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In a healthy knee joint, articular cartilage (AC) supports loads, dissipates 

energy, and lubricates with little to no signs of wear or damage. With injury or 

degeneration related to osteoarthritis (OA), cartilage changes occur leading to 

significant loss of mechanical function, with the potential to cause further progressive 

degeneration of cartilage.  

While the connection between mechanical changes and arthritis progression is 

well known, previous work has focused primarily on bulk, tissue-scale (≈1mm) 

behavior. What is less clear is how mechanical behavior changes on the microscale 

(e.g. ≈10-20µm) during cartilage degradation. Previous work in our lab has developed  

techniques for measuring local strains in healthy cartilage via confocal elastography. 

This work focuses on applying traditional and novel techniques to understand the 

mechanical behavior at degraded and repaired articular cartilage. The first aim 

elucidates the fundamental relationships between the composition and structure of 

degraded cartilage and its local mechanical behavior, specifically its viscoelastic 

response with degeneration. This study combined state of the art techniques for 

analyzing cartilage structure, and high resolution mapping of mechanical properties on 

the microscale(≈20µm). This work provided new insight into structural and local 



 

mechanical changes that occur in cartilage during the early stages of OA. Due to its 

avascular nature, articular cartilage exhibits an extremely limited capacity to heal 

when damaged. Consequently, research dealing with cartilage repair strategies is of 

elevated importance. Restoring the mechanical properties of tissue at the repair site is 

a common problem in tissue engineering techniques aimed at repairing cartilage 

defects. Therefore, the second and third aims investigated the mechanical performance 

of repaired cartilage treated with either matrix membranes or growth factors to assist 

in tissue formation within a defect site and surrounding AC. 

 

The present work has developed into an innovative mechanical 

characterization technique. Specifically, combining the confocal elastography 

technique, with the unique sample populations from second and third aim to tackle a 

problem that has faced the orthopedic research field for more than two decades: 

understanding the mechanics of the interface between native and repaired cartilage. 

I’ve identified two distinct error modes of failure for this interface – sliding and 

peeling. As such, understanding the structure function relationship in healthy, 

damaged, and repaired cartilage, is critical for devising strategies to restore tissue 

impaired by injury or disease and can provide a template for successful implant 

design.
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                     CHAPTER 1 

     INTRODUCTION 

 
 

1.2 STRUCTURE AND COMPOSITION OF ARTICULAR CARTILAGE 
 
 

Cartilage plays an important mechanical role in the functioning of joints. Creating 

an almost frictionless surface at the bone surface, it absorbs and dissipates the loads 

that would otherwise be directly experienced by the bones. Cartilage has three main 

functions that correspond to different components: collagen provides tensile strength; 

proteoglycan (PG) aggregates provide compressive stiffness; and non-collagenous 

proteins provide cell-matrix interactions1. Articular cartilage (hyaline cartilage) is one 

of the three main types of cartilage composed of type II collagen. It covers all the 

diarthroidal joints of the body. 

Collagen makes up 60% of the dry weight of cartilage. Collagen forms a 

macrofibrillar collagen network made of numerous collagen fibrils. These fibrils are 

nonhomogeneous, and differ in both size and length. They provide tensile stiffness, 

strength and cohesiveness of cartilage2. Type II collagen makes up 90-95%2 of the 

total collagen of articular cartilage. 

Proteoglycans (PGs) make up 25-25% of the dry weight of cartilage2. The basic 

structure includes a protein core with one or more negatively charged 

glycosaminoglycan chains (hyaluronic acid, chondroitin sulfate, keratin sulfate, 

dermatan sulfate) attached to the core. There are two classes of PGs: small PGs and  
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            Figure 1.1: Structural layers of articular cartilage.3 
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large aggregating PG monomers (aggrecans). The aggrecans associate with hyaluronic 

acid and link proteins to form PG aggregates that function to stabilize the PGs in the 

matrix during deformation and movement2.  

Cartilage is composed of four zones: superficial, middle, deep, and calcified. The 

superficial zone, the thinnest of the four zones, consist of flat ellipsoid-shaped2 

chondrocytes arranged parallel to the articular surface (Figure 1.1). This zone has the 

lowest concentration of aggrecan, but the highest concentration of collagen. This high 

collagen concentration gives the superficial zone the highest tensile properties1 and is 

able to resist shear forces. The middle zone has a lower density of cells, lower 

concentration of water and collagen and higher concentration of aggrecan. The 

chondrocytes in the middle zone are more rounded; the fibrils have a greater diameter 

and are randomly oriented. The deep zone has the lowest concentration of cells but the 

highest concentration of aggrecan. Both the chondrocytes and collagen fibers have a 

perpendicular orientation. 

 
1.2 FUNCTION OF ARTICULAR CARTILAGE 

 

Articular cartilage serves as a protective layer across diathrodial joints. Cartilage’s 

primary function is transmitting joint loads to the underlying bone under sliding, 

static, and impact loading. Resultant contact forces in the joints are estimated to be 

between 2 and 4 times body weight in the knee during walking4, and up to 18 MPa 

during rising from a chair5. Abnormal joint loading has been linked to the 

development of osteoarthritis, suggesting that cartilage responds to changes in 

mechanical loading.  
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1.3 ARTICULAR CARTILAGE INJURY AND DISEASE 

Currently affecting more than 20 million Americans, osteoarthritis (OA) is the 

second leading cause of physical disability among adults in the United States6.  OA, 

also known as degenerative joint disease, involves the deterioration of cartilage in 

diarthroidal joints that can be attributed to enzymatic digestion and/or various other 

mechanical alterations of the joint.  Acute or severe trauma to the joint may trigger 

release of cytokines including MMPs, ADAMTS, IL-I, and TNF-α and TNF-β which 

are all known to alter and erode ECM constituents7. Diarthroidal joints are inevitably 

subjected to repeated stresses that leave cartilage susceptible to mechanical failure; 

thus, discovering the changes in cartilaginous material properties that normally 

provide resistance against damage is integral to understanding the progression of this 

prominent disease.  The compromised functionality of cartilage can arise from very 

subtle changes in the organization of it’s structure.  As such, observing the effects of 

damage on the local mechanical properties of cartilage can provide information that 

may be obscured at the bulk level.  Studying how enzymatic digestion affects the 

unique structure of cartilage will also provide a more comprehensive picture of the 

intricate relationship between tissue structure and function.  Finally, understanding the 

degradation of cartilage will lead to the development of better biomaterials for 

cartilaginous tissue replacement or repair.   

1.4 ARTICULAR CARTILAGE REPAIR 

The loss of articular cartilage due to injury or disease can cause debilitating pain 

and discomfort. Cartilage is unique in that it does not contain any vascular or neural 

supply and therefore does  
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not heal. Since articular cartilage has a poor intrinsic capacity for repair there are two 

major problems that need to be addressed when attempting to repair articular cartilage. 

The first is to fill the defect empty space with a tissue that has the same mechanical 

properties as cartilage and the second is to promote successful integration between the 

native and repair tissue. 

Arguably, the gold standard for cartilage repair is autologous chondrocyte 

implantation (ACI)8. ACI has been in clinical use for cartilage repair for almost three 

decades now (Figure 1.2a). Chondrocytes are removed from the patient and grown in 

vitro for about six weeks until they reach a 10 to 12 million cell count. After cell 

proliferation is complete, the patient undergoes another surgery when the 

chondrocytes are injected into the defect cartilage area. The chondrocytes are held in 

place by a periosteal flap sutured over the bone8. The implanted chondrocytes 

proliferate and integrate with the surrounding host cartilage to generate hyaline-like 

cartilage. A study done in 2003 on ACI, showed some formation of hyaline-like 

cartilage, but mostly the formation of fibrocartilage9. However, fibrocartilage does not 

have the same mechanical properties as hyaline cartilage and is therefore not ideal.  

Researchers have begun to evaluate the effects of biomaterials on cartilage repair. 

Specially, matrix-assisted chondrocyte implantation (MACI®) involves the use of 

porcine-derived type I/type III collagen bi-layer membrane secured into cartilage 

defects using fibrin adhesive(Figure 1.2b) 3,9. MACI® grafts eliminate the need for 

periosteal harvest, help maintain chondrocyte viability and phenotype, and potentially 

allows for a more even distribution of cells in the defect9.  
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Figure 1.2 Schematic diagram showing (a) autologous chondrocyte implantation 
(ACI) and (b) matrix assisted chondrocyte implantation grafts. ACI chondrocytes 
are inserted into defect and covered with periosteal or collagen sheet. In MACI, 
isolated and culture-expanded chondrocytes are seeded into a matrix and 
implanted into defect.9 
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Furthermore, gene therapy has been used to assist in tissue formation within a 

defect site and surrounding articular cartilage. Specifically, genetically-modified 

chondrocytes encoding insulin-like growth factor-I (IGF-I) have shown improved 

arthroscopic and overall repair.  rAAV5-IGF-I transfection has been shown to increase 

aggrecan and type II collagen content in cartilage repair, and improve integration with 

surrounding cartilage matrix10,11. However, the restorative effect of IGF-I on the 

mechanical properties in a large animal model is poorly understood. 

 
An important outcome parameter for assessing cartilage repair is how well the 

implant integrates with adjacent host tissue; unfortunately, integrative repair of 

cartilage does not occur readily in vivo (Figure 1.3). As such, determining the 

interfacial mechanics of the native and repaired cartilage could shed more light on this 

problematic in vivo joint defect environment. Thus, an appropriate biomechanical 

assessment of repair-host tissue retrieved is needed. 

  
1.5 GUIDE TO THE THESIS 

This thesis focuses on applying traditional and novel state of the art techniques to 

understand the mechanical characterization at degraded and repaired cartilage.  

 Chapter two of my thesis elucidates the fundamental relationships between the 

composition and structure of degraded cartilage and its local mechanical behavior, 

specifically its viscoelastic response with degeneration. This study combined state of 

the art techniques for analyzing cartilage structure, and high resolution mapping of 

mechanical properties on the microscale (≈20µm).  
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Figure 1.3 Histological cross-section of poor integration of repaired cartilage and 
native articular cartilage12.  
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Due to its avascular nature, articular cartilage exhibits an extremely limited 

capacity to heal when damaged. Restoring the mechanical properties of tissue at the 

repair site is a common problem in tissue engineering techniques aimed at repairing 

cartilage defects. Particularly, there is limited data describing the mechanical 

performance of engineered cartilage grafts in long term large animal models, which is 

arguably the most important parameter for predicting the clinical success of grafts. 

Consequently, the third and fourth chapters investigated the mechanical performance 

of repaired cartilage treated with either matrix membranes or growth factors to assist 

in tissue formation within a defect site and surrounding articular cartilage.  

