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Abstract 

The role of articular cartilage in diarthrodial joints is primarily mechanical as the 

tissue provides a nearly frictionless, load-bearing surface that supports and distributes 

forces generated during joint loading. Embedded within the extensive cartilage 

extracellular matrix (ECM), chondrocytes are surrounded by a narrow, distinct 

pericellular matrix (PCM) that is thought to regulate the biomechanical 

microenvironment of the cell and influence chondrocyte metabolism, cartilage 

homeostasis, and overall joint health. While previous studies of PCM mechanical 

properties required physical extraction of the cell and PCM from the tissue, atomic force 

microscopy (AFM) provides a means for high resolution microindentation testing that 

can be used to measure local mechanical properties in situ. This dissertation develops 

and applies AFM microindentation techniques to 1) evaluate the microscale elastic 

properties of the cartilage PCM and ECM in situ and 2) correlate site-specific 

biochemical composition with biomechanical properties of the PCM and ECM.  

An AFM-based stiffness mapping technique was experimentally validated and 

applied to cartilage sections to evaluate ECM and PCM properties in situ with minimal 

disruption of native matrix integration. As expected, PCM elastic moduli were 

significantly less than ECM moduli, uniform with depth, and mechanically isotropic. 

ECM moduli exhibited distinct depth-dependent anisotropy and unexpectedly, were 
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found to decrease with depth from the articular surface. Both the PCM and ECM 

exhibited alterations in microscale moduli and their spatial distributions when 

evaluated in cartilage presenting early degenerative changes associated with 

osteoarthritis (OA) as compared to healthy tissue.  

The ability to correlate site-specific biochemical composition with local 

biomechanical properties provides a more complete characterization of the chondrocyte 

microenvironment. To this end, we developed novel immunofluorescence (IF)–guided 

AFM stiffness mapping and demonstrated that PCM mechanical properties correlate 

with the presence of type VI collagen. Extending this technique by using dual IF, we 

presented new evidence for a defining role of perlecan in the PCM, showing that interior 

regions of the PCM rich in perlecan and type VI collagen exhibit lower elastic moduli 

than peripheral PCM and ECM regions lacking perlecan. Furthermore, lower moduli at 

the PCM interior were significantly influenced by the presence of heparan sulfate. IF-

guided AFM stiffness mapping was combined with enzymatic digestion to demonstrate 

that the micromechanical properties of the PCM exhibit high resistance to specific 

enzymatic digestion of aggrecan and aggrecan-associated glycosaminoglycans but are 

vulnerable to proteolytic degradation by leukocyte elastase.  

Overall, this research generates new insights into the complex structural, 

compositional, and functional relationships between the cartilage ECM and PCM and 
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provides the tools and framework for further studies to continue to investigate their 

importance in regulating chondrocyte physiology in health and disease. 
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1. Background and Significance 

1.1 Articular Cartilage Matrix Organization 

1.1.1 Extracellular Matrix 

Articular cartilage is the connective tissue that lines the articulating surfaces of 

diarthrodial joints. The role of cartilage in the joint is primarily mechanical; the tissue 

provides a nearly frictionless, lubricating, load-bearing surface that supports and 

distributes forces generated during joint motion. The functional mechanical properties 

of cartilage are conferred by the tissue’s extensive extracellular matrix (ECM) that is 

composed primarily of water (65 – 80%), type II collagen (15 – 22% wet weight), and 

proteoglycans (PGs) (4 – 7% wet weight) (McDevitt 1973; Mow et al. 1992; Martel-

Pelletier et al. 2008). The ECM is produced and maintained by a single population of 

cells known as chondrocytes that are found sparsely embedded within the tissue, 

generally occupying less than 10% of the total tissue volume in adult cartilage (Stockwell 

1971; Hunziker et al. 2002).  

The cartilage ECM is subdivided into three zones (superficial, middle, and deep) 

based on distance from the articular surface that are characterized by differences in ECM 

composition and ultrastructure (Muir et al. 1970; Venn and Maroudas 1977; Jeffery et al. 

