing 

biomechanical function [4, 12, 55]. The structural organization of the extracellular matrix 

allows for the specific functions of each zone. The superficial zone, high in collagen and 

low in GAG, has high resistance to shear and is compressible [63]. The middle zone has a 

higher concentration of GAG than the superficial zone, providing more resistance to 

compression [45]. The collagen fibers in the deep zone are integrated into the 

subchondral bone to provide attachment of the tissue [32, 54]. Alterations in the synthetic 

and catabolic processes of the extracellular matrix components or trauma to the articular 

cartilage may alter the biomechanical properties of the tissue leading to further injury or 

disease [11]. 

 

1.2  Cartilage Injury and Repair 

Osteoarthritis is a degenerative joint disease that causes inflammation and pain in 

joints due to depletion or damage of the protective cartilage layer [15]. Degeneration of 

articular cartilage from osteoarthritis or a loss of cartilage from trauma results in joint 
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pain and affects people of every age [54]. Articular cartilage has limited ability to self-

heal [54] due to its avascularity and low density of chondrocytes [26, 34]. Additionally, 

the extracellular matrix may inhibit migration of chondrocytes to the defect site [54]. 

With the inability to self-heal, surgery is an attractive approach to repair cartilage and 

alleviate pain. Current methods of treatment span from non-invasive therapies to whole 

joint replacement. 

One method to repairing articular cartilage is to induce a self-healing response by 

a surgical procedure called microfracture [26, 46]. Full thickness defects extending to the 

subchondral bone have been shown to initiate migration of mesenchymal stem cells into 

the damaged area and eventual differentiation into chondrocytes [26, 46]. Based on the 

response of the mesenchymal stem cells, a related surgical treatment consists of drilling 

into the subchondral bone at the location of cartilage degeneration to provoke the 

migration of mesenchymal stem cells to induce a self-healing response. However, with 

both microfracture and drilling fibrocartilage is formed and eventually degrades [34, 54]. 

Other methods to enhance the self-healing response of articular cartilage and alleviate 

pain consist of removing debris from the joint space [34], applying electrical stimulation, 

injecting pharmacological agents such as growth factors, and decreasing the load with 

continuous passive motion [54]. Continuous passive motion has been shown to enhance 

regeneration in small defects and to improve healing when used in conjunction with other 

treatments [3, 54]. For primary osteoarthritis of the elbow, an arthroscopic technique 

known as ulnohumeral arthroplasty removes debris from the joint and decompresses 

impinging ostophytes [14]. 
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Another approach to repair damaged tissue and alleviate pain is replacement of 

the defect area with a tissue graft. Autografts from a non-load bearing region of the 

affected joint, or allografts, can be inserted at the defect site. Both types of tissue grafts 

have rehabilitative results with a decrease in pain [26, 31, 34, 46, 54]. Problems with 

autografts include introducing damage to the joint at the donor site and possibly the 

inability of cartilage from non-load bearing regions to withstand high loads [54]. Soft 

tissue grafts with periosteum and perichondrium can also induce repair [34, 54]. The 

implanted periosteal cells differentiate into chondrocytes at the site of the defect, aiding 

in the formation of the extracellular matrix.  

Transplantation of cells to the defected site is another tissue engineering approach 

to repairing damaged articular cartilage. One method, autologous chondrocyte 

implantation (ACI), injects autologous expanded cells at the defect site and is covered 

with a periosteal flap to retain the cells [34]. The injected cells produce an extracellular 

matrix at the site of defect. Similar methods use a scaffold to retain the cells at the defect 

area. Scaffolds also provide a surface to which migrating chondrocytes can adhere [54]. 

Scaffold materials include natural polymers such as type I and II collagen and synthetic 

polymers such as poly glycolic acid and poly lactic acid [34]. Cell seeded scaffolds have 

been shown to create constructs that mimic articular cartilage properties [37].  

Although each of the discussed approaches provides a temporary relief of 

symptoms, no long term solution has been discovered. The whole joint may be replaced 

by a synthetic joint. Total joint arthroplasties have been performed for the past 50 years 

[44]. Implants made of artificial materials such as titanium and silicone lack proper tissue 

integration[52] resulting in implant loosening [17] and pain [52]. Eventually, the implant 
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may need to be removed or replaced. Constructs composed of biological materials also 

have limitations. The harvesting procedure for cell therapies is a disruptive process 

increasing damage to the joint and is also limited by the amount of healthy cartilage 

remaining in the joint [25]. Osteochondral grafts have been shown to lack cartilage-

cartilage integration [1, 2, 49]. Creating a large-scale construct with articular cartilage 

matrix-like properties in vitro would be a beneficial advancement toward resurfacing 

entire joints. The limitation of current scaffolds and grafts would be reduced by only 

requiring integration of the cartilage to the underlying bone [25].  

 

1.3 Media Conditions and Culture Systems 

Incubating explants in medium supplemented with serum has been shown to 

maintain homeostatic biochemical properties of articular cartilage [8, 11, 24, 36, 57]. The 

chondrocytes maintain a mechanically functional extracellular matrix by a balance of the 

synthesis and catabolism of articular cartilage components such as proteoglycan 

aggregates and collagen fibers [11, 48]. Proteoglycan activity of adult bovine cartilage 

explants was previously shown to reach a steady state in media supplemented with 20% 

fetal bovine serum (FBS) [24].  

For a whole joint culture system of calf sesamoid bones, a biosynthetic steady 

state was determined to be achieved in a 10% FBS during a culture period of 4 weeks 

[30]. In a study by Korver et al, medial sesamoid bones from metacarpophalangeal joint 

of calves were incubated in media supplemented with 10% FBS for a period of eight 

weeks. The GAG content was maintained for the first 4 weeks before seeing a 10% 

reduction after week 6. Comparison of GAG release and synthesis by the cartilage on the 
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seasamoid bone indicated an achieved steady state. Cartilage thickness and cell density 

remained constant throughout the culture period [30].  

The concentration of proteoglycan content in the articular cartilage explant 

depends on the percentage of FBS in the media. Proteoglycan content in adult bovine 

articular cartilage explants has been shown to be maintained at physiological levels with 

respect to collagen content using media supplemented with 20% FBS [48, 57]. In 

contrast, GAG content can slowly decrease over time in cultures with 10% FBS, and 

decrease to even lower steady-state concentrations in cultures with 2% FBS [57]. The 

decrease of GAG content corresponded to an initial high release of GAG into the media 

with a steady decrease over the culture period of 28 days [57]. GAG synthesis decreased 

over time in media supplemented with 10% FBS and 2%FBS [57]. Eventually the GAG 

synthesis failed to compensate for the loss of GAG into the media, thus lowering the 

GAG content. However, for culture containing medium with 20% FBS the rate of GAG 

release into the medium was balanced with the rate of GAG synthesis [57]. 

DNA and collagen synthetic activity are not as responsive as proteoglycan 

synthetic activity to the addition of serum in culture medium. Conflicting reports have 

shown an increase in DNA synthetic activity with culture of 20% FBS [8, 24] as well as 

no change in DNA synthetic activity with culture [36]. Collagen content under anabolic 

stimuli generally is not affected by cultures of short time periods due to a half life of 

between 50 to 300 days [32]. Explants have maintained collagen content during culture 

of media supplemented with 20% FBS [48], despite decrease in hydroxyproline synthesis 

in explants with culture period of 8 days in a 20% FBS medium [24].  
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During prolonged culture, the variation in cartilage thickness varies with the 

maturity of the tissue. Cartilage thickness of immature calf cartilage explants increases 

[48], whereas cartilage thickness of adult bovine explants have been shown to not change 

with culture in media with 20% FBS [48, 50]. Compressive and tensile properties may 

change with explant culture. A loss of proteoglycan content would result in a softer tissue 

that is more susceptible to damage [55].  

In vitro culture allows cartilage biochemical and biomechanical properties to be 

studied in a controlled environment. In monolayer and explant culture systems, cell 

preparation may result in alterations of the response from articular cartilage. In 

monolayer cultures, the chondrocytes are removed from the extracellular matrix and 

therefore not in their physiological microenvironment [50]. Cartilage explants are 

extracted from the whole joint exposing the middle and deep chondrocytes along the cut 

edges to the culture environment [30]. The exposure of chondrocytes may influence 

biochemical activity of the explant during the culture period. In whole joint or hemi joint 

culture, the extracellular matrix is retained on its natural bone support, thus limiting the 

disruption of extracellular matrix before culture [30].  

Proteoglycan catabolism varies markedly depending on incubation conditions and 

tissue maturity for different joints and species. Proteoglycan half-life for canine articular 

cartilage in vivo was determined to be 150 days [57], while for bovine cartilage explants, 

the half-life was only 10-30 days [24]. The differences in proteoglycan half-life could be 

partially explained by the absence of loading during the in vitro culture system. In vivo 

studies of immobilizing a canine hip, thus reducing load experienced in a moving joint, 

has shown not only a decrease in proteoglycan content [28, 41], but also a reduction in 
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stiffness and thinning of articular cartilage compared to the contralateral joint [41]. The 

decrease in stiffness was shown to correspond closely to the loss of proteoglycans [28]. 

Recapitulating such responses in vitro, as well as creating a culture system where the 

application of load may be applied in a controlled environment would improve in vitro 

studies.  