Finally, the fifth chapter tackles a problem that has faced the orthopedic 

research field for more than two decades, which entails understanding the mechanics 

of the interface of native and repaired cartilage through the use of innovative 

mechanical techniques.   
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CHAPTER 2 
 
THE EFFECTS OF ENZYMATIC TREATMENTS ON THE DEPTH-DEPENDENT 

VISCOELASTIC SHEAR PROPERTIES OF ARTICULAR CARTILAGE†
 

 
 

2.1 ABSTRACT 
 

Osteoarthritis (OA) is a disease that involves the erosion and structural 

weakening of articular cartilage.  OA is characterized by the degradation of collagen 

and proteoglycans in the extracellular matrix (ECM), particularly at the articular 

surface by proteinases including matrix metalloproteinases (MMPs) and a disintegrin 

and metalloproteinase with thrombospondin motifs (ADAMTSs) also referred to as 

aggrecanases13. Degradation of collagen and proteoglycans is known to alter shear 

mechanical properties of cartilage, but study of this phenomenon has been focused on 

bulk tissue properties. The purpose of this work is to assess microscale cartilage 

damage induced by trypsin or collagenase using a technique to measure the local shear 

viscoelastic properties. Safranin-O histology revealed a decrease in proteoglycans near 

the articular surface after collagenase and trypsin digestions, with proteoglycan 

depletion increasing over time. Similarly, confocal reflectance micrographs showed 

increasing collagen degradation in collagenase treated samples, although the collagen 

network remained  

________________________ 
 
†Griffin, D., Silverberg, J., Buckley, M., Cohen, I., Bonassar, L. “The effects of 
enzymatic treatments on the dependent viscoelastic shear properties of articular 
cartilage,” Journal of Orthopedic Research (JOR) 2014, doi: 10.1002/jor.22713.  
intact after trypsin treatment. Both treatments induced changes in shear modulus that  
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were confined to a narrow range (~400µm) near tissue surface. In addition, 

collagenase altered the total energy dissipation distribution by up to a factor of 100, 

with longer digestion times corresponding to higher energy dissipation. The ability to 

detect local mechanical signatures in tissue composition and mechanics is an 

important tool for understanding the spatially non-uniform changes that occur in 

articular cartilage diseases such as OA.  

 
2.2 INTRODUCTION 

 

Osteoarthritis involves the deterioration of cartilage in diarthroidal joints that 

can involve both enzymatic activity and mechanical factors. The compromised 

functionality of cartilaginous tissues can arise from very subtle changes in the 

organization of their structure. Furthermore, it has been reported that in OA, structural 

damage to the collagen and proteoglycan network begins near the cartilage surface 

before progressing deeper into the tissue13,14. Degradation of the ECM by proteinases 

is known to alter the mechanical behavior of bulk cartilage samples14, but little is 

known about the specific changes in material properties near the tissue surface. The 

lack of knowledge of these changes is in part due to the fact that a reliable method for 

detecting microscale changes in early OA has not yet been established. As such, 

observing the effects of damage on the local mechanical properties of cartilage can 

provide information that may be obscured by measurements at the bulk level.  

Previous studies have used degradative enzymes such as matrix 

metalloproteinase-1 (MMP-1)15,16,17, MMP-318,19 or inflammatory cytokines, including 

both α and β forms of interleukin-1 (IL-1)17,18 and TNF-α18,19 to selectively examine 
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the effect of proteoglycan and collagen degradation on the mechanical properties of 

cartilage explants. While these studies demonstrated decreases in tensile20,21, 

compressive22,23 , and shear stiffness24, the analyses were limited to bulk mechanical 

behavior.  In contrast little is known about local mechanical changes (on the scale of  

<100µm) that occur in cartilage that has been degraded. Recently, our lab has 

developed a novel system for measuring the local dynamic shear properties of articular 

cartilage on the length scale of 20µm25.  This technique revealed that a narrow region 

of the tissue 100-200 µm below the articular surface has remarkably different 

properties than the rest of the tissue26,27. This surface region is also damaged or 

degraded early in the process of arthritis27. However the consequences of damage to 

this region on shear mechanical behavior are not well understood. The purpose of this 

study was to assess the effect of progressive proteoglycan and collagen degradation 

induced by trypsin and collagenase on the spatially localized shear properties of 

cartilage. Understanding the degradation of cartilage locally will provide a more 

comprehensive picture of the intricate relationship between tissue structure and 

properties as well as providing insight into the mechanical changes that occur very 

early upon surface damage. 

 

2.3 MATERIALS AND METHODS 

2.3.1 Tissue Sample Preparation 

56 full thickness, 6 mm diameter explants were harvested sterilely from the 

patellofemoral groove of seven 1-3 day old calves (Gold Medal Packing, Oriskany, 

NY) with samples from each animal randomly assigned between control and 
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experimental groups (Figure 2.1A). The harvesting procedure produces cylinders with 

an undamaged articular surface28. After dissection, 56 samples were soaked in 

phosphate-buffered saline (PBS) supplemented with 100 U/mL penicillin and 100 

mg/mL streptomycin for 30 minutes. Each cylinder was then cut along its long axis 

into two hemi-cylinders yielding a total of 112 hemi-cylinders (Figure 2.1B). A small 

section (1-3 mm) of the deep region of each hemi-cylinder was removed with a razor 

blade to flatten the facet opposing the articular surface.  

 

2.3.2 Enzymatic Digestion and Confocal Reflectance (CR) Microscopy 

 

Cartilage samples designated for enzymatic digestion and CR imaging of 

collagen were coated with epoxy resin (Devcon, Danvers, MA) to ensure that enzyme 

exposure occurred only at the articular surface (Fig. 2.1C).  CR microscopy was used 

to obtain real-time images of cartilage samples without the need for histologic stains29, 

where the fluorescence signal intensity is proportional to collagen density. A total of 8 

samples were imaged on a confocal reflectance microscope (Zeiss 710 Confocal, 

Germany) at 25x magnification in real-time at a frame rate of 4 frames/min. 
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Figure 2.1. (A) 6 mm cylinders are bisected into hemi cylinders (B) coated 
with epoxy resin (C) 50 µg/mL trypsin or 2 mg/mL collagenase are added to 
the tissue surface for 15, 30, and 90 minutes. 

 

 

 

 

 

 

 

 

 

 

 



 

 15 

Samples were digested for 15, 30, and 90 minutes using two different enzymes, 

2mg/mL of bacterial collagenase to remove both collagen and proteoglycans 

(Worthington, type II collagenase, Lakewood, NJ) or 50 µg/mL of trypsin (Cellgro, 

0.25% trypsin EDTA, Manassas, VA), which selectively cleaves the core proteins in 

proteoglycans without affecting the collagen network16. During degradation samples 

were imaged serially at 0, 15, 30, and 90 minutes with 4 samples observed for 

collagenase or trypsin exposure. After degradation, solutions were removed by serial 

washing with protease inhibitors in PBS. Additionally, 40 samples were fixed, 

embedded, sectioned, and stained with Safranin-O to observe proteoglycan 

distribution after 0, 15, 30, and 90 minutes of exposure to collagenase (n=6 at each 

time point) or trypsin (n=4 at each time point). In parallel, 44 samples were used for 

confocal strain mapping studies, with n=7 samples at each time point of collagenase 

treatment and n=6 samples at each time point of trypsin treatment.  

 

2.3.3 Confocal Strain Mapping 

The local shear modulus of samples was measured using grid resolution automated 

tissue elastography (GRATE) as described previously28. Samples were placed in PBS 

with 200 µL/mL 5-dichlorotriazinyl aminofluorescein (5-DTAF) (Molecular Probes®, 

Grand Island, NY) for two hours (Fig. 2A)30,31. 5-DTAF modifies amines in proteins 

and fully stains the extracellular matrix. The deep zone of the hemi-cylinders were 

glued to a tissue deformation imaging stage (TDIS) and compressed to 10% axial 

strain. The TDIS was mounted on an inverted Zeiss LSM 5 LIVE confocal microscope 

and imaged using a 488 nm laser (Fig. 2B). To directly image applied strain, a line 
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perpendicular to the articular surface was photobleached with the confocal laser. 

Sinusoidal shear displacements were applied to the articular surface by the TDIS at a 

frequency of 0.1 Hz and amplitude of 16 µm, and the resultant forces were measured 

with a load cell (Fig.2C). 

Custom software written in Matlab (The Mathworks, Inc., Natick, MA) was 

used to track the motion of the photobleached line as a function of depth25. These local 

displacements were fit to a sinusoidal function and differentiated with respect to z to 

calculate the strain amplitude γ0(z) and phase angle relative to the resultant stress δ(z). 

The shear modulus magnitude |G*(z)| was calculated as the ratio of stress amplitude τ0 

to strain amplitude γ0, where τ0 is the total applied stress required to deform the tissue 

from zero strain to γ0. The rate of energy dissipation per unit volume at a depth z was 

calculated by the following equation:  

 

2.3.4  Statistical Analysis  
Two-way ANOVA was used to evaluate the statistical significance of enzymatic 

treatments on the depth-dependent viscoelastic shear properties of articular cartilage. 
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Figure 2.2 (A) Samples were placed in a 200µL of 5-DTAF solution to fluorescently 
stain the ECM, (B) Schematic of the tissue deformation imaging stage; (C) A line was 
photobleached perpendicular to articular surface and subjected to 0.32 shear strain 
before and after digestion. The photobleached line for the degraded specimen 
exhibited a steeper slope from strain localization, implying inferior surface properties.  
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2.4 RESULTS 

2.4.1 Enzymatic Digestion and Confocal Reflectance (CR) Microscopy 

Safranin-O staining revealed a progressive removal of proteoglycans near the 

articular surface after collagenase digestion with the depth of proteoglycan depletion 

increasing with time (Fig. 3A-D). Similarly confocal reflectance microscopy revealed 

degradation of the collagen network with a sharp border between degraded and 

undegraded regions (Fig. 3E-H).  The depth of matrix removed increased from 150 µm 

at 15 minutes, 300 µm at 30 minutes, and 450 µm at 90 minutes. The depth of 

proteoglycan and collagen removal was similar at all times (Fig. 3I).  

In contrast to collagenase, trypsin removed only proteoglycans (Fig. 4A-D) but 

not collagen (Fig. 4E-H). The depth of proteoglycan removal progressed from 100µm 

at 15 minutes, 150 µm at 30 minutes, and 200 µm at 90 minutes (Fig. 4I). Confocal 

reflectance showed little to no change after trypsin treatment. 

2.4.2 Confocal Strain Mapping 

As previously reported shear modulus |G*| for healthy undigested samples 

exhibited a distinct spatial pattern24,25,26,30,31(Fig. 5A). The shear modulus was low in a 

narrow band (~400 µm) near the articular surface, with a well-defined minimum at 

~100 µm. Beyond 500 µm in depth the shear modulus showed less variation. 

Collagenase treatment dramatically lowered the shear modulus at the surface. By 30 

minutes |G*| at 50 µm was reduced by 20% relative to control, and by 90 minutes had 

decreased by more than 50-fold. The mechanical effect of degradation was confined to 

350 µm at 15 minutes, 420 µm at 30 minutes, and 500 µm at 90 minutes. Notably the 

characteristic minimum |G*| was not present after 90 minutes of collagenase exposure  
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Figure 2.3 (A-D) Saf-O histology and (E-H) confocal reflectance micrographs of 
articular cartilage before digestion and after 15, 30, and 90 minutes of digestion with 
collagenase, (I) normalized intensity curves as a function of depth for SAF-O and 
CRM values (n=6 at each time point). 
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Figure 2.4 (A-D) Saf-O histology and (E-H) confocal reflectance micrographs of 
articular cartilage before digestion and after 15, 30, and 90 minutes of digestion with 
trypsin, (I) normalized intensity curves as a function of depth for SAF-O and CRM 
values (n=4 at each time point). 
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(Fig. 5A). Collagenase treatment made the tissue more compliant and more viscous at 

the articular surface leading to an increase in both the local phase angle and local 

energy dissipation. By 15 minutes both δ and ΔE 90 minutes, were higher than control 

tissue at depths up to ~500 µm. (Fig. 5B,C). 

Similarly to collagenase, trypsin treatment samples displayed similar reduction 

in |G*| within the first 400 µm near the articular surface (Fig. 5D). The spatial pattern 

of change in |G*| was different between collagenase and trypsin. Trypsin-treated 

samples had the lowest |G*| at z ≈100 µm from surface even after 90 minutes of 

exposure, similar to undegraded tissue (Fig. 5D). This is likely related to the fact that 

trypsin leaves the collagen network largely intact, as indicated by CRM data. The local  

phase angle after proteoglycan removal alone increased δ up to 2-fold locally in higher 

and longer exposure times. A similar mechanical trend was seen with ΔE, by 15mins 

displaying higher energy dissipation with longer trypsin exposure times.  

 

2.5 DISCUSSION 

 This study evaluated the effect of progressive proteoglycan and collagen 

degradation on the depth-dependent viscoelastic shear properties of articular cartilage.  

In these experiments, enzymatic digestion by trypsin and collagenase at the surface 

resulted in local structural changes along with a significant reduction in the magnitude 

of the local shear modulus and a corresponding increase in the energy dissipation and 

localization. Safranin-O staining revealed a decrease in proteoglycan concentration 

near the articular surface after either trypsin or collagenase treatment, with  
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Figure 2.5 (A, B) Shear modulus G) vs. depth z from the surface (C, D) Phase angle 
(δ) vs. depth z (E,F) Energy dissipated (∆E) vs. depth z (control n=5, collagenase n=7, 
and trypsin n=6). 

 

 

 

 

 

 

 

 



 

 23 

proteoglycan depletion increasing with time. Enzymatic treatments decreased the local 

shear modulus up to 50-fold, but increased tissue viscoelastic phase lag by up to 2-fold 

locally, and energy dissipation by up to 100-fold locally (Fig. 5). Because our 

measurement resolution was 20 µm, we were able to detect such mechanical changes 

in the tissue near the articular surface where enzymatic degradation occurred. 

Histologic examination (Fig. 3,4) showed that the initial loss of proteoglycans 

and collagen were primarily near the articular surface and progressed deeper into the 

tissue with time. This progressive front of matrix removal by trypsin32 and 

collagenase33 has been previously documented. Confocal reflectance microscopy 

produced clear images of the collagen network near the articular surface and similarly, 

showed a progressive removal after collagenase exposure. In contrast, attenuation of 

confocal reflectance was associated with trypsin treatment; however, the collagen 

network appeared intact (Fig. 4E-H). As noted previously34 collagen removal appeared 

to also cause proteoglycan removal, as evidence by the fact that collagenase treatment 

produced fronts that were co-located to within ≈25 µm.  

To assess the mechanical consequences of this degradation, we used confocal 

strain mapping to characterize the viscoelastic shear properties of the tissue. To extend 

our previous work 24,25,30,31, this study investigated how removal of collagen and 

proteoglycans affects the mechanical properties in this surface region. Collagenase and 

trypsin treatments altered the shear modulus |G*| differently. Collagenase lowered 

|G*| dramatically at the surface (Fig. 5A). After 30min of digestion, |G*| at 20 µm 

dropped by 30% at the surface, but by 90min, |G*| surface had dropped so much that 

there was no visible minimum. In contrast, trypsin treatment lowered |G*| near 
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surface, but the |G*| minimum was always at 100 µm, even after this region had been 

depleted fully of proteoglycans (Fig. 4D). These data suggest both collagen and 

proteoglycans contribute to shear properties, but both play a distinct role on bearing 

shear loads at the articular surface. Particularly, proteoglycan removal lowers the 

overall magnitude of |G*| and increases the corresponding δ, but preserves the 

underlying microstructure that produces the characteristic minimum near the surface. 

Conversely, collagenase digestion, which is a harsher enzymatic treatment of the 

tissue, affects |G*| and δ the same way as trypsin but also destroys the microstructure 

that produces the characteristic minimum of |G*| near the surface.   

We note this strongly non-linear drop-off in |G*| arising from collagenase 

digestion (Fig 4A) is consistent with predictions of network-based models of 

crosslinked polymers35-39. In these models, a fibrous network’s shear modulus is 

extremely sensitive to connectivity near the rigidity percolation phase transition.  

Above the percolation threshold, the crosslinked network is sufficiently connected that 

stresses can be transmitted through the system.  Below the percolation threshold, the 

network is too fragmented, hence the system is unable to bears stresses and the shear 

modulus drops dramatically.  The data can therefore be interpreted as an enzymatically 

driven transition that decreases connectivity in the collagen fiber network, and moves 

the system as a whole toward the percolation phase transition.  The data also suggests 

the proteoglycan network effectively behaves as a simple viscoelastic medium that 

makes a contribution to |G*| in parallel to the collagen network.  Indeed, the 

observations presented here are consistent with other data that explored these models 

in greater detail40. 
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The local viscoelastic capacity of cartilage under shear has received little 

attention despite the fact that shear forces in articular cartilage correlate with tissue 

damage and disease35. In cartilage, the osmotic pressure exerted by the proteoglycans 

keeps the collagen network prestressed with tensile forces36. Furthermore, previous 

studies have shown that cartilage stiffens and becomes less viscous locally when 

deformed in shear30. Both of these studies therefore suggest that stressed or extended 

collagen networks are more elastic and less viscous, implying that removing such 

stress would make the network more compliant and more viscous. In the current study, 

specific removal of proteoglycans by trypsin treatment removed prestress chemically, 

making the tissue more compliant and more viscous at the articular surface leading to 

a very large local energy dissipation (Fig. 5F). Previous work reports that articular 

cartilage dissipates shear energy primarily near its surface25. The results of this study 

suggest that cartilage degeneration compromises this energy-absorbing surface region, 

therefore increasing tissue susceptibility to shear-induced damage into the remainder 

of the tissue.  

Proteoglycan removal increased viscous behavior, which runs counter to the 

idea that proteoglycan-proteoglycan friction or collagen-proteoglycan friction is 

responsible for this viscous behavior. The combination of proteoglycan and collagen 

removal increased viscous behavior more than proteoglycan removal alone implying 

the removal of tension on the collagen network contributes to increased viscous 

behavior. Collagenase increased the rate of energy dissipation by cartilage up to 100-

fold locally progressing higher at longer exposure times (Fig. 5C).  

The mechanical effect of enzymatic digestion to the cartilage matrix was seen 
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at depths beyond areas where histological staining was lost (~400 µm). Local 

proteoglycan and collagen removal by collagenase decreased |G*| up to ~500µm with 

increasing mechanical effects in δ and ∆E. Histology indicated initial loss of 

proteoglycans only up to ~200µm for trypsin-treated samples(Fig.4D);  however 

mechanical reductions were seen up to ~500 µm in |G*|, with increasing values in δ, 

and ∆E that extended beyond the boundary of degraded tissue. This suggest that local 

mechanical measurements are a sensitive measure of changes in cartilage shear 

properties because they can resolve changes in depth-wise variations as well as 

differences in the overall magnitude.  This provides an attractive complement to 

histological imaging, which offers more explicit static structural information, and can 

be used in a synergistic fashion to develop a more robust understanding of healthy and 

disease tissue integrity.   

Overall, our results provide novel information on cartilage mechanics and 

insights on the mechanisms for changes in matrix composition and functional 

properties associated with matrix degradation. As in early stages of OA, these 

treatments cause local superficial matrix damage, with concomitant reductions of 

surface mechanical properties on the microscale. Collectively this data provides a 

distinct role for collagen and proteoglycans in bearing shear loads at the articular 

surface.  This may be of particular importance, given that depletion of these ECM 

constituents is known to occur in early osteoarthritis. 
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CHAPTER 3 

 
MECHANICAL CHARACTERIZATION OF MATRIX-INDUCED AUTOLOGOUS 
CHONDROCYTE IMPLANTATION (MACI®) GRAFTS IN AN EQUINE MODEL 

AT 53 WEEKS‡ 

 

 

3.1 ABSTRACT  
 

There has been much interest in using autologous chondrocytes in combination 

with scaffold materials to aid in cartilage repair.  In the present study, a total of 27 

animals were used to compare the performance of matrix-assisted chondrocyte 

implantation (MACI®) using a collagen sponge as a chondrocyte delivery vehicle, the 

sponge membrane alone, and empty controls. A total of three distinct types of 

mechanical analyses were performed on repaired cartilage harvested from horses after 

53 weeks of implantation: 1) compressive behavior of samples to measure aggregate 

modulus (HA) and hydraulic permeability (k) in confined compression; 2) local and 

global shear modulus using confocal strain mapping; and 3) boundary friction 

coefficient using a custom-built tribometer. Cartilage defects receiving MACI® 

implants had equilibrium modulus values that were 70% of normal cartilage, and were 

not statistically different than normal tissue. Defects filled with MaixTM membrane  

________________________ 

‡Griffin, D., Lachowsky, D., Bonnevie, E., Hart, J., Sparks, H., Cohen, I., Nixon, A., 
Moran, N.(Genzyme), Matthews, G.(Genzyme), Bonassar, L. “Mechanical 
performance of the matrix-induced autologous chondrocyte implant(MACI®) grafts in 
an equine model at 53 weeks,” Journal of Biomechanics (JBM) 2014, 
doi:10.1016/j.jbiomech.2015.04.010. 
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alone or left empty were only 46% and 51%-63% of control, respectively. The shear 

modulus of tissue from all groups of cartilage defects was between 4 to 10 times lower 

than control tissue, and range from 0.2 to 0.4 MPa. The average values of boundary 

mode friction coefficients of control tissue from all groups ranged from 0.42 to 0.52. 

This study represents an extensive characterization of the mechanical performance of 

the MACI® implant in a large animal model at 53 weeks. Collectively, these data 

demonstrate a range of implant performance, revealing similar compressive and 

frictional properties to native tissue, with inferior shear properties. 