 

1.4 Objective of Thesis  

The objective of this study was to investigate the biomechanical and biochemical 

effects of articular cartilage cultured as a hemi-joint in medium supplemented with fetal 

bovine serum. A static bioreactor system was used to culture the distal humerus from 

goats. The distal humerus was chosen for size, stable articulation with the radius and 

ulna, and range of flexion and extension. The biomechanical property of indentation 

stiffness, structural property of thickness and biochemical properties of GAG, DNA, and 

collagen content in articular cartilage across the joint, as well as viability, were 

determined and compared to controls analyzed at the time of explant.  the relationships 

between indentation stiffness and cartilage thickness as well as matrix contents were 

determined by correlative analysis. 
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1.5 Figures 

 

 

 

 

 

 

Figure 1.1: Structure of articular cartilage: A 3-D representation of superficial, middle 

and deep zones of articular cartilage Figure from [29] 
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Chapter 2: Experimental Study 

2.1  Introduction 

Articular cartilage is a hyaline cartilage located at synovial joints to provide low-

friction, wear-resistant, and load-bearing surfaces between two or more joining bones 

[12, 23, 45]. The biomechanical properties of articular cartilage are a result of its 

speciailized composition and structure [12]. Adult articular cartilage is composed of a 

small percentage of chondrocytes surrounded by an extracellular matrix of mainly type II 

collagen and proteoglycans [24]. In adults, the chondrocytes maintain the matrix in a 

dynamic balance in adults. The matrix provides bulk load-bearing properties and an 

appropriate interface. The collagen fibers and microstructure of the deep zone of articular 

facilitate its attachment to the subchondral bone [32, 54]. 

The prolonged maintenance of cartilage in osteochondral fragments and intact 

joint surfaces is important to the storage of allografts before transplantation therapy as 

well as to basic science studies of cartilage metabolism. The function of allografts 

appears to depend on the maintenance of viable cells. Freezing grafts results in 

chondrocyte death, and transplantation of such previously frozen grafts results in modest 

long-term efficacy after implant [53].  In contrast, fresh grafts or grafts maintained under 

cold non-frozen storage conditions for short durations maintain viability of a high portion 

of chondrocytes and result in good long-term efficacy after implant [7, 16].  However, 

with prolonged cold storage longer than ~7 days, chondrocyte viability decrease 

progressively, and those in the superficial zone are particularly sensitive. Few studies 
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have examined the responses of cartilage in a culture configuration in which the cartilage 

tissue is retained on its natural bone support [18, 30]. 

Articular cartilage explants can be maintained at a metabolic steady state when 

incubated in medium that is supplemented with serum [8, 11, 24, 36, 57]. The 

chondrocytes are maintained viable [30, 39]. These chondrocytes maintain a metabolic 

steady state with a balance between the synthesis and degradation of extracellular matrix 

components including proteoglycan and collagen [11, 48]. In adult cartilage explants, 

proteoglycan and collagen contents are maintained at a steady state in medium 

supplemented with 20% fetal bovine serum (FBS) [24]. In immature cartilage explants, 

serum-supplemented culture leads to an accumulation of proteoglycan and collagen 

within the tissue, despite release of moderate amounts of these molecules into the culture 

medium [61]. During culture of the cartilage-covered sesamoid bones from six month 

bovine calf, incubation in medium with 10% FBS resulted in a steady state over a culture 

period of 4 weeks [30]. The effects of culture in serum-supplemented medium of 

cartilage of adult bones remain to be established.  

The indentation stiffness of articular cartilage is sensitive to both tissue 

composition and structure.  For a rapidly applied indentation displacement, the load 

response is governed by the rearrangement of the cartilage tissue as restrained by the 

intactness of the collagen network and the resilience and resistance to fluid flow of 

proteoglycans [38]. The swelling propensity of the proteoglycans together with the 

tensile and shear properties of the collagen network provide cartilage with its load-

bearing biomechanical function [4, 12, 55]. Indentation stiffness decreases with articular 

cartilage degeneration both with surface fibrillation [6] and with decreased proteoglycan 
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content [28]. Correlations of the biomechanical property of stiffness with biochemical 

and structure properties provides insight into the structure-function relationship of 

articular cartilage [40]. 

The objective of this study was to investigate the effects of articular cartilage 

cultured in medium supplemented with 10% fetal bovine serum on its natural bone 

support in a hemi-joint. Articular cartilage biomechanical and biochemical properties of 

indentation stiffness, cartilage thickness, chondrocyte viability and GAG, DNA, and 

collagen content of articular cartilage were determined and compared to controls 

analyzed at the time of harvest. 

  

2.2  Methods 

Experimental Design 

Twelve distal humeri from six adult goats were divided into fresh control (n = 6, 

one joint from each animal) and culture groups (n = 6, contralateral joint). The left and 

right limbs were evenly distributed between control and culture groups. For each distal 

humerus of the control group, eight osteochondral cores were removed directly after 

harvest for analysis. For each distal humerus of the culture group, the distal humerus was 

incubated in media with 10% FBS for twelve days and then eight osteochondral cores 

were removed for analysis (Figure 2.1). The locations of osteochondral core samples 

were chosen so that half were from the distal (D) regions, half were from the proximal 

(P) regions and sites 1-4 were from medial to lateral position, ie., D-1, D-2, D-3, D-4, P-

1, P-2, P-3, and P-4. Of the eight samples, three (D-1, D-4, and P-3) were analyzed for 

chondrocyte viability and histological structure and the remaining five (D-2, D-3, P-1, P-
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2, and P-4) were analyzed by biomechanical (indentation) testing and biochemical (GAG, 

DNA, and collagen) assay. 

 

Hemi-Joint Isolation and Culture 

Twelve thoracic limbs from six adult (3-4 year old) female goats were received on 

wet ice within 24 hours of animal sacrifice. The limbs arrived with the hoof intact and the 

humerus bisected midway between the shoulder and elbow. To isolate each elbow joint, 

the skin was carefully removed, with the majority of underlying tissue undisturbed. Next, 

approximately 1 inch of the mid-diaphysis of the radius and ulna was exposed by 

removing soft tissue and muscle. The diaphysis was transected using a bone saw under 

constant irrigation of phosphate buffered saline (PBS) with 100units/mL penicillin, 

100ug/mL streptomycin and 0.25ug/mL fungizone (PSF). 

 Sterile Distal Humerus Dissection for Cultured Joints: Six distal humeri were 

harvested for culture. To create a sterile environment, the tissue surrounding the joint 

cavity was cleansed before further dissection. First, using a curette, the bone marrow was 

removed from the inside of the bone cavity and then the cavity was rinsed three times 

with a sterilizing solution of 3% hydrogen peroxide (Equaline, Boise, ID). Next, the soft 

tissue outside of the joint was cleansed by scrubbing the exposed tissue with sterile gauze 

soaked in 3% hydrogen peroxide and then a 7.5% povidone-iodine cleansing solution 

applied with sponges from a sterile scrub care kit (Cardinal Health, Inc. McGaw Park, 

IL) [39]. The tissue was then placed on a sterile field, and aseptic technique was used in 

subsequent steps. Muscle, soft tissues, and fat were removed to the bone. To expose the 

joint capsule, the medial and lateral collateral ligaments as well as the triceps and biceps 
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tendons were incised. Thereafter, the articular cartilage was kept hydrated with copious 

amounts of PBS with PSF.  The distal humerus was separated from the radius and ulna 

and any remaining fragments of muscle, periosteum, tendon and ligament surrounding 

the distal humerus were removed as best as possible. The diaphysis was further sterilized 

by repeated dipping in 3% hydrogen peroxide over a period of thirty seconds, and 

thoroughly rinsed with PBS with PSF. The distal humerus was then submerged in PBS 

with PSF. 

Each distal humerus in the culture group was inserted into a static culture vessel 

designed for use within a standard incubator (Appendix A, Fig A.1). The lid was 

perforated with two 3/8” filters (Whatman 1um polycarbonate Nuclepore Track-Etch 

Membranes) to allow gas exchange. The bone stem cavity was filled with bone cement 

(Zimmer, Radiopaque dough type, Evansville, IN) and secured to the lid of the vessel by 

a hex screw with at least 18 mm embedded in bone cement and allowed to set for 20 

minutes. During this time, the joint was wrapped in sterile gauze soaked in PBS with 

PSF. Once the joint was affixed to the lid, the distal humerus was then submerged in 

fresh PBS with PSF four times over five minutes. The culture vessel was filled with 

105mL of medium (low-glucose Dulbecco’s modified Eagle’s medium, 10mM HEPES, 

0.1mM non-essential amino acids, 0.4mM L-proline, 2mM L-glutamine, 100units/mL 

penicillin, 100ug/mL streptomycin, 0.25ug/mL fungizone and 25ug/mL ascorbic acid) 

supplemented with 10% FBS. Finally, the lid of the culture vessel (with the distal 

humerus attached) was screwed onto the base, resulting in complete submersion of the 

articular cartilage in medium while in suspension from the lid. The bioreactor was 

incubated at 37˚C within a humidified environment at 5% CO2. Over the subsequent 
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twelve days, media was changed twice per week and spent medium was collected and 

stored at -20˚C. 

 Distal Humerus Dissection for Control Joints The techniques for isolation of the 

distal humeri slightly differed for the control joints. The six distal humeri of the control 

joints were non-sterilely harvested by removing muscle, soft tissues, and fatty tissue, 

incising the medial and lateral collateral ligaments as well as the triceps and biceps 

tendons, and opening the joint capsule. The joint capsule was kept well hydrated 

throughout dissection and separated from the radius and ulna for further analysis. 

 

Chondrocyte Viability 

To assess chondrocyte viability, each osteochondral core (D-1, D-4, and P-3) was 

analyzed by viability staining for live and dead cells. Each osteochondral sample was 

bisected axially with a razorblade. One half was reserved for histological analysis.  The 

other half was placed in medium supplemented with 10% FBS containing calcein-AM 

(0.267 mM) and ethidium homodimer-1 (0.5mM) for 15 minutes at 37˚C. Calcein-AM is 

converted to fluorescent calcein by esterase within live cells, and converted calcein 

remains inside the cells [59]. Ethidium homodimer-1 enters dead cells through damaged 

membranes and binds to intracellular DNA, resulting in nuclear fluorescence [43]. After 

staining, the sample was transferred to PBS with PSF and imaged in the vertical profile 

followed by en face profile with the 10x objective of a fluorescence microscope (Eclipse, 

TE300, Nikon, Melville, NY) using an arc lamp and G-2A (for “dead” images; Nikon) or 

B2-A (for “live” images; Nikon) filter cubes. Images were captured using a Spot RT 

Camera (Diagnostic Instruments, Sterling Heights, MI). 
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The data was analyzed by a custom Matlab (The Mathworks, Inc., Natick, MD) 

image processing routine to localize live and dead cells to determine the area density of 

live and dead cells, and to compute the percentage of live cells. The portions of the 

images of the live and dead cells that were analyzed had an area of 0.14mm2 (vertical) 

and 0.27mm2 (en face). For vertical sections, the viability was analyzed by zones with 

depth of full thickness estimated to be 15% superficial zone, 35% middle zone and 50% 

deep zone. 