 

3.2 INTRODUCTION 

Articular cartilage has limited ability for self-repair, and as such any defects 

leave the affected joint susceptible to osteoarthritis41. Both autologous chondrocyte 

implantation (ACI) and matrix induced autologous chondrocyte implantation 

(MACI®) have been shown to effectively repair full-thickness chondral defects as 

evidenced by histology and integration41-44.  

Despite the widespread clinical use of such techniques, there is relatively little 

known about the mechanical properties of the tissue that results from the use of 

different cartilage repair techniques. Several studies report compressive properties 

obtained through indentation 45,46, unconfined 47, and confined compression tests 48,49.  

Confined compression testing on ACI repaired equine tissue showed an aggregate 

modulus that was only 12% of native tissue 48. A MACI graft with a type II collagen 

membrane was shown to have an aggregate modulus that was 15% of native tissue 50. 
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Stiffness tests in a ovine model showed that MACI® grafts ranged from 16-50% of 

native cartilage, respectively 51,52.  The duration of implanted tissue ranged from as 

short as a few weeks to as long as several years. A general trend shown in this data is 

that longer implant durations tend to perform better, indicating that mechanical 

properties of repaired cartilage may improve over time.  

The current study was motivated by the lack of data on other critical 

mechanical properties of autologous chondrocyte grafts. For example, there are no 

published papers that study friction or shear properties of the repaired cartilage in 

long-term large animal models. In this study, we performed an array of mechanical 

tests to more fully understand the functionality and mechanical behavior of matrix-

induced autologous chondrocyte implanted defects. Therefore, the primary objective 

of this study was to characterize the compressive, shear, and friction properties of 

MACI implant repaired articular cartilage after 53 weeks in an equine model. 

 

3.3 MATERIALS AND METHODS 

 

3.3.1 Chondrocyte isolation and expansion 

Cartilage biopsies were obtained arthroscopically from the femoral trochlear 

ridge of 24 horses. Cartilage samples were enzymatically digested and expanded in 

vitro before seeding on sterile processed collagen type I/III membranes (ACI-MaixTM; 

Genzyme Corporation). Cells were seeded at 0.5 million chondrocytes per cm2 of 

collagen membrane, and covered with DMEM and incubated for 48 hours before 

implantation. Additionally, a collagen type I/III membrane was cultured without 
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chondrocytes, for use in control defects implanted with membrane alone.  

3.3.2 Implantation Surgery 

A total of 27 skeletally mature horses (1.5-6 years of age, 300-400 kg weight) free of 

lameness were used. Arthrotomy surgeries were performed according to the guidelines 

of the Institutional Animal Care and Use Committee (IACUC) at Cornell University. 

Two full-thickness chondral defects (15 mm diameter) were created on the femoral 

trochlear ridge of one hind limb of each horse, using a trephine and cannula. These 

lesions extended down to, but not through, the subchondral bone plate, and resulted in 

minimal bleeding or seepage of marrow into the defect. Specifically, defects were 

placed in both the proximal and distal region of the trochlea in either the right or left 

joint, with the contralateral joint left unoperated for control (Figure 1). Animals were 

assigned to one of three cohorts based on treatment provided in each of the two 

defects: 1.) MACI® graft in one defect and the carrier scaffold, consisting of the ACI-

Maix (Matricel) membrane without the presence of cells in other defect (n=12); 2.) 

MACI® graft and an empty defect (n=12); and 3.) Both defect sites left empty (n=3). 

The choice of operation on the right or left joint along as well as location within the 

trochlea was randomized, with all subsequent histological and mechanical analysis 

performed in a blinded fashion. After 53 weeks, the horses were euthanized and 

samples were immediately harvested for histological examination and mechanical 

assessment (Figure 3.1).   

 

3.3.3 Histology and Immunohistochemistry 

Samples were decalcified in ethylenediaminetetraacetic acid (EDTA) and 
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sectioned at 6microns, as previously described 53. Sections were stained with H&E for 

morphology and toluidine blue for histochemical reaction to cartilage GAG moieties. 

Serial sections were used for positive and negative reactions for collagen type II 

immunohistochemistry 13. 

 

3.3.4 Confined Compression 

A total of 108 full thickness cylindrical plugs (3 mm diameter) were harvested 

from the defect region using a biopsy punch perpendicular to the articular surface. The 

plugs were thawed in a bath of phosphate buffer saline (PBS) containing protease 

inhibitors. This procedure was repeated for samples harvested from the proximal and 

distal region of the trochlea in the control joint. Prior to testing, sample heights were 

measured using a caliper. Samples were placed in a 3 mm confining chamber, covered 
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Figure 3.1 Two 15 mm defects are placed into the trochlea of the right or left 
limb of each horse and either left empty, or filled with MAIX membrane or 
MACI graft. Osteochondral blocks were extracted after sacrifice with sections 
taken for histology containing both repair and local tissue and 3 mm plugs 
taken for each of shear, friction, and compression testing. 
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with a porous plug and PBS with protease inhibitors, and mounted in a Bose 

EnduraTEC ELF 3200 for stress-relaxation testing. A series of 5% steps in 

compressive strain were imposed on each sample up to a total of 40% strain. For each 

step, the resultant load was measured for 10 minutes using a Honeywell 50lb load cell 

at a frequency of 1 Hz. The stress-relaxation curves were fit to a poroelastic model and 

analyzed using custom MATLAB code to calculate aggregate modulus (Ha) and 

hydraulic permeability (k) 54, 55.  

 

3.3.5 Friction Testing  

A total of 84 full thickness cylindrical plugs (3 mm diameter) were tested in a custom 

tribometer to measure boundary friction coefficients as previously described  

56, 54, 57, 58. Samples were linearly reciprocated against glass at a speed of 0.1 mm/s 

under 40% strain while bathed in PBS, conditions known to induce boundary mode 

lubrication. During sliding, both normal and shear forces were collected to determine 

the friction coefficient. The friction coefficient was calculated by averaging shear 

force divided by normal force, for both directions of sliding.  

 

3.3.6 Shear Confocal Strain Mapping 

A total of 84 full thickness cylindrical plugs (3 mm diameter) were prepared for 

confocal strain mapping as described previously 59, 60, 61, 62, 63. Samples were bisected 

longitudinally into hemi-cylinders, exposed to 7 µg/mL 5-dichlorotriazinyl-

aminofluorescein (5-DTAF) for 2 hours to uniformly stain the extracellular matrix, 
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and rinsed in PBS for 30 minutes. Briefly, samples were glued to a tissue deformation 

imaging stage (TDIS) and compressed to 10% strain. The TDIS was mounted on an 

inverted Zeiss LSM 510 5 Live  confocal microscope and imaged using a 488 nm 

laser. A line perpendicular to the articular surface was photobleached using the laser at 

full intensity. Sinusoidal shear displacements were placed on the articular surface by 

the TDIS at a frequency of 0.1 Hz and amplitude of 16µm, and the resultant forces 

were measured with a load cell. Simultaneously, images of the sample deforming were 

collected at 10 frames per second. Using custom MATLAB code, the intensity minima 

corresponding to the location of the photobleached line was tracked, and the local 

strains were determined from the slopes of that line. The local shear modulus (G) was 

calculated from the local strain and measured load. 

 

3.3.7 Statistical Analysis 

For the confined compression tests, each defect was matched to a contralateral control 

in the opposite joint. Comparison between repair groups and corresponding 

contralateral controls was performed using a two-tailed paired t-test with bonferroni 

correction. Minimum detectable differences between control and repaired cartilage 

were calculated based on sample size, the standard deviation of repaired cartilage, and 

assuming a power of 0.8. For both friction and confocal strain mapping, it was not 

possible to harvest a defect sample from every joint. Therefore, a standard two-tailed 

t-test assuming unequal sample variance between groups was used to analyze the 

repair groups to control. For all mechanical tests, a one-way analysis of variance 

(ANOVA) test was performed between all testing groups. Finally, the MACI® group 
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and empty group were compared using a two-tailed t-test. All data groups are 

displayed as mean values with standard deviations noted by error bars.  Differences 

were considered significant for p < 0.05. 

 

3.4 RESULTS 

3.4.1 Histology and Immunohistochemistry 

H&E stain revealed improved filling and attachment of MACI® implants 

compared to cell free ACI-Maix   implants and spontaneous healing in the empty 

defect (Figure 3.2). Toluidine blue reactive cartilage was thicker in MACI® implanted 

defects, compared to Maix or empty defects. Similarly, collagen type II was more 

abundant in MACI® implanted defects, compared to empty defects. 

 

3.4.2 Confined Compression 

Cartilage from defects receiving MACI® implants had an equilibrium modulus 

that was 70% of normal cartilage, which was not statistically different than native 

control tissue (p=0.07) (Figure 3.3A). Based on power calculations, the minimum 

detectable difference between groups was 0.23MPa which was lower than the  
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Figure 3.2 Histological and immunohistochemical photomicrographs of MACI®, 
ACI-Maix (cell-free), and empty implanted defects 53 weeks after repair.  
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difference between the MACI® and control moduli (0.31MPa). Defects filled with 

ACI-Maix™ membrane alone or left empty had equilibrium moduli that were 46% 

(p<0.05) and 59% (p<0.05) of control, respectively. The hydraulic permeability of 

tissue from MACI® grafts were 2.6 – 7.0 times higher than control tissue, but were not 

statistically different from control (Figure 3.3B).  Hydraulic permeability of groups 

with ACI-Maix™ membrane alone were 2.5 times higher than control, but were less 

varied, and as a result were statistically different from controls.  Empty defects had 2.3 

to 6.6 times higher hydraulic permeability values than controls, with only one group 

statistically different.  

 

3.4.3 Coefficient of Friction  

The average values of boundary mode friction coefficients of control tissue and 

from all implant groups ranged from 0.42 to 0.52 with no statistical difference 

between groups (Figure 3.4A).  

 

3.4.4 Confocal Strain Mapping 

The global values of shear modulus for control cartilage ranged from 1.0 -1.5 

MPa, consistent with previous data  59, 60, 61, 62, 63 (Figure 3.4B). The shear moduli of 

tissue from all groups of cartilage defects were four to ten times lower than control 

cartilage, and ranged between 0.2 to 0.5 MPa. (p<0.05)  
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Figure 3.3 Average A) aggregate modulus and B) hydraulic permeability for each 
group and its contralateral control. All values expressed as mean ± standard deviation 
(n=12 for groups MACI and MAIX, n=6 for group Empty). *p<0.05 vs. native control 
tissue, † one group statistically different. 
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Figure 3.4 Average A) boundary mode friction coefficients B) global shear modulus 
for each group and its contralateral control. All values expressed as mean ± standard 
deviation (n=12 for control groups MACI & MAIX, n=6 for control group empty. 
n=15,5,10 for defect groups in order). *p<0.05 vs. native control tissue. 
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The local shear modulus of the control cartilage showed variation with depth, with the 

minimum modulus value occurring within 100µm of the articular surface (Figure 

3.5A, B,C).  

In contrast, local shear moduli of the repaired cartilage defects were 

significantly lower than control tissue, showing no minimum or variation with depth. 

Next we compared the moduli for Gmin (averaged 50-150µm) and Gplateau (200-

1000µm) values for defect and control groups(Figure 3.5D,E,F). We found Gmin for 

cartilage defects was 1.5-2 times lower than that for control cartilage; whereas the 

Gplateau values were 7-10 times lower than those of native tissues (Figure 3.5D,E,F). 

 

3.5 DISCUSSION 

The goal of the present study was to provide a more thorough characterization of the 

mechanical performance of repaired cartilage implants than has been reported 

previously. MACI® implants were tested in a large animal defect model for over 1 

year; and revealed overall better defect filling, toluidine blue reactive matrix, and 

collagen type II staining compared to ACI-MaixTM membranes alone or paired empty 

defects. Furthermore, a total of 276 samples harvested from implants and controls 

were tested to measure friction, compressive, and shear properties. These data show a 

range in implant performance, with frictional properties of all implants similar to 

control, compressive modulus of MAIXTM and empty implants were different from 

controls, and shear properties for all groups that differed significantly from controls. 
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Figure 3.5 (A, B, C) Local shear modulus profiles for tissue samples harvested from 
each of the implant groups tested. (D, E, F) Gmin (averaged 50-150µm) and Gplateau 
(averaged 200-1000µm) values for defect and control groups. *p<0.001 vs. native 
control tissue. 
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Previous research involving the mechanical performance of MACI grafts 

report average compressive stiffness values ranging from 16-50% of native cartilage. 

In our confined compression testing, defects filled with MACI® grafts performed 

relative to their contralateral control (70%). The average aggregate modulus and 

hydraulic permeability of the MACI® groups were not statistically different from the 

control tissue (Figure 3.3A, B). The MACI® grafts in this study had an aggregate 

modulus that was 70% of native cartilage on average. Some of the increased 

performance of these MACI® grafts may be attributed to the long-term implant 

duration and the use of a large animal model. 

The healthy function of engineered or repaired tissue and its contacting body 

(i.e. the apposing meniscus or cartilage), may be dependent on providing a low friction 

surface during articulation 57,64,65. Consequently, researchers have turned towards 

different mechanical and chemical stimuli during pre-implantation culture to promote 

effective lubrication 66, 67, 56. Previously, in vitro studies have shown that although 

frictional properties of tissue repair scaffolds can be significantly higher than native 

cartilage, the localization of lubricants on the scaffolds can effectively reduce friction 

coefficients 56,54,68,69.  Similarly, in a meniscus repair study, scaffolds that were tested 

before and after in vivo implantation exhibited progressively lower friction 

coefficients as a function of implant time 57, 58. In this study, the tribological 

characterization revealed no significant differences between all sample groups and 

native cartilage. Such data are consistent with the idea that at one year of implantation, 

these implants are sufficiently capable of localizing boundary lubricants to enable 



 

 44 

functional lubrication. 

During confocal strain mapping, defects performed significantly worse than 

their contralateral normal controls, regardless of treatment condition (Figure 3.4B). 

Local spatial shear profiles revealed the depth dependent modulus for control and 

repaired tissue(Figure 3.5). Control tissue showed large variation of modulus in depth; 

while, engineered tissue showed 4-10 times lower modulus in both the minimum and 

plateau moduli. 

 The low shear modulus of all the grafts makes any repaired cartilage 

susceptible to mechanical failure or degradation.  Previous studies have shown that 

shear properties of normal cartilage are highly dependent on collagen content and 

organization 60,70. Tissue from repaired cartilage defects is known to have different 

collagen fiber size and organization compared to normal tissue 59, which is consistent 

with our current observations that global and local shear properties do not match 

native tissue.  It should be noted that reduction in |G*| probably arises from lack of 

organized collagen within repaired tissue grafts; this is consistent with predictions of 

network-based models of cross-linked polymers 71. These models predict that below 

critical values of fiber concentration, size, and connectivity, the shear modulus 

vanishes. Only after the percolation threshold is achieved does shear modulus increase 

dramatically. Based on the data in the current study, it seems likely that repaired 

cartilage in all groups is a loose, discontinuous collagen network that is near the 

rigidity percolation threshold. As such, ensuring sufficient collagen concentration, 

size, and connectivity may be of particular importance for improving cartilage repair 

and overall performance of any cartilage repair procedure. 
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MACI® implants show promise for repairing osteochondral defects and in 

matching compressive and frictional properties of native cartilage; however, attention 

should be focused on improving the shear properties of such implants. The results 

underscore that histologic assessment and biochemical analysis alone are not sufficient 

for predicting the mechanical performance of cartilage grafts. Histologic analysis 

indicated that MACI® grafts (Figure 3.2) improved chondrocyte proliferation and 

GAG content over empty defects, however, biomechanical benefit was only evident in 

aggregate modulus and hydraulic permeability (Figure 3.3) and not in the shear 

properties (Figure 3.5). The relationship between structure and function is quite 

complex in repaired tissue and may differ even from that of native cartilage. As such, 

thorough mechanical evaluation of such implants is critical to assessing the 

performance of repaired cartilage. 
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MECHANICAL PROPERTIES AND STRUCTURE-FUNCTION RELATIONSHIPS 

IN ARTICULAR CARTILAGE REPAIRED USING IGF-I GENE-ENHANCED 
CHONDROCYTES§

 

 
4.1 ABSTRACT 
 

Several studies have demonstrated the benefits of IGF-I gene therapy in 

enhancing the histologic and biochemical content of cartilage repaired by chondrocyte 

transplantation. However, there is little to no data on the mechanical performance of 

IGF-I augmented cartilage grafts. This study evaluated the compressive properties of 

full-thickness chondral defects in the equine femuropatellar joint repaired with and 

without IGF-I gene therapy. Animals were randomly assigned to one of three study 

cohorts based on chondrocyte treatment provided in each defect: 1.) IGF-I gene 

delivered by recombinant adeno-associated virus (rAAV)-5; 2) AAV-5 delivering GFP 

as a reporter; 3) Naïve cells without virus. In each case, the opposite limb was 

implanted with a fibrin carrier without cells. Samples were prepared for confined 

compression testing to measure the aggregate modulus and hydraulic permeability. All 

treatment groups, regardless of cell content or transduction had mechanical properties 

inferior to native cartilage. Overexpression of IGF-I increased modulus and lowered 

permeability relative to other treatments.  Investigation of structure-property 

relationships revealed  

________________________ 

§Griffin, D., Ortved, K., Nixon, A., Bonassar, L. “Mechanical properties and 
structure-function relationships in articular cartilage using IGF-I gene therapy,” 
Journal of Orthopedic Research, in review. 
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that Ha and k were linearly correlated with GAG content, but logarithmically 

correlated with collagen content. This provides evidence that IGF-I gene therapy can 

improve healing of articular cartilage and can greatly increase the mechanical 

properties of repaired grafts.  

 
 
4.2 INTRODUCTION 
 

Autologous chondrocyte implantation (ACI) into articular cartilage defects has 

been used clinically for over twenty years with the goal of preventing further cartilage 

degeneration and progression of osteoarthritis72. The procedure involves harvesting 

non-weight bearing articular cartilage and enzymatically removing the extracellular 

matrix to isolate the chondrocytes. Historically chondrocytes were contained in the 

defect using a periosteal flap72, while more recently type I/type III collagen 

membranes have been used in conjunction with fibrin sealants. This technique has 

shown promising results in equine and human patients with production of hyaline-like 

repair tissue following transplantation of chondrocytes into chondral defects73,74. 

Despite the potential for hyaline-like tissue, ACI repairs still contain a significant 

percentage of fibrocartilage. Thus, repair tissue may be further improved through the 

genetic manipulation of the autologous chondrocytes.   

Genetically modified chondrocytes that express insulin-like growth factor-I 

(IGF-I) have been shown to improve cartilage repair over naïve cells in a variety of 

animal models, including rabbit, dog, and horse 75,76,77,78,79. IGF-I transfection 

increased aggrecan and type II collagen content in cartilage repair, and improved 

integration with surrounding cartilage matrix78. Many studies have shown the benefits 
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of grafts using autologous chondrocytes, but few have analyzed the mechanical 

properties of the repaired tissue 78,80,81. Particularly, there is little to no mechanical 

data on the restorative effects of IGF-I in ACI grafts in a large animal model.  

Notably, recent work has demonstrated that adeno-associated virus (AAV) 

transduction and transplantation of chondrocytes greatly improves appearance and 

biochemical composition of repaired cartilage82.  Particularly rAAV5-IGF-I  group 

resulted in significantly better healing at 8 week arthroscopy and 8 month examination 

when compared to controls. At 8 months, defects implanted with cells expressing IGF-

I had better histological scores compared to control defects and defects repaired with 

naive chondrocytes. This included increased chondrocyte predominance and collagen 

type II, both features of hyaline-like repair tissue83. rAAV5-IGF-I enhanced collagen 

type II in defects compared to all other treatment groups. GAG content of repair tissue 

at 8 months post-implantation was significantly higher in the IGF-I group compared to 

GFP group. However, there were no significant differences in GAG between 

chondrocyte IGF-I, naïve chondrocytes, and fibrin-treated defects. 

However, the mechanical function of these tissues is unknown. In contrast to 

the lack of mechanical data on the performance of cartilage grafts many studies report 

on the biochemical composition of repaired cartilage using histology or biochemical 

assays. The biochemical composition of repaired cartilage is thought to be a good 

surrogate for the mechanical properties of the tissue with compressive properties of 

healthy adult cartilage attributed primarily to the proteoglycan content84,85,86,87. 

However, the relationship between the composition and mechanical properties of 

repaired cartilage is not well understood. More recently, collagen content has shown to 
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be important in the properties of younger tissue88,89,90,91. With this in mind, the goal of 

the present study was to evaluate the compressive properties, composition, and 

structure property relationships of cartilage repaired in full-thickness chondral defects 

with and without IGF-I gene therapy at 8 months in an equine model. 

 

4.3 MATERIALS AND METHODS 

 

4.3.1 Graft Preparation  

As described previously82, chondrocyte implantation was performed on a total 

of 24 skeletally mature 2-4 year old horses using a protocol approved by the 

Institutional Animal Care and Use Committee of Cornell University.  Briefly, horses 

were first anesthetized and articular cartilage (2-3g) was arthroscopically harvested 

from the distal non-weight bearing portions of the medial and lateral trochlear ridges 

of one randomly selected talus.  Chondrocytes were isolated, expanded in monolayer 

culture to a total of approximately 20x106 cells, and then transduced 48 hours prior to 

surgery in Opti-Mem (Invitrogen, Grand Island, NY) rAAV5-IGF-I (n=8), rAAV5-

GFP (n=8), or naïve cells with no virus as a negative control (n=8).  Cells were 

transduced for 2 hours with a viral dose of 105 viral genomes/cell.  Following 

transduction, chondrocytes were suspended in cryoprecipitated autogenous fibrinogen 

that was prepared from previously collected plasma82.  