 

Histology 

Half of an osteochondral samples from three sites (D-1, D-4, and P-3) for each 

joint was prepared for histological evaluation. The half-samples were fixed in 4% 

paraformaldehyde at 4˚C for at least 24 hours before being snap frozen in embedding 

medium (Tissue-Tek OCT: 10% polyvinyl alcohol, 5% PEG) in liquid nitrogen and 

stored at -70˚C. Randomly selected samples from control and culture condition were 

sectioned at 10um with a cryostat. The slices were stained for cellular structure and GAG 

by Alcian Blue [51]. Images were captured at 10x and 20x magnitude with a Spot RT 

Camera (Diagnostic Instruments, Sterling Heights, MI).  

 

Articular Cartilage Thickness and Stiffness  

Two methods were used to determine the thickness of the articular cartilage for 

the osteochondral samples. The articular cartilage thickness of the samples stained for 

chondrocyte viability (D-1, D-4, P-3) was determined from the vertical profile 

fluorescence images at 4x magnification. Thickness was determined from the digital 
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fluorescence images at three locations across the surface using ImageJ software 

(Appendix A, Figure A.2). The average of the three measurements was reported for each 

core. The articular cartilage thickness of the five remaining samples (D-2, D-3, P-1, P-2, 

and P-4) was determined using macroscopic imaging. Images of the vertical profile of the 

osteochondral sample were captured with a digital camera using a macro lens (Sigma, EX 

DG Aspherical HSM) at three angles: 0°, 60°, and 120°. Thickness was determined from 

the images at three locations across the surface using ImageJ software (Appendix A, 

Figure A.3). The average of the nine measurements was reported for each core. Pilot 

studies revealed no significant difference (-0.006 ± 0.029 mm, mean ± SD, n = 5) in 

thickness measurements between the two methods. 

The diameter of the articular cartilage for the other osteochondral samples (D-2, 

D-3, P-1, P-2, and P-4) for each joint was measured using calipers. The volume of the 

cartilage for the five samples was calculated using the measured thickness and diameter 

of the articular cartilage on the osteochondral core.  

Indentation stiffness was measured for five samples (D-2, D-3, P-1, P-2, and P-4) 

from each joint surface. The samples were thawed in PBS with protease inhibitors (PI, 

1mM phenylmethanesulfonyl fluoride, 2mM disodium ethylenediamine tetraacetate, 

5mM benzamidine-HCl, and 10mM N-ethylmaleimide) [22] at 4˚C for 24 hours before 

testing. The test set-up consisted of clamping the osteochondral core into a customized 

holder on a bi-axial clamp (Appendix A, Figure A.4). The clamp contained degrees of 

freedom along the three axes, x, y and z as well as 360˚ rotation, to allow positioning of 

the indenter perpendicular to the articular surface and at the center of the core. The clamp 
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was mounted on a mechanical testing apparatus (v500cs, BioSyntech Canada Inc, 

Quebec, Canada).  

The indentation test measured the instantaneous force response in the articular 

cartilage from a 0.4 mm diameter plane-ended tip moving into the tissue a depth of 20% 

of that sample’s cartilage thickness. Measurements were obtained at three locations along 

the centerline of the articular surface with 400µm between the centers of each location 

(Figure A.5). A pilot study indicated a correlation between indentation depth per total 

cartilage thickness and stiffness measurements as well as determined the variation in 

stiffness from the test set-up was a result of the variation in stiffness across the cartilage 

surface (Appendix B). The samples were hydrated with PBS with PI throughout testing. 

At the 3 indentation sites across the articular cartilage surface, the instantaneous peak 

load was recorded and an average of the three loads is reported. The load was adjusted to 

represent indentation structural stiffness. The indentation structural stiffness (ISS) was 

defined as the instantaneous force normalized to displacement, in the units of N/mm.  

Depthn Indentatio
Force  ISS=  

 

Biochemical Properties 

The articular cartilage was analyzed for biochemical components after being 

removed from the underlying bone. The cartilage was cut free at its attachment to bone 

for osteochondral samples (D-2, D-3, P-1, P-2, and P-4) for each joint and solubilized 

with proteinase K at 60˚C for 16 hours [19]. Appreciable levels of DNA and collagen 

contents were measured when digesting bone along, indicating that Digestion of the 

articular cartilage from the bone was necessary before digestion. Appendix C). Collagen 
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content was determined from analysis of hydroxyproline binding with p-

dimethylaminobenzaldehyde, assuming a mass ratio of collagen to hydroxyproline of 

7.25 [62]. Sulfated glycosaminoglycan content was determined from the solubilized 

cartilage and spent media by spectrophotometric analysis of the binding of 

dimethylmethylene blue [21]. DNA content of solubilized cartilage was measured by a 

fluorescence reading of bound PicoGreen dye using calf thymus DNA as a reference [35]. 

The density of cells was estimated from the DNA content by the conversion factor of 7.7 

pg DNA/chondrocyte [27]. GAG, DNA, and collagen contents were normalized to 

surface area of cartilage (cm2) or cartilage volume (mm3) as calculated from thickness 

measurements and cartilage area. GAG release into the medium was normalized to the 

total surface area of the cartilage. The width and diameter of the approximately half-

cylindrical shaped distal humerus were measured using macroscopic digital images of the 

joint and Image J software.  

 

Statistics 

All data are represented as mean + standard error of mean (SEM). Chondrocyte 

percentage viability data was arcsine transformed for normality.  

For chondrocyte viability, a three way Analysis of Variance (ANOVA) with a 

fixed factor being culture duration (0 or 12 days) and two repeated factors being sites (D-

1, D-4, and P-3) and depth (enface, superficial, middle, and deep) was conducted. The 

effect of culture on chondrocyte viability within each zone (superficial, middle and deep) 

was analyzed by a two way ANOVA with a fixed factor being culture (0 or 12 days) and 

a repeated factor being site D-1, D-4, and P-3). For articular cartilage thickness, a two 
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way ANOVA with a fixed factor being culture duration (0 or 12 days) and repeated factor 

being sites (D-1, D-2, D-3, D-4, P-1, P-2, P-3 and P-4) was performed. For indentation 

structural stiffness, DNA, GAG and collagen content, a two way ANOVA with a fixed 

factor being culture duration (0 or 12 days) and repeated factor being sites (D-2, D-3, P-

1, P-2, and P-4) was performed. GAG in the media was analyzed by a two way ANOVA 

with one factor of animal and a repeated factor of time (4 time periods). A Tukey post 

hoc analysis was used to compare GAG concentration between time points. Significance 

for all tests was determined by p < 0.05. 

Relationships between biomechanical properties (indentation structural stiffness) 

with structural properties (cartilage thickness) or biochemical properties (GAG or 

collagen content) were analyzed by linear regression. The dependency between 

biomechanical properties (indentation structural stiffness) with both biochemical and 

structural properties (GAG, collagen and thickness) was analyzed by a multiple 

regression. 

 

2.3 Results 

Chondrocyte Viability 

 Cell viability was high in the freshly explanted control samples and maintained at 

a high level in all zones and at the surface after the twelve day culture period (Figure 2.2 

and 2.3). Chondrocyte viability in the full-thickness vertical profile in day zero freshly 

explanted control (88 + 1%) and cultured (85 + 3%) samples were not significantly 

different (p = 0.64). Also, chondrocyte viability in the en face profile in freshly explanted 
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control (95 + 2%) and cultured (91 + 3%) samples were not significantly different (p = 

0.20, Figure 2.4). Viability did vary significantly with zone (p < 0.001) with a trend for a 

dependence on culture (p = 0.06) and site (p = 0.1). Analysis of the cartilage zones 

separately did not reveal a depth-associated effect of culture within the superficial (p = 

0.30), middle (p = 0.64) or deep (p = 0.68) zones. It did reveal significant differences 

between zones. The superficial and middle zone varied (p < 0.001) dependent on culture 

(p < 0.01) whereas variation of the superficial and deep zone (p < 0.001) was not 

dependent on culture (p = 0.42). 

 

Histology 

 The histological appearance of the articular cartilage was generally similar 

between fresh and cultured samples. The articular surfaces were smooth in both fresh and 

cultured samples (Figure 2.5). 

 

Articular Cartilage Thickness and Stiffness 

The articular cartilage thickness varied markedly across the joint but was 

generally maintained through the culture period. Articular cartilage thickness in the day 

zero freshly explanted control samples (0.319 + 0.021 mm) was generally maintained in 

culture (0.292 + 0.016 mm) with the 8.4% difference being not statistically significant (p 

= 0.47). The variation of thickness across the joint sites was modest but consistent 

(p<0.001, Figure 2.6). The variation across locations (standard deviation of location 

averages) was 8.8%, and the cartilage was thickest at the medial sites D-1 (0.354 + 0.021 
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mm) and P-1 (0.343 + 0.021 mm). The variation of thickness at sites across the joint was 

independent of culture (p = 0.80). The diameter of the osteochondral samples showed a 

slim tolerance of 3.19 + 0.002 mm.  

Structural stiffness of the articular cartilage was also evident among sample sites 

across the joint, but maintained during the twelve day culture period. Indentation stiffness 

in the freshly explanted control samples (4.6 + 0.9 N/mm) was not significantly different 

from that of the cultured samples (4.1 + 0.8 N/mm, p = 0.690) (Figure 2.7). The stiffness 

varied across the joint (p < 0.005), but independently of culture (p = 0.92). The samples 

were stiffest at site P-2 (5.6 + 1.1 N/mm) and softest at site D-3 (2.5 + 0.3N/mm). 