 

 

4.3.2 Implantation Surgery 
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Bilateral full-thickness chondral defects that extended down to, but not 

through, the subchondral plate, were created on the lateral trochlear ridge of both 

femurs using a 15mm diameter fluted spade-bit cutter with a sharpened perimeter skirt 

(Special Devices, Grass Valley, CA) under arthroscopic guidance. Each horse served 

as its own control with one defect being grafted with chondrocyte/fibrin mixture and 

the contralateral defect grafted with fibrin alone.   

 

4.3.3 Tissue harvest 

At 8 months post-implantation, horses were euthanized and a 3mm x 20mm 

osteochondral block was harvested from the defect, immersed in protease inhibitors, 

snap-frozen in liquid nitrogen, and stored at -80°C for mechanical testing. Separate 

osteochondral blocks and cartilage segments were collected for toluidine blue staining, 

and type II collagen immunohistochemistry, and biochemical analyses including GAG 

quantification using the DMMB assay and type II collagen quantification using ELISA 

(Chondrex, Redmond, WA)84.  

 

4.3.4 Histology & Immunohistochemistry 

As described previously82, osteochondral blocks were fixed in 4% 

paraformaldehyde, decalcified in 10% ethylenediamine-tetra-acetic acid (EDTA) 

(Sigma-Aldrich, St. Louis, MO) prior to embedding in paraffin, and sectioned at 6µm.  

Osteochondral sections were then stained with toluidine blue to evaluate proteoglycan 

content.  Type II collagen immunohistochemistry was performed following 

deparaffinization, rehydration, and treatment with hyaluronidase (Sigma-Aldrich, St. 
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Louis, MO).  Sections were then blocked with normal goat serum and incubated with 

polyclonal rat anti-bovine type II collagen primary antibody (1:100)(courtesy of Dr. 

Michael Cremer, VA Hospital, Memphis, TN).  A secondary biotinylated goat-anti-rat 

antibody (ABC Staining System, Santa Cruz Biotechnology, Dallas, TX) was applied, 

followed by streptavidin conjugated peroxidase to catalyze chromagen development in 

3,3’-diaminobenzidine tetrachloride (Sigma-Aldrich, St. Louis, MO), and 

counterstaining with haemotoxylin.      

 

4.3.5 Confined Compression 

Methods for analysis of the compressive properties of cartilage were based on 

those described previously79. 48 full thickness cylindrical plugs (3 mm diameter) were 

harvested from the defect region using a biopsy punch (Miltex, York, PA) applied 

perpendicular to the articular surface. Remote area (n=5) specimens, away from 

implanted defect, were obtained as a native control.  The plugs were thawed in a bath 

of PBS containing protease inhibitors (Invitrogen, Carlsbad, CA). Prior to testing, 

sample heights were measured using a caliper. Samples were placed in a 3 mm 

confining chamber, covered with a porous plug and PBS with protease inhibitors 

(Sigma-Aldrich, St. Louis, MO), and mounted to a EnduraTEC ELF 3200 (Bose, Eden 

Prairie, MN) for testing. A series of 5% steps in compressive strain were imposed on 

each sample up to a total of 40% strain. For each step, the resultant load was measured 

for 10 minutes using a Honeywell 50lb load cell (Bose, Eden Prairie, MN) at a 

frequency of 1 Hz. The stress-relaxation curves were fit to a poroelastic model and 

analyzed using custom MATLAB code to calculate aggregate modulus (Ha) and 
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hydraulic permeability (k) 54,55.  

4.3.6 Statistics 

For equilibrium modulus and hydraulic permeability data a one-way mixed 

model analysis of variance test was performed between all testing groups to determine 

the effects of the presence of cells, the transduction by AAV, and the specific effects 

of IGF-I. Further, this analysis compared repaired tissue to healthy tissue from remote 

locations. To determine the relationship between composition and mechanical 

properties, the presence of GAG on Ha and k was determined by linear regression 

while the effect of collagen content was determined by logarithmic regression. For 

both tests differences or regressions were considered significant for p < 0.05. 

 

4.4 RESULTS 

 

4.4.1 Histology & Immunohistochemistry 

Photomicrographs of osteochondral sections taken from repair tissue at 8 

months post-implantation showing proteoglycan and type II collagen formation are 

presented in Figure 4.1. Defects implanted with chondrocytes overexpressing IGF-I 

had the most toluidine blue staining on histochemical sections compared to the other 

treatment groups. Similarly, type II collagen immunoreaction revealed more staining 

in AAV-IGF group compared to other treatment groups. 
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Figure 4.1. Photomicrographs of osteochondral sections taken from repair tissue at 8 
months post-implantation and stained with toluidine blue to evaluate proteoglycan 
content and type II collagen immunohistochemistry (scale bar = 5mm). Black arrows 
denote defect boundaries.  
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Figure 4.2 (A) Aggregate modulus and (B) hydraulic permeability of repaired tissue at 
8 months. All data groups are displayed as mean values with standard deviations noted 
by error bars. Dash lines represent significant differences between groups; Differences 
were considered significant for p < 0.05.  
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4.4.2 Compressive Properties 

The aggregate modulus for native tissue remote to the defect ranged from 1.0-

1.2 MPa while hydraulic permeability ranged from 7-8×10-15m2/Pa-s both of which are 

consistent with previous reports on the properties of adult equine cartilage79,89. 

Cartilage repaired using chondrocytes overexpressing IGF-I had an equilibrium 

modulus that was 60% of remote native cartilage (Figure 4.2A), while rAAV5-GFP, 

naïve, and fibrin constructs had aggregate moduli that were 37% (p<0.05), 41% 

(p<0.05), and 26% (p<0.05) of control, respectively. The hydraulic permeability of 

IGF-I constructs was 1.5 times higher than control tissue, but was significantly lower 

than other treatment groups, which ranged from 2.5 to 3.5 times higher than native 

control tissue (Figure 4.2B). Hydraulic permeability of repaired tissue from constructs 

containing cells (naïve and GFP-labeled) was lower than that of tissue formed from 

acellular fibrin constructs (p<0.05). 

 

4.4.3 Structure-property relationship                                                                                    

To determine the extent to which the properties of the tissue formed depended 

on composition, data from all repaired and remote cartilage samples were pooled and 

compared to GAG content as measured by the DMMB assay82. For this pool of 53 

samples, the aggregate modulus was positively correlated (R2=0.53, p<0.00001) with 

GAG content; while, the hydraulic permeability was weakly negatively correlated 

(R2=0.21, p<0.00022) with GAG content (Figure 4.3).  A similar approach was taken 
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Figure 4.3 Structure-function correlations of native and repaired tissue properties at 8 
months. All correlations were found to be statistically significant. GAG/DW 
demonstrated a linear trend with positive weak correlations in Ha (R2=0.53) and k 
(R2=0.21) for repaired tissue.  
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Figure 4.4 Structure-function correlations of native and repaired tissue properties at 8 
months. All correlations were found to be statistically significant. Col II/DW 
demonstrated a linear trend with positive weak correlations in Ha (R2=0.69) and k 
(R2=0.43) for repaired tissue.  
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determine the effect of collagen content on compressive properties. In this case, the 

aggregate modulus was logarithmically correlated with collagen content (R2 =0.69, 

p<0.00001), while hydraulic permeability was negatively logarithmically correlated  

(R2 =0.43, p<0.00075) with collagen content (Figure 4.4). Notably, these correlation 

coefficients were higher for collagen content than for GAG content. 

 

4.5 DISCUSSION 

This study evaluated the compressive properties and structure-function 

relationships of full-thickness chondral defects repaired by ACI with and without IGF-

I gene therapy in a long-term equine model.  The presence of cells enhanced 

mechanical properties, transduction of the reporter gene, GFP, had no effect, while 

over expression of IGF-I increased modulus and lowered hydraulic permeability 

relative to all other treatment groups. Repaired cartilage receiving IGF-I had an 

aggregate modulus that was 60% of normal cartilage. All treatment groups, regardless 

of cell content or transduction had mechanical properties inferior to native cartilage.  

To date, there is limited data describing the mechanical performance of 

cartilage grafts in long term large animal models, which is arguably the most 

important parameter for predicting the clinical success of grafts 86. Previous 

mechanical testing on cartilage that was repaired using autologous chondrocytes has 

reported mixed results. Confined compression testing on ACI repaired tissue showed 

an aggregate modulus that was only 12% of native tissue at 8 months in an equine 

model 84,91. Stiffness tests in an ovine model with matrix-induced autologous 
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chondrocyte implantation (MACI) grafts with a type II collagen membrane ranged 

from 37-50% of native cartilage at 12 months86. MACI grafts with a type I/type III 

collagen membrane in an equine model was shown to have an aggregate modulus that 

was 70% of native tissue at 12 months79. IGF-I augmented cartilage grafts in this study 

had an aggregate modulus that was 60% of native cartilage at 8 months, with non-

transfected cellular grafts ~40% of native cartilage.  

It is widely believed that compressive properties of cartilage in confined 

compression depend primarily on GAG content, with collagen playing only a minor 

role 86,89,90,87,88. However, it is unclear if such relationships hold for repaired cartilage. 

In the current study, investigation of structure-property relationships revealed that Ha 

and k were weakly correlated with GAG content, but logarithmically correlated with 

collagen content. In all repaired groups, the GAG contributes to compressive 

properties similarly for all tissue compositions. Correlations between Ha, k, and GAG 

content were statistically significant but there was significant variation in data for 

repaired tissue. Notably, IGF-I groups had higher modulus and lower permeability 

than would be predicted from the linear correlation. In contrast, fibrin alone samples 

had lower Ha and higher k than would be predicted. More specifically, previous data 

on the tissues show no significant difference in GAG content82, which would predict 

minimal difference in confined compression modulus. To understand whether other 

components of the matrix were contributing to the compressive modulus, we 

performed correlation analysis on the role of collagen in contributing to the 

mechanical behavior.  

Indeed, there was a clear relationship between Ha, k, and collagen content; 



 

 60 

however, this correlation was logarithmic (Figure 4.4).  As a consequence of this 

logarithmic relationship, there was little variation in Ha and k at high collagen 

concentrations (i.e. > 50µg/mg). In this range, a 4-fold increase in collagen increased 

Ha by only 40% and decreased k by < 10%. In contrast, at low collagen content (< 

50µg/mg) Ha and k varied greatly with collagen content. For example, increasing 

collagen content from 10 to 20µg/mg increased Ha 9-fold and decreased k 4-fold. 

These results suggest that collagen may have a particularly important mechanical role 

in the compressive properties of repaired cartilage at early stages of maturation.  

Although it is well accepted that the GAG content contributes most directly to 

the compressive properties for adult cartilage 86,90, collagen density has also shown to 

contribute positively to the compressive modulus in young animals19. The compressive 

properties of cartilage from 1 to 3 week-old bovine calf and from young adult 

correlated with both GAG and collagen content. Intriguingly, these development-

associated changes in biomechanical properties were primarily associated with a 

marked (2-3-fold) increase in collagen content and no detectable change in GAG 

content. As such, the evolution of structure-property relationships in repaired cartilage 

in adults may parallel that in cartilage development in young animals.  