 

Biochemical Properties 

Collagen content was maintained during the twelve day culture period while 

varying moderately by site across the joint. The collagen content of the cartilage in the 

fresh joint (5.0 + 0.4 mg/cm2) was comparable to that for the cultured tissue (5.2 + 0.4 

mg/cm2) (Figure 2.8 A). The collagen content did not vary significantly with culture (p = 

0.752) but varied significantly with sample site (p < 0.05) independent of culture (p = 

0.514). Site P-4 had the greatest collagen content (5.7 + 0.4 mg/cm2) and site P-2 had the 

least collagen content (4.7 + 0.3 mg/cm2).  

GAG content decreased moderately after culture period and varied distinctly 

between sites across the joint. GAG content for the joint at day zero (1.53 + 0.15 

mg/cm2) was greater than that after twelve days in culture (0.99 + 0.11 mg/cm2) (p < 

0.05) (Figure 2.8 B). The content of GAG varied significantly with sample site (p < 
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0.001). Site P-1 had the greatest GAG content (1.57+ 0.18 mg/cm2) and site D-3 had the 

least GAG content (0.86 + 0.10 mg/cm2). The variation with culture was independent 

from the variation in site (p = 0.307) 

A sizeable amount of GAG was released into the medium by the articular 

cartilage during the twelve day culture period. The amount GAG released into the 

medium was 0.62 mg/cm2 over the entire twelve day culture period (Figure 2.9). The net 

GAG release was 14% greater than the difference in GAG content between the freshly 

and cultured samples. The rate of daily GAG release into the media during the three days 

(0-3.5) was significantly greater than days 3.5 – 6.5 (p < 0.01), 6.5 – 10.5 (p < 0.001) and 

10.5 - 12 (p = 0.001).  

The DNA content slightly decreased during the twelve day culture period and 

varied moderately with sites across the joint. DNA for the fresh sample (1.7 + 0.10 

million cells/cm2) tended to be slightly greater than DNA for the cultured sample (1.5 + 

0.07 million cells/cm2) although the 12% difference did not reach statistical significance 

(p = 0.12, Figure 2.8C). The DNA content varied significantly with sample site (p < 

0.001). Site P-4 had the highest DNA content (1.9 + 0.08 million cells/cm2) and site P-1 

had the lowest DNA content (1.3 + 0.07 million cells/cm2). The variation with culture 

was independent from the variation in site (p = 0.75).  

 

Correlation of Stiffness with Biochemical Properties 

Indentation structural stiffness exhibited a strong linear relationship with both 

thickness and collagen, while GAG expresses a positive trend with stiffness after 
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excluding the influences of thickness and collagen. Multiple regression analysis showed a 

significant dependence of the variable of indentation structural stiffness with the 

independent variables of thickness, GAG content and collagen content (R2 = 0.364, p < 

0.001). Thickness contributed most to the variation in ISS with a regression dependence 

(linear slope) of -26.2 (N/mm)/mm (p < 0.001, R2 = 0.327). GAG content also 

contributed significantly with a regression dependence of 0.045 (N/mm)/(mg/cm3) (p < 

0.05, R2 =0.082). Collagen content exhibited a regression coefficient of -0.019 

(N/mm)/(mg/cm3) that was not shown statistically significant (p < 0.078, R2 = 0.0814, 

Figure 2.10, Appendix E). 

 

2.4 Discussion 

In this study, a joint-scale culture system was used to determine the effect of 

twelve days of culture in serum-supplemented medium on the structural, biomechanical 

and biochemical properties of articular cartilage from the goat distal humerus. The 

viability, composition and function of the cartilage was largely maintained during 

culture. Cell viability was maintained at a high value, >85% throughout all layers (Figure 

2.4), as was DNA content (Figure 2.8 C). The articular cartilage properties, thickness 

(Figure 2.6) indentation stiffness (Figure 2.7), and collagen content (Figure 2.8 A) were 

maintained as well. GAG content decreased by 36% during the culture period (Figure 2.8 

B). Indentation stiffness correlated inversely with cartilage thickness and positively with 

GAG content. 

The study analyzed the articular cartilage of the distal humerus of the adult goat. 

The denominator for normalization of biochemical components was chosen to address 
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particular issues. To assess overall content of a particular component in the joint, surface 

area was used for normalization since all samples were prepared to have the same 

cylindrical area. Consistent with this normalization factor was the steady content of 

collagen per cartilage surface area (Fig. 2.8 A), which is metabolized slowly in 

adults[32]. Such normalization to area was preferable for this type of assessment since 

normalization to cartilage volume or weight could be confounded by cartilage thickness, 

which although not significantly different, showed a slight trend of decreasing (Figure 

2.6). In contrast, to assess the dependence of indentation stiffness and on tissue 

composition, collagen and GAG components were expressed normalized to tissue 

volume, since their functionality is dependent on the volume that they occupy in the 

fluid-filled tissue. Inter-animal variation between culture and control groups was 

minimized by assigning one joint from each animal into each group. Intra-joint variation 

between sample sites was moderate and controlled for. All animals were female based on 

availability. 

The preservation of chondrocyte viability throughout the cartilage depth 

following the 12 day culture period (Figure 2.3) represents a significant improvement 

over cold storage conditions used in a number of previous studies, especially in the 

superficial zone. Implanting frozen allografts without viable chondrocytes results in the 

breakdown of an acellular cartilage matrix [20].  The efficacy of osteochondral allografts 

is dependent on the presence of viable cells to maintain functional matrix and prevent 

cartilage degradation over time [60]. Donor tissue is generally stored cold (at 4°C) until 

need for allograft implantation. The high viability of chondrocytes, especially at the joint 

surface, observed in this study may be useful for storage of allograft donor tissue. Further 
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studies are needed to investigate if such storage leads to improved implant function and 

outcomes. 

Effects of culture on biochemical composition are consistent with those 

previously reported in literature.  The moderate decrease in GAG content during culture 

(Figure 2.8 B) is consistent with the dose-dependent effects of FBS on adult bovine 

cartilage explants [57]. Thus although 10% FBS supplementation of serum was sufficient 

to maintain GAG content in whole joint culture of six month old bovine calf metacarpals 

[30], such a concentration did not appear sufficient for adults. The difference between 

adult and calf metabolism may involve both proteoglycan synthesis and degradation [11]. 

The calf chondrocytes have higher anabolic and lower catabolic rates shifting the balance 

toward accumulation during culture in medium with 10% FBS [47]. The concentration of 

hormones and growth factors in medium supplemented with 10% FBS may not be 

sufficient in maintaining proteoglycan synthesis, as adult articular cartilage explants 

maintain biosynthetic conditions during culture in medium with 20% FBS [57]. 

The significant decrease in GAG content in the cartilage after the twelve day 

culture period indicates that GAG synthesis and release were not in balance. The total 

amount of GAG released in media was greater than the difference between the day zero 

and culture GAG content indicating that GAG synthesis continued during in vitro culture. 

To maintain a steady state, the proteoglycan synthetic rate for bovine explant cultures in 

20% serum increased two to three fold [24]. Adult cartilage explants cultured in 10% 

FBS have a higher initial release of GAG into the media during the first days of culture 

(Figure 2.9) [57]. The passive release of proteoglycans correlates directly with the total 

surface area of cartilage exposed to the media [9, 57]. The whole joint culture system 
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may minimize the effect of GAG loss compared to explants by eliminating the slicing of 

the articular cartilage before culture. 

The passive loss of proteoglycans into the media may also be a result absent 

biomechanical cues. The absence of load in static culture may result in a release of GAG 

or decrease in synthesis. Studies with canines have shown that removing the in vivo joint 

load by immobilizing the hip led to a reduced the GAG content in the articular cartilage 

[41].  

All structural and material biomechanical properties as well as all biochemical 

properties varied moderately between the eight sites across the distal humerus. This 

variation in properties may provide insight into the tissue’s biomechanical function at 

each location across the distal humerus. The human elbow joint sustains a varying 

distribution of loads between the ulnohumeral joint (43% of load) and radiocapitellar 

joint (57% of load) [10]. In extension, forces are more concentrated at the coronoid; 

whereas in flexion, the forces are greater at the olecranon [58]. Mechanical loading 

during maturating of articular cartilage influences chondrocyte phenotype at locations 

across the joint [33]. Correlating the in vivo mechanical loading with the variation of 

properties across the joint may further reveal site associated biochemical and 

biomechanical functions 

The current studies provide additional insight into the way in which 

biomechanical properties of cartilage can relate to structural and biochemical components 

of the tissue [6, 40, 48]. The inverse correlation of indentation structural stiffness and 

articular cartilage thickness observed is consistent with results from a study using equine 

articular cartilage [40] but inconsistent with that observed in thicker human cartilage [6]. 
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The trend of increasing stiffness with decreasing thickness is theoretically a result of the 

influence of the rigid bone on the cartilage, which is more apparent with thinner cartilage 

samples. The inverse relationship becomes significant as the indenter radius approaches 

cartilage thickness [6]. The articular cartilage thickness at the distal humerus was 1.5-2 

times the indenter radius. To minimize discrepancies in measured stiffness between 

samples, the indentation depth was determined as a percent of thickness rather than a 

standard depth. Our results support the observation that stiffness and thickness properties 

are dependent upon a similar biomechanical environment [40]. Multiple regression 

analysis revealed that changes in indentation structural stiffness are positively related to 

GAG content after isolating the GAG-related indentation structural stiffness from the 

effects of thickness and collagen (Figure 2.10).  

The goal of this study was to compare the biomechanical and biochemical 

properties of articular cartilage after hemi-joint culture with biomechanical and 

biochemical properties determined at day zero. The hemi-joint in vitro culture system in 

media supplemented with 10% FBS maintained chondrocyte viability and a number of 

biochemical and biomechanical properties with culture. Previous whole joint culture 

systems were designed for short culture periods of up to 48 hours [30, 42, 56] or 

exclusively for metacarpal joints[30]. The culture system suggested by this study may be 

applicable to numerous joints. The established culture system provides an approach to 

systematically study articular cartilage on its natural bone support in a controlled setting.  
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2.5 Figures 

 

 

 

 

 

 
Figure 2.1: Experimental design overview. Right and left distal humeri are harvested 

from each goat. A) Control condition: 8 osteochondral cores are removed directly after 

harvest. B) Experimental condition: Distal humerus is incubated for 12 days before 

removing 8 osteochondral cores.  
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Figure 2.2: Representative fluorescence microscopic images of the vertical profile stained 

for live and dead cells. Freshly explanted control live (A), dead (B), merged (C). 

Cultured live (D), dead (E) merged (F). Scale bar of 100 µm. 
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Figure 2.3: Representative fluorescence microscopic images of the en face profile stained 

for live and dead cells. Freshly explanted control live (A), dead (B), merged (C). 

Cultured live (D), dead (E) merged (F). Scale bar of 100 µm. 
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Figure 2.4: Chondrocyte viability in the en face profile, three zones: superficial, middle, 

and deep, and vertical profile at three locations across the joint surface and the joint 

average (JA) for control ( ) and culture ( ) conditions. Mean + SEM  
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Figure 2.5: Articular cartilage (10µm) from day zero at 10X (A) and 20X (B) 

magnification and culture at 10X (C) and 20X (D) magnification with cellular structure 

and GAG stained by Alcian Blue  
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Figure 2.6: Cartilage thickness at the four proximal sites (A) and four distal sites (B) for 

control ( ) and culture ( ) conditions. Average joint thickness for control (solid line) 

and culture (dashed line) are indicated. Mean + SEM 
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 Figure 2.7: Indentation structural stiffness at five locations and the joint average (JA) for 

control ( ) and culture ( ) conditions. Mean + SEM  
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Figure 2.8: Collagen (A), GAG (B), and DNA (C) content per volume at five locations 

across the distal humerus and the joint average (JA) for control ( ) and culture ( ) 

conditions. Mean + SEM
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Figure 2.9: GAG content per surface area in media over the twelve day culture period. 

Mean + SEM, n=6. ● indicates P<0.01,  indicates p<0.001. 
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Figure 2.10: Multiple Regression of indentation structural stiffness with cartilage 

thickness (A), GAG (B), and Collagen (C) content and Residual Indentation Structural 

Stiffness (D). 
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Chapter 3: Conclusion and Future Work 

3.1 Conclusion and Future Work 

The biochemical and biomechanical properties of articular cartilage located at the 

distal humerus of a goat were characterized for a variety of breeds. The parameters for 

locating samples across the distal humerus, placing a whole joint in culture, and 

measuring thickness, indentation stiffness, GAG, DNA and collagen were set in this 

study. These measures will serve toward future work with the hemi-joint static culture 

system. The current study is one of the first steps toward the goal of tissue-engineering 

articular cartilage for whole joint replacements.  

After twelve days of static culture in media supplemented with 10% FBS the 

articular cartilage appeared viable and did not exhibit signs of degeneration. The 

biochemical properties of DNA content, collagen content and material properties of 

thickness and indentation stiffness are maintained with the culture period. However, 

GAG content at the eight sites across the distal humerus decreased with culture. Polymer 

scaffolds cultured in systems with an application of load by hydrostatic pressure have 

shown to develop a higher GAG content after a culture period of five weeks [54]. 

Application of load may result in maintenance of the GAG content in the whole joint 

culture system.  

The bioreactor system was durable, sterile and feasible for prolonged static 

culture of hemi-joints maintaining a physiological temperature with gas exchange. Whole 

and hemi-joint culture systems may lead to a better understanding of the mechanisms of 

cartilage growth, degeneration, and repair. Such culture systems can be used to 

systematically study one or more factors in a controlled setting. This current study 

investigated the effects of 10% FBS on hemi-joint culture. Future studies may include a 
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different serum concentrations, growth factors and media conditions to promote cell 

proliferation or homeostasis.  

Construction of large scaffolds for whole joint replacements will need different 

environments to adhere, proliferate and guide extracellular matrix formation [34]. The 

idea is to mimic the design of human cartilage development by static culture of cartilage 

on the entire joint before application of physiological load. The static bioreactor in this 

study may be used to culture large constructs for a prolonged period of time before 

applying a mechanical load. Recently, a senior design team adapted previous designs on 

a continuous passive motion (CPM) device (FlexMate K500, BREG, Inc.) to easily 

integrate the static bioreactor into a single dynamic bioreactor while maintaining sterility 

and alignment of the joint [13]. The CPM can apply joint motion ranging between -10 to 

120 of flexion at rates between 30/min and 150/min [39]. The dynamic system (Figure 

3.1) will provide mechanical stimuli of physiological joint motion during culture. Further 

work needs to be completed on scaffold design and cell types to enhance extracellular-

matrix properties, but the static and dynamic culture system described will provide a 

controllable environment to determine these parameters. 
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3.2 Figures 

 

 

 

 

 

 

Figure 3.1: Dynamic culture system with CPM stimulation. Figure from [13] 
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Appendix A: Supplementary Figures 

 

 

 

 

 

 

 

 

 
Figure A.1: Static Bioreactor Components: (A) 316 Stainless Steel Hex Head Cap Screw 

sealed with silicone grommet, (B) Filters, Whatman 1um polycarbonate Nuclepore 

Membrane sealed with a 3/8” Inner Diameter Silicone O-Ring, (C) Bioreactor Base, 

Fisher straight side polycarbonate Nalgene jar 
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Figure A.2: Measurement of articular cartilage thickness by fluorescence microscopy: 

Fluorescent image with three thickness measurements indicated. 
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Figure A.3: Measurement of articular cartilage thickness by macroscopic imaging: One 

view of an osteochondral core with three measurements indicated 
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Figure A.4: Customized core holder consisting of two halves compressing the 

osteochondral sample (circled). 
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Figure A.5: Location of the 3 indentation sites on articular cartilage surface of a 3.2mm 

osteochondral core. The distance between the centers of two sites was 0.4mm. 
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Figure A.6: DNA (A), GAG (B), and Collagen (C) content per volume at five locations 

and the joint average (JA) for control ( ) and culture ( ) conditions. Mean + SEM 
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Figure A.7: GAG content per volume in media over the twelve day culture period. Mean 

+ SEM, n=6. ● indicates P<0.01,  indicates p<0.001.
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Figure A.8: DNA (A) and GAG (B) per collagen content at five locations across the 

distal humerus and averaged for control ( ) and culture ( ) conditions. Mean + SEM 
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Appendix B: Indentation Parameters  

B.1 Introduction 

 Indentation parameters are uniquely set for each study. The diameter of the 

indentor, indentation depth, number of indentation measurements, and testing set-up can 

influence the stiffness reported for each sample. Indentation stiffness is known to have an 

inverse relationship with thickness [6]. The indentation structural stiffness of goat 

cartilage has previously been reported to be1.8 N/mm in the femoral condyle and 5N/mm 

in the patellofemoral groove [5]. For our study, the adjustable parameters to be 

determined are indentation depth and test procedure. The objectives of this study were to 

determine and compare the variation in indentation stiffness of articular cartilage 

osteochondral cores (a) at two set indentation depths, (b) across the articular cartilage 

surface within each samples site, and (c) within the indentation testing set-up procedure.  

B.2 Methods 

Obtaining Samples 

Two Spanish thoracic limbs were harvested as described in section 2.2 and stored 

at -70C until time of testing. The distal humeri were slowly brought to room temperature 

by first thawing the joint in PBS with PI at -4C for 24 hours. They were then moved to 

room temperature for at least 1 hour. 

Eight osteochondral samples were removed from each distal humerus. The distal 

humerus was visually divided into distal and proximal regions. Four sites on both distal 

and proximal regions were indicated along the midline in the medial to lateral direction 
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(Distal (D)-1, 2, 3, 4, Proximal (P) 1, 2, 3, 4). A 3.2 mm osteochondral sample was 

removed from each site similar to experimental study and placed in PBS with PI.  

 

Structural and Material Biomechanical Properties 

The articular cartilage thickness of the eight samples (D-1, 2, 3, 4, P- 1, 2, 3, 4) 

from both distal humeri were determined from images of the cores taken using a digital 

camera with a macroscopic lens as described in section 2.2. Eight samples from one joint 

were used in Experiment I, whereas the eight samples from the second joint were used 

for Experiment II and III. 

Indentation stiffness was measured for each of the eight samples. The test set-up 

consisted of clamping the osteochondral core into a customized holder on a bi-axial 

clamp (Appendix A, Figure A.4). The clamp contained degrees of freedom along three 

axes, x, y and z as well as 360˚ rotation, to allow positioning of the indenter 

perpendicular the articular surface and at the center of the core. The clamp was mounted 

on a mechanical testing apparatus (v500cs, BioSyntech Canada Inc, Quebec, Canada). 

The indentation test measured the instantaneous force response in the articular cartilage 

from a 400um diameter plane-ended tip. 

Experiment I: Indentation Structural Stiffness at a Set Depth. Indentation 

measurements were taken from each sample (D-1, 2, 3, 4, P- 1, 2, 3, 4) at a set 

indentation depth of 35 and 70 um. A peak load measurement was obtained at the center 

of the articular cartilage surface with a plane-ended tip at a depth of 35um. After at least 

1 hour, the core was replaced in the holder and a second measurement at a depth of 70um 
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at the center of the articular cartilage surface was taken. The samples were hydrated with 

PBS with PI throughout testing.  

Experiment II: Variation of Indentation Structural Stiffness across the Cartilage 

Surface. For each sample (D-1, 2, 3, 4, P- 1, 2, 3, 4) from the second joint, measurements 

were obtained at three locations along the centerline of the articular surface with 400um 

between the centers of each location to avoid indentation overlap (Figure A.5). The 

indentation depth for all the samples ranged from 14-23% of total cartilage thickness. 

Depth of indentation was matched to Experiment I per site. At the 3 indentation sites 

across the articular cartilage surface, the instantaneous peak load was recorded and an 

average of the three loads is reported. The samples were hydrated with PBS with PI 

throughout testing.  