Collectively these data suggest that structure-property relationships are 

different for native and repaired tissue. Although obtaining native properties remains a 

challenge, this study demonstrates that rAAV5-IGF-I ex vivo gene therapy is an 

effective method to enhance mechanical performance of repaired cartilage. Further 

investigation into structure-function relationships and genetically-modified 

chondrocytes show promise for improving hyaline features of repaired cartilage.  
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DETECTION AND CHARACTERIZATION OF LOCAL INTERFACIAL 

MECHANICS IN A CARTILAGE DEFECT REPAIR MODEL#
 

 
 

5.1 ABSTRACT 
 

 The lack of lateral anchoraging and integration of grafted cartilage makes the 

tissue more susceptible to mechanical failure. Recently, our lab has developed a novel 

system for measuring the microscale mechanics of native and repaired tissue on the 

length scale of 20µm. This approach would provide new information about the 

mechanical environment at the interface of repaired and host native cartilage. The 

objective of this study was to detect and characterize the local mechanics at the 

interface of repaired and native articular cartilage. Either fresh cells or cell clusters 

formed over 14 days were placed in a cartilage ring with a 6mm inner diameter, 

implanted subcutaneously in female nude mice and harvested at 12 weeks. Samples of 

the interface were cut into ~2mm cubes (Fig. 2B) and prepared for confocal strain 

mapping (Fig. 2C, D). Localized strains were measured using particle image 

velocimetry (PIV) as described previously. Shear deformation was induced by 

displacing the moveable plate in the direction parallel to the articular surface to 

produce 1% shear strain. Vector maps and plots of γxy and εyy exhibited large strains at 

the interface. γxy were lower near the articular surface, and higher in the deep zone. εyy  

________________________ 
#Griffin, D., Meppelink, A.(MGH), Randolph, M.(MGH), Bonassar, L. “Detection 
and characterization of local interfacial mechanics in a cartilage defect repair model,” 
in preparation 
were higher near the articular surface and remained consistently high in the deep 
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zone(Fig. 3). Additionally, there was a high degree of peeling along the interface, 

which could infer a new probable delaminating mechanism (Fig. 4). These results shed 

more light on the mechanical properties for strategic engineered constructs to 

withstand physiological loads and promote integration in cartilage repair. 

 

5.2 INTRODUCTION 

 Currently, a number of techniques are used for articular cartilage repair, such as 

subchondral penetration91,92,93, osteochondral transplantation94,95,96, autologous 

chondrocyte transplantation97,98,99, as well as tissue-engineered grafts100,101,102. A major 

challenge in achieving successful cartilage repair is the integration of repaired 

cartilage with the adjacent native cartilage. The lack of lateral anchorage and 

integration of repair or graft tissue leaves the graft susceptible to mechanical failure 

that could lead to poor prognosis103,104,105,106,107. This problem has motivated a great 

deal of research into methods of enhancing the integration of repair tissue with the 

surrounding host cartilage. 

  In vivo studies normally evaluate cartilage repair with biochemical assays and 

histological methods 95,118,110; however, the biomechanical behavior of this interface is 

poorly understood. There have been many studies that measured strength of the 

integration of cartilage-graft interfaces, including in vitro model, subcutaneous or 

heterotopic in vivo models, and orthotropic transplants into joint defects. Such studies 

have measured integration strength with lap-shear tests98,103, tensile tests109 and push 

out model tests107,106.  Only a handful of studies have characterized the compressive 

properties of repair tissue through confined compression110 indentation113 and one 
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paper reporting integration strength and tensile properties of repaired tissue from an in 

vivo joint defect115. Generally these studies have investigated bulk tissue properties; 

such as failure strength, stiffness, and failure strain111,113,115.  

 This lack of data is in part due to the fact that previous techniques are unable to 

measure local deformations at such interfaces. As such there is essentially no 

information on the local deformations that occur at these interfaces during failure. 

Measuring the deformations would help to identify local mechanisms of tissue failure 

as well as locate regions of this interface that may be particularly susceptible to 

failure. Such knowledge would provide a valuable tool for assessing the efficacy of 

cell-based cartilage repair methods and then inform techniques to improve functional 

cartilage graft integration. 

 Our group has developed a novel system for measuring the local mechanics of 

native and repaired cartilage via confocal elastography92,100,120,91,95. Specifically this 

technique has measured local shear properties of cartilage on length scale of 20-

40µm122,123,124,125, and has identified large regional variations in mechanical properties 

along the depth of the tissue. However to date these techniques have not been applied 

to understanding local mechanics of cartilage-graft interfaces. Therefore the objectives 

of this study were to: 1) characterize the local mechanics at the interface of repaired 

and native articular cartilage in a subcutaneous heterotopic transplant model; and 2) 

assess the effect of chondrocyte culture conditions on the mechanical behavior of the 

interface. 

 

5.3 METHODS 
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5.3.1 Tissue Preparation/ Implantation 

Integration of the engineered tissue with existing native cartilage was 

examined in a system in which engineered cartilage was grown in a cylindrical defect 

punched in an articular cartilage explant (Fig. 1A, B).  The Institutional Animal Care 

and Use Committee of the Massachusetts General Hospital following the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals approved all 

procedures involving animals. Articular cartilage was aseptically harvested from the 

knees of Yorkshire pigs. Articular cartilage was dissected sharply from the underlying 

bone and minced into 1- to 2-mm fragments under sterile conditions. The cartilage 

was then digested with 0.1 w/v% collagenase type II (Worthingon, Freehold, NJ) for 

12 to 18 hours at 37°C. After digestion, chondrocytes were rinsed and washed twice 

with chondrocyte growth media. Cell number was determined using the trypan blue 

dye test. After isolation, the chondrocytes were combined with fibrin gel by two 

different methods. In the first group, 10x106 cells were placed into a 15 cc 

polypropylene tube and cultured statically at 37°C for 14 days; producing cell clusters. 

Chondrocyte growth media containing Ham’s F-12 media (Invitrogen, Carlsbad, CA) 

supplemented with 10% fetal bovine serum (Invitrogen), 1% non-essential amino 

acids (Invitrogen), 1% antibiotic antimycotic solution (Sigma, St. Louis, MO) and 

0.005% ascorbic acid (Sigma) was used for cell culture and changed every 3 to 4 days. 

Cell clusters were placed in the center of a devitalized 6mm inner diameter swine 

articular cartilage ring and capped with fibrin gel (Sigma)112 (Fig. 1B). In the control 

group, fresh chondrocytes containing no pre-culture were immediately encapsulated in  
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Figure 5.1.  Cell clusters capped with fibrin gel in the center of cartilage ring prior to 
implantation (A) and after harvest after 12 weeks in vivo (B). Scale bars = 300µm. 
H&E stain, showing interface of repaired and native articular cartilage in the murine 
model (C) Scale bar = 1mm. 
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fibrin gel as a cell suspension of 40 million cells per mL and injected into the center of 

devitalized swine articular cartilage ring.  

To assess the maturation of the interface between new cartilage and native 

cartilage, constructs generated as described above were implanted subcutaneously in 

nude female mice. As described previously, although not a load-bearing model 

subcutaneous implantation enables rapid construct development under in vivo 

conditions126,127. Filled cartilage rings were implanted subcutaneously in the dorsum of 

nude female mice (nu/nu mice; Massachusetts General Hospital, Boston, MA) and 

harvested at 12 weeks (n=5). The center of the cartilage disk was removed using a 

3mm biopsy punch leaving a ring of engineered and native matrix (Fig. 2A). The rings 

were sliced into 2mm cubes and prepared for mechanical testing to observe local 

deformations under shear (Fig. 2B). 
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Figure 5.2. Articular rings of repaired and native cartilage were cut into cubes (A, B) 
representative schematic of how the sample is loaded in the tissue deformation 
imaging stage (C) confocal micrograph taken at the interface of repaired cartilage 
(RC) and native cartilage (NC) (D) screenshots of underformed and deformed at 1% 
shear strain. 
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5.3.2 Histology 

Constructs from each group were randomly selected and fixed in 10% 

phosphate-buffered formalin for 48 hours. Samples were embedded in paraffin and  

5µm sections were cut from the middle of the constructs. Sections were stained with 

hematoxylin and eosin (H&E) to assess morphology of the engineered constructs and 

integration of the constructs with the cartilage ring. Briefly, sections were stained with 

hematoxylin (Leica, Buffalo Grove, IL) for 10 minutes, followed by brief exposure to 

0.25% acid alcohol and vintage bluing reagent (StatLab, McKinney, TX), and finally 

stained with eosin (Leica) for 90 seconds. 

 

5.3.3 Confocal Elastography 

               2mm cubes were placed into a 7 µg/mL of 5-isomer of fluorescein 

dichlorotriazine (5-DTAF) (Molecular Probes®, Grand Island, NY) solution for 

30 min to fluorescently stain the cartilage extracellular matrix120,121,122,123,124. The deep 

zone of the cubes were glued to a tissue deformation imaging stage (TDIS) and 

compressed to 7% axial strain (Fig. 2C). The TDIS was mounted on an inverted Zeiss 

Live 5 confocal microscope and imaged using a 488 nm laser (Fig. 2D). Sinusoidal 

shear deformations were induced by displacing the moveable plate in the direction 

parallel to the articular surface by 20µm, yielding an effective shear strain of 1% shear 

strain, and frequency of 1 Hz. Localized strains were measured using a particle image 

velocimetry (PIV) algorithm implemented in MATLAB120. After each increment of 

shear strain, multiple snapshots 512×512µm were taken throughout the sample and 

tiled in order to obtain an image spanning the entire tissue. Images were divided into a 
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grid with 50×50 µm spacing. Using this grid, the displacement fields in the vertical (u) 

and horizontal (v) directions were calculated by performing particle image 

velocimetry analysis on confocal images before and after application of shear. These 

displacement fields used to calculate shear strain γxy (du/dy)(Fig. 3A) and axial strain 

εyy (dv/dy)(Fig. 4A) throughout the sample. To assess spatial variation in local 

mechanics between samples (n=4), γxy and εyy were averaged across y at x= 75µm, 

300µm, and 900µm. 

5.3.4 Data Analysis 

          Localized strains were measured using a particle image velocimetry (PIV) 

graphical user interface120. After each increment of shear strain, multiple snapshots 

were taken throughout the sample and pieced together in order to obtain an image 

spanning the entire tissue. The horizontal and vertical displacement field of cells in 

512×512 µm122 windows was calculated by performing particle image velocimetry 

analysis on confocal images before and after application of shear. Cell positions and 

displacements were obtained via PIV, and used to calculate shear strain γxy (du/dy) 

and axial strain εyy (dv/dy) at the interface.  