Experiment III: Variation of Indentation Structural Stiffness with Test Set-up. 

Variation in set-up was measured with two of the cores from Experiment II (D-2 and D-

3). The set-up procedure consisting of clamping the osteochondral core into a customized 

holder on a bi-axial clamp and positioning the indenter perpendicular to center of the 

articular cartilage was repeated 4 times for two cores. With each set-up, the peak load at 

the center of the core with a 400um diameter plane-ended tip moving an indentation 

depth of 19% cartilage thickness for D-2 and 22% cartilage thickness for D-3 was 

recorded. Indentation depths were set to match depths from Experiment I per site 

Loads measured in the three experiments were adjusted to represent indentation 

structural stiffness. The indentation structural stiffness (ISS) was defined as the 

instantaneous force normalized to displacement, in the units of N/mm.  

DEPTHNINDENTATIO
FORCEISS =       
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B.3 Results 

The articular cartilage thickness varied among the eight sights on each joint. The 

thickness measurements were not compared between the two joints because each joint 

was used in an independent part of the study. The first joint had an average thickness of 

300 ± 10 µm. It was the thickest at site P-3 (330 µm) and thinnest at site P-2 (240 µm). 

The second joint had an average thickness of 350 ± 20 µm. Site D-1 was the thickest 

(500µm) and site P-2 was the thinnest (300µm) (Figure C.1).  

 

Experiment I: Indentation Structural Stiffness at a Set Depth 

 A high variation in stiffness for sites across the distal humerus at indentation 

depths of 35µm and 70µm was observed.  The ISS appeared to be to be correlated with 

the indentation as a percent of sample thickness. Indentation depth percent of thickness 

was determined by  

Thickness Cartilage Total
Depthn Indentatio Depth Percent =  

 The stiffness values from indenting a depth of 35µm and 70µm varied at sites across the 

joint (Figure B.2). The joint indentation structural stiffness at an indentation depth of 

35um was 2.29 + 0.48N/mm. Increasing the indentation depth to 70µm increased the 

joint indentation structural stiffness to 5.28 + 0.74N/mm. The variation of stiffness was 

shown to have a strong relationship with the indentation depth per cartilage thickness 

(Figure B.3). Site P-1 was removed from the study due to damage to the subchondral 

bone during the removal of the core from the joint. The core was unable to be clamped 

for biomechanical testing. 



54 

 

 

Experiment II: Variation of Indentation Structural Stiffness across the Cartilage 

Surface 

The articular cartilage stiffness was shown to vary between the eight sites across 

the distal humerus as well as within each site (Figure B.4). A distance spanning of 1.2mm 

across the center of the osteochondral sample had a variation of 14% for three indentation 

structural stiffness measurements. Site D-1 displayed the highest variation and site P-3 

had the lowest variation (Figure B.5).  

 

Experiment III: Variation of Indentation Structural Stiffness with Test Set-up 

The variation in indentation structural stiffness from clamping the osteochondral 

sample in the core holder and positioning the indenter perpendicular to the center was 

shown in two samples (Figure B.6). The total variation was determined to be 12%. The 

variation within the four measurements for site D-2 was 7% and for site D-3 was 17% 

(Figure B.7).  

 

B.4 Discussion 

To compare two indentation stiffness measurements in which the thickness has 

been determined to vary between sites and joint, the indentation depth per cartilage 

thickness should be set as a percentage for each sample instead of a set depth. Targeting a 

set indentation depth percent of cartilage thickness would decrease the variation in 

indentation stiffness values caused by variation of thickness between the samples (Figure 

B.3). This is particularly important to future studies involving a culture period. Cartilage 
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thickness has been shown to swell in explant cultures in media supplemented with 20% 

fetal calf serum [36].  

The amount of variation in stiffness with repeating the test set-up appeared to be 

of similar magnitude to the variation in stiffness across the cartilage surface (Figures B.5 

and B.7). Thus, measuring stiffness at three locations across the sample surface is a 

sufficient method to account for variation within the set-up. At a distance of 1mm from 

the edge of the core (Figure A.5), a decrease in stiffness from a step off edge was not 

observed. 
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B.5 Figures 
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Figure B.1: Cartilage thickness at four proximal sites (A) and four distal sites (B) for 

joint one ( ) and joint two ( ). The average thickness is displayed for joint one (solid 

line) and joint two (dashed line). 
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Figure B.2: Indentation structural stiffness at an indentation depth of 35µm ( ) and 

70µm ( ) for seven sites across the distal humerus (site P-1 was damaged during the 

removal of the core from the joint).  
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Figure B.3: Indentation structural stiffness at an indentation depth percent of cartilage 

thickness for seven samples indented 35um ( ) or 70um (■). 
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Figure B.4. Indentation structural stiffness across the articular cartilage surface of four 

proximal sites (A) and four distal sites (B). Measurements were taken -400 um from the 

center ( ) the center ( ) and +400um from the center ( ) 
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Figure B.5: Coefficient of Variation between stiffness across the articular cartilage at 

four proximal sites (A), four distal sites (B) and the average (solid line).  
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Figure B.6: Indentation structural stiffness for two sites (D-2 and D-3) with repeating the 

set-up procedure four times. 
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Figure B.7: Coefficient of Variation between indentation structural stiffness measured by 

repeating the set-up procedure for two sites (D-2 and D-3) and the average 
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Appendix C: Influence of Bone in DNA, GAG and Collagen 

Content from Proteinase K Digest 

C.1 Introduction   

Articular cartilage can be solubilized by Proteinase K for use in various 

biochemical assays. Proteinase K cleaves peptide bonds making it useful for general 

digestion of protein in biological samples[19]. The influence of bone during digestion of 

articular cartilage from an osteochondral samples is unknown.  The objective of this 

study is to determine if digestion of an intact osteochondral core and digestion of the 

cartilage removed from the bone portion of the osteochondral core yield the same content 

of DNA, GAG and collagen.  

 

C.2 Methods 

Experimental Design 

A Spanish goat thoracic limb was harvested as described in section 2.2 and stored 

at -70C until time of testing. The distal humerus was slowly brought to room temperature 

by first thawing the joint in PBS with PI at -4C for 24 hours. It was then moved to room 

temperature for at least 1 hour. 

Eight 3.2mm osteochondral samples were obtained from a Spanish goat distal 

humerus as described in section 2.2 (Distal (D)-1, 2, 3, 4, Proximal (P) 1, 2, 3, 4) (Figure 
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2.2). The articular cartilage thickness of the eight samples was determined using 

macroscopic imaging as described in section 2.2. The diameter of the articular cartilage 

for each sample was determined with calipers. The samples were separated into two 

groups based on thickness measurements: Core Digest (D-1, D-3, P-2, and P-8) and Cut 

Cartilage Digest (D-2, D-4, P-1 and P-7). Samples with similar thickness were divided 

into each group. 

Method I: Core Digest (Figure C.1) The wet weight of the four osteochondral 

samples was measured. The articular cartilage was solubilized with proteinase K at 60˚C 

for 16 hours [19] by placing the articular cartilage on the core in the solution of PBE 

containing ProK. After the articular cartilage had digested, the subchondral bone was 

rinsed in equal volume to digest of PBE and weighed. The rinsed PBE and digest solution 

was combined. The solution was spun at 4000 RPM for 5 min before running 

biochemical assays. 

Method II: Cut Cartilage Digest (Figure C.2) The articular cartilage was 

removed from the end of the four osteochondral cores with a razor blade. The removed 

articular cartilage was weighed. The interface between the articular cartilage and bone 

was removed, leaving only the bone. The remaining bone was weighed. The removed 

articular cartilage as well as the bone were each solubilized with proteinase K at 60˚C for 

16 hours [19] by submerging the bone and cartilage in separate samples of PBE 

containing ProK. After digestion, the bone was rinsed in equal volume to digest of PBE 

and weighed. The rinsed PBE and digest solution was combined. The same volume of 

PBE was added to the samples containing the digested removed articular cartilage. The 

solution was spun at 4000 RPM for 5 min before running biochemical assays. 
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Biochemical Properties 

For both methods, DNA content was measured by a fluorescence reading of 

bound PicoGreen dye using calf thymus DNA as a reference [35]. Sulfated 

glycosaminoglycan content was determined by spectrophotometric analysis of the 

binding of dimethylmethylene blue to a portion of the digested sample [21]. Collagen 

content was determined by measurements of hydroxyproline binding with p-

dimethylaminobenzaldehyde. The collagen content was calculated by assuming a mass 

ratio of collagen to hydroxyproline of 7.25 [62]. GAG, DNA, and collagen contents were 

normalized to volume of cartilage (mm3).  

 

C.3 Results 

Experimental Design 

The wet weight of the articular cartilage was determined for the osteochondral 

samples in method I by subtracting the weight of the remaining bone after digest from the 

weight before digest. The wet weight was calculated to be 11.8 + 0.5mg for the 

osteochondral samples. In method II, the wet weight of the removed articular cartilage 

was 3.8 + 0.4mg. The mass lost by the bone during digest was calculated by subtracting 

the weight of the bone after rinse from the weight of the bone before digest, similar to the 

core in Method I. The mass lost from the bone was calculated to be 4.9 + 1 mg (Figure 

C.3). The thickness for Method I was 362 + 34um and 353 + 34um for Method II (Figure 

D.4). The diameters of the articular cartilage ranged from 3.12 mm to 3.21 mm for the 

eight samples.  
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Biochemical Properties 

 The two methods indicated detectable differences in the DNA content as a result 

of digestion with the bone (Figure C.5 A). The DNA content for the osteochondral core 

digested by Method I was 2.12 + 0.42ug/mm3. In Method II, the removed articular 

cartilage had a DNA content of 0.67 + 0.04ug/mm3. The bone in Method II had an 

influence of DNA content of 1.34 + 0.25ug/mm3.  

The two methods did not show an influence of bone on GAG content (Figure C.5 

B). The GAG content for the osteochondral core digested by Method I was 

40.4+3.8ug/mm3. In Method II, the removed articular cartilage had a GAG content of 

32.0 + 5.7ug/mm3. The bone in Method II had an influence of GAG content of 4.4 + 

0.3ug/mm3. 

The two methods indicated detectable differences in the collagen content as a 

result of digestion with the bone (Figure C.5 C). The collagen content for the 

osteochondral core digested by Method I was 219 + 18ug/mm3. In Method II, the 

removed articular cartilage had a collagen content of 105 + 10ug/mm3. The bone in 

Method II had an influence of collagen content of 205 + 11 ug/mm3. 

 

C.4 Discussion 

The results show that cartilage digestion of an intact osteochondral core and 

removed cartilage from an osteochondral core yield varying content of DNA, and 

collagen but not GAG. The mass lost by the bone during digest greatly influences the 

measurements of articular cartilage DNA and collagen content. Removing cartilage from 

the osteochondral core obtains a mass comparable to the cartilage mass observed by 
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thickness measurements (Figure C. 4). Mass is lost from the bone during digest with 

Proteinase K that makes weighing the osteochondral core before and after digest an 

insufficient way to determine cartilage thickness (Figure C.3). Spinning is not a sufficient 

method to remove effects from the bone. For future experiments, it is suggested to 

remove the cartilage from the osteochondral core as described in Method II.  
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C.5 Figures 
 

 

 

 

 

 

 

 

 

Figure C.1: Method I: Core Digest. Articular cartilage is digested by submerging the 

osteochondral core into the ProK Digest solution. 
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Figure C.2: Method II: Cut Cartilage Digest. Articular cartilage is digested by removing 

the cartilage from the osteochondral core and submerging in the ProK digest solution (A). 

The remaining bone was also submerged in ProK digest solution (B) 
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Figure C.3: Wet weight of “articular cartilage” measured by mass lost during digest of 

the full core in method I ( ), removed articular cartilage from method II ( ), and mass 

lost during digest of the bone in method II ( ). Mean + SEM, n = 4  
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Figure C.4: Wet weight of “articular cartilage” measured by mass lost during digest of 

the full core in method I ( ), removed articular cartilage from method II (  ) (A), and 

thickness measured for samples from method I (▓) and method II (▓) (B). Mean + SEM, 

n = 4  
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Figure C.5: DNA (A), GAG (B) and Collagen (C) content measured osteochondral core 

digest in method I ( ), removed articular cartilage from method II ( ), and remaining 

bone in method II ( ). Mean + SEM, n = 4  
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Appendix D: Whole Joint Culture of Spanish and Boer Joints 

D.1 Introduction 

 The objective of this study was the same as the previously introduced 

experimental study: to investigate the biomechanical and biochemical effects of articular 

cartilage cultured as a whole joint in medium supplemented with fetal bovine serum. A 

static bioreactor system designed to culture the distal humerus from a goat; a joint chosen 

for its size, inherent osseous stability and range of flexion and extension [10]. Indentation 

stiffness and GAG, DNA, and collagen content in articular cartilage across the joint were 

determined and compared to controls. An additional goal of this study was to further 

develop the harvest and culture system, as the static bioreactor system was unique to this 

study and previously not been used for whole joint culture. 

 

D.2 Methods 

Joint Isolation and Culture 

The thoracic limb from five mature Spanish and four mature Nubian-Boer cross 

goats were received within 24 hours of sacrifice. The elbow joint was isolated by 

skinning the limb, exposing approximately 1 inch of the radius/ulna, and cutting the 

radius/ulna with a bone saw. The bone marrow was removed from the humerus and 

radius/ulna bone cavities with a sterile curette, and the inside of the bone stem was rinsed 

with hydrogen peroxide. The joint capsule was opened using an aseptic dissection
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technique and sterile equipment. The articular cartilage was kept hydrated by phosphate 

buffered saline (PBS) with PSF (100units/mL penicillin, 100ug/mL streptomycin, 

0.25ug/mL Fungizone). The radius/ulna was discarded, and remaining muscle, tendons, 

and ligaments surrounding the humeral cartilage were removed. The distal humerus was 

placed in a container of PBS with PSF. 

 The distal humerus was attached to the static bioreactor described in section 2.2 

(Appendix A, Fig A.1) under a laminar flow hood. With the dissector holding the distal 

humerus, the hemi-joint was fixed to the hex screw with bone cement. The bone cement 

(Zimmer, Radiopaque dough type) was mixed under the laminar flow hood and inserted 

into the bone stem cavity. At least ¾” of the hex screw was covered with bone cement in 

the cavity and was allowed to set for 20 minutes. During this process, the joint was 

wrapped in sterile gauze soaked in PBS with PSF. Once the cement solidified, the hemi-

joint was placed into the static bioreactor base containing medium (low-glucose 

Dulbecco’s modified Eagle’s medium, 10mM HEPES, 0.1mM non-essential amino acids, 

0.4mM L-proline, 2mM L-glutamine, 100units/mL penicillin, 100ug/mL streptomycin, 

0.25ug/mL Fungizone and 25ug/mL ascorbic acid) supplemented with 10% fetal bovine 

serum. All hemi-joints were cultured with the same volume of media. The bioreactor was 

kept at a temperature of 37˚C and humidified 95% air/ 5% CO2 for twelve days. Media 

was changed twice a week and spent media was collected and stored at -20˚C.  

 

Experimental Design 

The ten Spanish and eight Boer elbow joints were divided into culture (n = 4, 4 

one joint from each animal) and control groups (n= 6, 4 contralateral joint from each 
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culture animal). For the culture group, eight osteochondral samples from the distal 

humerus were removed after 12 days in culture. For the control group, the eight 

osteochondral core samples were removed directly after harvest (Figure 2.1).  

The osteochondral samples (Distal (D)-1, 2, 3, 4, Proximal (P) 1, 2, 3, 4) were 

removed from each distal humerus as described in section 2.2 (Figure 2.1). Three of the 

eight samples (D-1, D-4, and P-3) were placed in PBS and PSF for analysis of 

chondrocyte viability. The remaining five samples (D-2, D-3, P-1, P-2, and P-4) were 

soaked in PBS with protease inhibitors (PI) for at least one hour before being stored at -

70˚C. Biomechanical indentation testing and biochemical (GAG, DNA, and collagen) 

assays were performed on the frozen samples at a later date. 

 

Chondrocyte Viability 

 Three osteochondral samples (D-1, D-4, P-3) from each joint were stained to 

indicate live and dead cells and imaged by fluorescence microscopy as described in 

section 2.2. Images from the vertical and en face profiles were captured and analyzed for 

chondrocyte viability by a Matlab image processing routine as described in section 2.2.  

 

Structural and Biomechanical Material Properties 

 Articular cartilage thickness of the five remaining samples (D-2, D-3, P-1, P-2, 

and P-4) was determined using macroscopic imaging as described in section 2.2. The 

diameter of the articular cartilage for the five samples was measured using calipers. The 

volume of the cartilage was calculated by the measured thickness and diameter of the 

cartilage on the osteochondral core.  



76 

 

 Indentation structural stiffness was measured for the five samples (D-2, D-3, P-1, 

P-2, and P-4) for each joint as described in section 2.2. 

 

Biochemical Properties 

 The articular cartilage was cut from five osteochondral samples (D-2, D-3, P-1, P-

2, and P-4) for each joint and solubilized with proteinase K at 60°C for 16 hours. The 

biochemical properties of DNA, GAG and collagen content in the articular cartilage were 

determined for each sample as described in section 2.2. 

 

Statistics 

All data are represented as mean + standard error of mean (SEM). Chondrocyte 

percentage viability data was arcsine transformed for normality.  

For chondrocyte viability, a three way Analysis of Variance (ANOVA) with a 

fixed factor being culture duration (0 or 12 days) and two repeated factors being sites (D-

1, D-4, and P-3) and depth (enface, superficial, middle, and deep) was conducted. The 

effect of culture on chondrocyte viability within each zone (superficial, middle and deep) 

was analyzed by a two way ANOVA with a fixed factor being culture (0 or 12 days) and 

a repeated factor of site D-1, D-4, and P-3). For articular cartilage thickness, a two way 

ANOVA with fixed factors being culture duration (0 or 12 days) and repeated factor 

being sites (D-1, D-2, D-3, D-4, P-1, P-2, P-3 and P-4) was performed. For indentation 

structural stiffness, DNA, GAG and collagen content, a two way ANOVA with fixed 

factors being culture duration (0 or 12 days) and repeated factor being sites (D-2, D-3, P-
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1, P-2, and P-4) was performed. Statistical effects of culture were not determined for the 

Boer samples due to only having one joint in the culture group. 

Relationships between biomechanical properties (indentation structural stiffness) 

with structural properties (cartilage thickness) or biochemical properties (GAG or 

collagen content) were analyzed by linear regression. The dependency between 

biomechanical properties (indentation structural stiffness) with both biochemical and 

structural properties (GAG, collagen and thickness) was analyzed by a multiple 

regression. 

 

D.3 Results 

Experimental Design 

Eight hemi-joints were placed in culture with the static bioreactor. During the 

twelve day culture period, four of the hemi-joints (3 Boer and 1Spanish) were terminated 

due to a bacterial and/or fungus infection. The recorded results are composed from the 

hemi-joints that completed the culture period and the control group. The control group 

consisted of ten hemi-joints: six Spanish, and four Boer hemi-joints. The culture group 

consisted of four hemi-joints: three Spanish, and one Boer. 

 

Chondrocyte Viability 

Cell viability was mostly shown to be maintained at a high level in all zones and 

at the surface for Boer and Spanish samples after the twelve day culture period (Figure 

D.1). Spanish viability was not shown to vary with culture (p = 0.417), but showed 

significant variation with depth (p < 0.05). Separating the vertical profile into the three 
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zones did not show significant variation of control and culture in the each of the zones: 

superficial (p = 0.434), middle (p = 0.651) and deep (p = 0.763) zone. Significance in 

chondrocyte viability was found with culture in the Spanish en face profile (p < 0.05). 