 

5.4 RESULTS 

5.4.1 Histology 

      The H&E staining (Fig. 1) confirmed the formation of new cartilage in both 

chondrocyte groups, but matrix staining in repaired cartilage was different from that of 

native cartilage. Constructs created using fresh chondrocytes showed dense cellular  
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Sliding (γxy) 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
 
Figure 5.3 Representative schematics of sliding at the interface (A) PIV Vector Maps 
for Sliding (B) Shear strain applied parallel to the articular surface direction, was 
found to induce sliding (γxy) at the interface. Two-dimensional vector maps of γxy 
exhibited large strains at the interface for both groups. 
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Peeling (εyy) 
 
 
  

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 
Figure 5.4 Representative schematics of sliding at the interface (A) PIV Vector Maps 
for Peeling (B) Shear strain applied parallel to the articular surface direction, was 
found to induce peeling (εyy) at the interface. Pre-culture group displayed more peeling 
at interface compared to fresh group. Integration appeared more prevalent near the 
surface, but was poorly integrated at deeper depths. 
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tissue (Fig. 1C), created a close interface between the repaired and native cartilage. 

Specifically, outgrowths of new cartilage matrix were observed penetrating or 

migrating into the native cartilage matrix disc.  In contrast, the pre-culture group 

showed some apparent integration, but not as marked as that observed when the fresh 

chondrocytes were used (Fig. 1C). 

5.4.2 Confocal Elastography 

           Local deformations of the interface between native and engineered tissue were 

easily visualized using confocal microscopy (Fig. 2E). Based on images of the 

undeformed and deformed states, local deformation tensors were obtained using 

particle image velocimetry and differentiated to calculate strain tensors. Specifically, 

shear strain applied parallel to the articular surface resulted 2 modes of deformation at 

the interface: 1) sliding, as quantified by γxy (du/dy) (Fig. 3) and 2) peeling, as 

quantified as εyy (dv/dy) (Fig. 4) at the interface. Intriguingly, sliding (γxy) did occur at 

interface despite the applied orthogonal 1% shear strain. Furthermore, sliding was 

confined to ~100µm near the interface with a peak strain of ~0.5%, nearly half of the 

applied orthogonal shear strain. Qualitatively, both fresh and pre-culture γxy vector 

maps were similar; however averaged peak strains were lower the for fresh group 

(.002) than pre-culture group (.003) (p<.05). In both culture groups sliding was more 

pronounced deeper in the tissue γxy ~.002-.003) compared to the tissue surface 

(p<.0001), where γxy ~.001 (Fig. 5).  
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Figure 5.5. Depth-Dependent Interfacial Profiles: The interface in both groups 
demonstrated very similar sliding features, but was different in peeling. γxy values 
were lower at the articular surface, but increased by a factor of 2 at higher depths 
(300-900µm). εyy values were higher at the surface and remained relatively high 
throughout the entire depth of tissue. Bar denotes statistical difference. 
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 Shear loading also induced peeling εyy (dv/dy) at the interface. Peeling was localized 

to within ~50µm of interface with a peak strain of ~1.8-2% which was greater than 

applied shear strain (Fig 4B). The pre-culture group displayed more peeling at 

interface compared to fresh group (Fig. 4B) (p<.05) peak values for pre- 

culture were >1% at interface and <.25% at interface for the fresh group.  Deeper 

regions of the interface displayed less peeling than the articular surface (Fig. 5) 

(p<.05). 

5.5 DISCUSSION 

 Understanding the mechanical properties at the interface of tissue-engineered 

cartilage is important for improving integrative repair. The goals of the present study 

were to characterize the local mechanics at the interface of repaired and native 

cartilage and to determine if different culture conditions affect the mechanical 

environment at the interface. The results from this study reveal that shear loading 

induces a complex, spatially heterogeneous response at the interface between repaired 

and native cartilage. There were two distinct modes of failure identified at the 

interface: the sliding along the repaired/native cartilage interface and peeling along the 

direction of shear. In both fresh and pre-culture groups, there was significant sliding 

along the interface (Fig. 3). The high compliance of this region suggests a lack of 

anchorage of engineered tissue to the native tissue. Even though histology indicated a 

well-bonded interface in the fresh group (Fig. 1C), γxy values at the interface were as 

high as .005 (Fig. 3). Additionally, there was minimal peeling in fresh samples, but a 

high degree of peeling for the pre-culture group (Fig. 4). These data indicate that 
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chondrocyte culture conditions can affect the quality of integration and mode of 

mechanical failure.  

Many studies routinely evaluate the quality of repair tissue with qualitative or 

quantitative assays of tissue structure such as gross observations, histology, and 

immunohistochemistry128–130. Such studies have rated integration using histological 

scoring systems based on continuity of tissue interfaces generated in vitro as well as in 

heterotopic (subcutaneous) or orthotopic in vivo transplantation models115,128,130–133. 

Such studies have revealed the importance of matrix synthesis and cell migration in 

generating continuous interfaces. However, relatively few studies have focused on 

mechanical evaluation of these interfaces in subcutaneous implantation models. For 

example, previous studies report time dependent increase in tensile strength, failure 

strain, failure energy, and tensile modulus to values 5–30% of normal articular 

cartilage119,127,128. Further studies by Gratz et al.133 and Fujie et al.134, have reported 

integration mechanical properties from orthotopic in vivo cartilage repair models. In 

an equine model, Gratz et al.133 reported the bulk tensile properties of the interface 

indicating that modulus and strength were 12% and 40% of native tissue respectively. 

A recently published study by Fujie et al.134 investigated zone-specific integration 

properties of repaired articular cartilage defects treated in a porcine model. The 

authors reported an average tensile strengths of the integration boundary compared to 

normal cartilage were 12%, 25%, and 45% at the superficial, middle, and deep layers, 

respectively. Although it was possible to determine the depth-dependent strength of 

the interface by cartilage zone, this technique involves cutting a full-thickness 

specimen into three pieces and testing each piece individually. A unique feature of the 
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present study is that no sectioning was required and this technique allows spatially 

continuous assessment of 2D strain fields throughout the depth of cartilage. Because 

our measurement resolution was 20µm, we were able detect mechanical signatures 

that may have been obscured at the bulk level. Specifically, we were able to identify 

two mechanisms of failure based on how the tissue deforms at the interface.  

              Histological assessments are useful in the analysis of integration, but our 

results suggest that just the appearance of the interface alone may not be enough to 

predict effective integration. More importantly, the extracellular matrix constituents 

may play an important role in the mechanical behavior of repairing the interface. For 

example, previous studies have suggested that collagen14 and proteoglycans17 were 

important for mechanical integration, but these studies used bulk biochemical and 

mechanical assessments. Thus exploring of structure-function relationship across the 

interface of engineered and native cartilage might be critical for optimum integration. 

Previously, we have reported combining confocal elastography, with Fourier-

transform infrared imaging (FTIR) to identify key structure-property relationships in 

the local shear behavior of articular cartilage121. Applying this approach of measuring 

both local composition and mechanics may reveal key factors necessary for robust 

integration of cartilage implants. 

            Limitations of this study include an evaluation of cartilage integration in 

murine subcutaneous model. These models are not optimal as the subcutaneous 

environment is different from the load bearing native cartilage environment. However, 

the subcutaneous model have been extensively characterized in helping bridge the gap 

between in vitro and in vivo load bearing models in larger animals119,126,127,135. 
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Additionally, we do note the sample number was n=4. However, even at low numbers 

we still identified differences in spatial patterns and culture technique.  

In conclusion, this study successfully detected the local interfacial mechanics 

in a subcutaneous defect repair model. The mechanical characterization of the 

interface of engineered and native tissue provides us with a powerful tool for studying 

cartilage integration. These results shed more light on the necessary mechanical 

properties for strategic engineered constructs to withstand physiological loads and 

promote integration in cartilage repair. 
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CHAPTER 6 
  

CONCLUSIONS  

 
The experiments described in this thesis research focuses on applying new 

techniques to understanding how micro-scale mechanical properties of articular 

cartilage change during tissue degeneration and repair.  

We have developed new models for cartilage degeneration in vitro and 

demonstrated the ability to detect very early signs of tissue damage, which are 

manifest in mechanical signatures on the length scale of 20 microns.  Alterations in 

local superficial matrix composition, could reveal signatures of early onset 

osteoarthritis that are not currently available with traditional imaging techniques, 

presenting new opportunities and new perspectives on cartilage therapies and repair. 

In chapters 3 and 4, we have executed measurements of the mechanical 

performance of cartilage repaired using new biomaterials and gene therapy that have 

never been made previously.  From these data, it is apparent the relationship between 

structure and function is quite complex in repaired tissue and may differ even from 

that of native cartilage. Collagen plays an important role in determining the 

compressive properties of repaired cartilage, particularly at early stages of maturation. 

Furthermore, the MACI implant (Type I/Type III collagen membrane) does show 

promise for repairing defects and in matching compressive and frictional properties of 

native cartilage; though, more attention should be focused on improving the shear 

properties of such implants. Information obtained from these experiments can help 

guide the research community with corrective procedures in restoring tissue function 
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and provide a template for a successful implant design. 

Finally, chapter five captures novel mechanical signatures of the interface of 

native and repaired cartilage that have never been made previously. Via confocal 

elastography we’ve demonstrated two distinct error modes for this interface – sliding 

and peeling.   Furthermore, our findings lead to a better interpretation of the 

mechanical behavior of articular cartilage integration in vivo.  

 
6.2 FUTURE WORK 

 
 
From this body of work, we’ve learned poor integration is a common 

complication with current clinical treatments for focal cartilage repair.  More 

importantly, the extracellular matrix constituents may play an important role in the 

mechanical behavior of repairing the interface.  

Cross-linking collagen has shown to stabilize and strengthen collagen fibers 

and increase the stiffness of the collagen network. One potential crosslinking agent 

that has received interest is genipin, a natural plant extract. Genipin cross-linking has 

been shown to affect the mechanical properties of biological tissues, and type I 

collagen gels. Genipin cross-linking works by forming intra- and intermolecular 

crosslinks of the amino residues on tropocollagen. The modified or polymerized form 

of genipin can stiffen the ECM, adding brides across adjacent collagen fibers. 

Particularly, the effect of genipin cross-linking on the interface is poorly understood. 

As such, further investigation of collagen crosslinking with genipin as a technique to 

improve integration of repaired and native cartilage and to be evaluated as a 

therapeutic strategy in improving interfacial mechanics.   
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Chapter 4 provided evidence that IGF-I gene therapy can improve healing of articular 

cartilage and can greatly increase the mechanical properties of repaired grafts. In terms 

of the interface, the effect of IGF-I supplementation on interfacial mechanics is poorly 

understood. Applying this technique may reveal new findings of the restorative effects 

of IGF on the mechanical behavior of the interface. Clearly, progress exploring such 

studies requires more detailed experiments coupled with higher-resolution confocal 

elastography studies that further investigate the mechanical behavior of treatments for 

focal cartilage repair. 
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