The variation in depth was shown to be most significant with the superficial and deep 

zone. A significant variation occurred between the superficial and deep zone (p < 0.05) 

independent of culture (p = 0.548). The Boer samples maintained viability in all three 

zones except at site P-3 in the deep zone. The enface cell viability for Boer samples was 

maintained to the level of the control. 

 

Structural and Biomechanical Material Properties 

Whole joint articular cartilage thickness was generally maintained during the 

twelve day culture period, while varying across the joint by sample site (Figure D.2). 

Cartilage thickness varied significantly between Spanish and Boer (p < 0.01) with 

average of articular cartilage from Boer being 30% thicker than average of articular 

cartilage from Spanish. For Spanish hemi-joints, a significant variation was shown within 

the five sites (p < 0.05) but not from culture (p = 0.912). The cartilage at site P-4 was on 

average 10% thicker than the average of the other four sites D-2, D-3, P-2, and P-4. The 

diameter of the osteochondral samples ranged from 3.08 to 3.23mm.  

 Articular cartilage was somewhat significantly softer in Spanish hemi-joints with 

culture (p=0.055) and stiffer in Spanish samples than the Boer samples (Figure D.3). On 

average, Spanish cultured hemi-joints were 46% softer than control home-joints. The 

structural stiffness did not vary by site within the joint (p=0.202). Indentation structural 
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stiffness in Boer hemi-joints did not vary significantly by site within the joint (p=0.138). 

Spanish and Boer did vary significantly with breed (p<0.05).  

 

Biochemical Analysis 

Spanish DNA content was show to be similar to Boer while being maintained 

during culture and not varying across the joint (Figure D.4 A). DNA for the Spanish 

samples did not show significant variation with culture (p = 0.139) or site (p = 0.437). 

DNA from the Boer samples did show significant variation by site within the joint (p < 

0.001). The DNA content did not vary significantly between Spanish and Boer breeds (p 

= 0.426). 

The determined GAG content did not differ between Spanish and Boer breeds, but 

did show some variation in Spanish samples with culture (p=0.147) and by site (p=0.071) 

(Figure D.4 

B). In Spanish samples, GAG was shown to be the largest at P-1 (53.94ug/mm^3) and 

smallest at D-3 (29.36). Boer samples did not have significant variation with site 

(p=0.444) or with Spanish samples (p=0.499). 

Collagen content slightly increased with culture in both Boer and Spanish 

samples, while varying between Boer and Spanish breeds (Figure D.4 C). The determined 

collagen content varied significantly between Spanish and Boer breeds (p=0.001). Boer 

collagen content was 31% larger than Spanish content. Slightly significant variations 

were shown in Spanish samples with culture (p=0.08) and but not by site (p=0.279). Boer 

samples showed a slight significant variation by site (p=0.066).  
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Linear regression analysis showed an inverse correlation between indentation 

structural stiffness with the structural property of cartilage thickness (R2=0.304, p<0.01) 

(Figure D.5 A). A slight inverse correlation was also shown with the biochemical 

property of collagen with biomechanical property of indentation structural stiffness 

(R2=0.078, p<0.025). Indentation structural stiffness did not have a detectable 

relationship with either GAG (R2=0.007) or DNA (R2=0.023) content. Multiple 

regression analysis showed a significant dependence of the variable of indentation 

structural stiffness with the independent variables of thickness, GAG content and 

collagen content (R2 = 0.369, p < 0.001). The partial regression coefficients of thickness 

(slope = -30.7 (N/mm)/mm) and GAG content (m = 0.041 (N/mm)/(mg/cm3) were shown 

to be significant in the dependence of indentation structural stiffness (p < 0.001, p < 

0.025), whereas collagen content (slope = -0.010 (N/mm)/(mg/cm3)) was not shown to be 

of significance in the dependence 

 

D.4 Discussion 

A whole joint culture system was used to determine the effect of twelve days of 

culture in media supplemented with serum on structural, biomechanical and biochemical 

properties of articular cartilage from a goat distal humerus. The biochemical properties of 

GAG content and collagen content as well as the biomechanical property of indentation 

structural stiffness were altered from physiological norm during culture in media 

supplemented with 10% FBS. Overall chondrocyte viability and the articular cartilage 

properties of thickness and DNA content were maintained.  
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The current study resulted in many of the same effects from a twelve day culture 

period in 10% FBS as the experimental study discussed earlier. In both studies the 

viability was shown to vary with depth. The thickness was maintained to day zero levels 

during culture while varying across the joint and having an inverse correlation with 

indentation structural stiffness. The biochemical effects of maintaining DNA content, a 

decrease of GAG content and an increase in collagen content from culture was shown in 

both studies. As in the previous study, the lack of detection of a GAG relationship and 

the inverse correlation of collagen may indicate an effect of other factors such as 

thickness. A multiple regression analysis revealed that changes in indentation structural 

stiffness are positively related to GAG content when incorporating variations of thickness 

and collagen.  

Few differences between the two studies include a significant decrease in 

stiffness, less variation with site of the biochemical properties (DNA and collagen), and 

an effect of culture on en face chondrocyte viability in the Spanish joints. The 

chondrocyte viability in the experimental study was considerably higher than the current 

study. The smaller sample size may be a cause of the differences. Four joints had to be 

prematurely terminated from culture due to signs of contamination during the study, 

whereas in the experimental study there were no signs any of contamination through the 

twelve day culture period. Improvements to the culture and harvest procedure were made 

following the current study to reduce and eliminate the possibility of contamination 

during culture. Improvements included setting the sterile field before opening the joint 

cavity by the two step process of soaking the joint in hydrogen peroxide and scrubbing 

with Povidone-iodine solution. Also, dipping the bone stem in hydrogen peroxide before 
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attaching it to the bioreactor and dipping the entire joint in PBS with PSF repeatedly right 

before culture. Another main improvement was to use a ring stand to hold the joint while 

attaching to the bioreactor eliminating the need to touch the joint. The pilot studies 

discussed not only gave a hint at what to expect in the experimental study, but improved 

the experimental methods for future experiments.  
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D.5 Figures 
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Figure D.1 Chondrocyte viability in the en face profile, three zones: superficial, middle, 

and deep, and vertical profile at three locations across the joint and the whole joint 

average (JA) for Spanish (A) and Boer (B) control ( ) and culture ( ) conditions. Mean 

+ SEM, Spanish n=6 for control and n=3 for culture, Boer n = 4 for control and 1 for 

culture. 
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Figure D.2 Cartilage thickness at eight sites across the joint for Spanish and Boer control 

( ) and culture ( ) conditions. Average joint thickness for control (solid line) and 

culture (dashed line) are indicated. Mean + SEM, Spanish n=6 for control and n=3 for 

culture, Boer n = 4 for control and 1 for culture. 
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 Figure D.3. Indentation structural stiffness at five locations and the whole joint average 

(JA) for Spanish and Boer control ( ) and culture ( ) conditions. Mean + SEM, Spanish 

n=6 for control and n=3 for culture, Boer n = 4 for control and 1 for culture. 
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Figure D.4: DNA (A), GAG (B), and Collagen (C) content per volume at five locations 

across the distal humerus and the whole joint average (JA) for Spanish and Boer control 

( ) and culture ( ) conditions. Mean + SEM, Spanish n=6 for control and n=3 for 

culture, Boer n = 4 for control and 1 for culture. 
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Figure D.5:Linear regression of indentation structural stiffness with cartilage thickness 

(A), GAG (B), and Collagen (C) content for Spanish control ( ) and culture( ) 

conditions and Boer control (▲) and culture(∆) conditions. 
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Appendix E: Multiple Regression of Cartilage Stiffness with 

Biochemical and Structural Properties 

 

A multiple regression analysis was performed to determine if the dependent variable of 

Indentation structural stiffness (ISS) was correlated with any of the independent variables 

of thickness, GAG content and collagen content that are likely to affect ISS. With the 

excel function LINEST, the multiple regression function of the 4 dimensional response 

surface, coefficient of multiple determination (R2), F statistic, and individual t statistics 

between the dependent variable and partial coefficients were determined. The 

relationships of the corrected indentation structural stiffness with thickness, GAG and 

Collagen are each represented by manipulations of the multiple regression function. The 

residuals were also determined. The manipulations performed to present the linear 

relationships and the residuals graphically are explained. 

 

Definition of Multiple Regression Function 

The data sets obtained can be described as vectors in R4 (s, x ,y and z): 

s = measured indentation structural stiffness 

x = Measured thickness data set 

y = Measured GAG data set 

z = Measured collagen data set 

The multiple regression was performed for the following function that related the 4 

parameters(si, xi ,yi and zi): 

si = a + bxi + cyi + dzi    (1) 
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a = “y-intercept” of the plane. The value of Sp when X, Y and Z are zero = 13.6 

b = slope relative to thickness = -26.2 

c = slope relative to GAG = 0.045 

d = slope relative to collagen = -0.019 

 

Normalizing the predicted stiffness values to mean 

The mean predicted stiffness was determined with the means from each data set. 

zdycxbaS +++=      (2) 

The mean predicted stiffness is subtracted from the multiple regression function of 

predicted stiffness resulting in a normalized data set centered on zero. 

)z-d(z)yc(y )xb(xSpS iiii +−+−+=    (3) 

Representation of Relationships 

Equation 3 is rearranged to plot the relationship of thickness related indentation structural 

stiffness with thickness (Figure 2.10A) on the horizontal axis,  

 )z-d(z)yc(y SpS  ISS related Thickness iii +−+−=    (4) 

GAG related indentation structural stiffness with GAG (Figure 2.10 B) 

)z-d(z )xb(xSpS  ISS relatedGAG iii +−+−=     (5) 

and collagen related indentation structural stiffness with collagen (Figure 2.10C).  

)yc(y )xb(xSpS  ISS realtedCollagen iii −+−+−=    (6) 
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Representation of Residuals 

The residuals for the predicted values from the multiple regression function and the 

actual values are determined by subtracting predicted stiffness values from related 

stiffness values 

 dzcy-bx - a S iiii −−     (7) 

as well as plotting it against the measured indentation structural stiffness.
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