1991; Hwang et al. 1992; Hunziker et al. 1997; Hughes et al. 2005; Vanden Berg-Foels et 

al. 2012) and chondrocyte morphology and arrangement (Hwang et al. 1992; Hunziker et 

al. 2002; Hughes et al. 2005; Quinn et al. 2005). In terms of composition, ECM collagen 
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content is highest in the superficial zone and decreases with depth through the middle 

and deep zones. PG content follows an inverse trend, being lowest in the superficial 

zone and highest in the deep zone (Stockwell and Scott 1967; Muir et al. 1970; Venn and 

Maroudas 1977; Maroudas et al. 1980). Type II collagen fibers are arranged in an arcade-

like architecture through the tissue depth (Jeffery et al. 1991; Hwang et al. 1992). In the 

superficial zone, closely packed thin fibers (25 – 50 nm diameter) lie parallel to the 

articular surface with split-lines indicating the preferred fiber orientation relative to the 

joint surface (Meachim et al. 1974; Below et al. 2002). In the middle zone, fibers are 

thicker (60 – 140 nm diameter) and are oriented at angles oblique to the articular surface 

following the split-line direction (Jeffery et al. 1991). In the deep zone, thick fibers (up to 

160 nm diameter) are oriented perpendicular to the articular surface and comprise the 

base of the arcades. Chondrocyte morphology and arrangement reflect the local type II 

collagen fiber orientation in the ECM. Chondrocytes are ellipsoidal and elongated along 

split-lines in the superficial zone, more spherical in the middle zone, and are found in a 

columnar arrangement in the deep zone (Quinn et al. 2005).  

Variations in matrix composition and ultrastructure contribute to depth- 

(Kempson et al. 1973; Jurvelin et al. 1997; Schinagl et al. 1997; Chen et al. 2001; Wu and 

Herzog 2002; Wong and Sah 2010) and directional-dependent (Mizrahi et al. 1986; 

Jurvelin et al. 2003; Wang et al. 2003; Chahine et al. 2004; Huang et al. 2005) macroscale 

mechanical properties of the ECM. In tension, ECM stiffness decreases with depth from 
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the superficial to the deep zone, reflecting differences in collagen and PG content 

(Akizuki et al. 1986) and fiber orientation (Chahine et al. 2004). In compression, the 

aggregate modulus of the ECM increases through the depth of the tissue (Schinagl et al. 

1997; Chen et al. 2001), with a difference of up to two orders of magnitude observed 

between the superficial and deep zones in bovine cartilage (Schinagl et al. 1997). 

1.1.2 Pericellular Matrix 

Each chondrocyte is surrounded by a narrow region called the pericellular 

matrix (PCM) that together with the enclosed cell(s) is termed the “chondron” 

(Benninghoff 1925; Poole et al. 1987). The PCM is biochemically (Poole et al. 1988; Poole 

et al. 1997; Hunziker et al. 2002) and structurally (Poole et al. 1984; Poole et al. 1987; 

Hunziker et al. 1997) distinct from the bulk ECM. In normal cartilage, the PCM is often 

defined by the exclusive presence and localization of type VI collagen around the 

chondrocyte (Poole et al. 1988; Poole et al. 1992; Hagiwara et al. 1993; Youn et al. 2006) 

but also contains thin type II collagen fibers (15 – 20 nm diameter) (Poole et al. 1982) as 

well as type IX and XI collagen (Poole 1997; Poole et al. 1997). The PCM is also 

characterized by an elevated concentration of PGs (Hunziker et al. 2002), including 

aggrecan (Poole et al. 1982; Poole et al. 1991a), hyaluronan (HA) (Poole et al. 1991a; 

Knudson 1993; Cohen et al. 2003), biglycan (Kavanagh and Ashhurst 1999), and perlecan 

(SundarRaj et al. 1995; Melrose et al. 2006), and glycoproteins, including link protein 

(Poole et al. 1982), fibronectin (Chang et al. 1997), and laminin (Durr et al. 1996). Unlike 
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the large, distinct triple helical fibers formed by type II collagen, type VI collagen 

monomers assemble into characteristic thin (3 – 10 nm diameter) beaded filaments 

(Bruns et al. 1986). These microfilaments interact with PGs and small diameter type II 

collagen fibers to form extended hexagonal networks (Kielty et al. 1992; Wiberg et al. 

2001; Wiberg et al. 2002; Wiberg et al. 2003) that constitute the mesh-like capsule of the 

PCM (Poole et al. 1984; Poole et al. 1987). PCM thickness varies locally around single 

chondrocytes (Poole et al. 1987; Hunziker et al. 1997) and increases with depth through 

the cartilage zones, ranging from 2 μm thick in the superficial zone to 4 μm thick in the 

deep zone of porcine cartilage (Youn et al. 2006). PCM morphology, like that of its 

enclosed chondrocytes, reflects the type II collagen orientation of the local ECM (Youn et 

al. 2006; Vanden Berg-Foels et al. 2012).  

Quantification of the biomechanical properties of the PCM is a challenge due to 

its micrometer length scale. Previous studies that have directly quantified the elastic and 

biphasic properties of the PCM required enzymatic (Guilak et al. 1999; Nguyen et al. 

2010) and mechanical (Alexopoulos et al. 2003; Alexopoulos et al. 2005b; Guilak et al. 

2005; Alexopoulos et al. 2009) isolation of chondrons from the tissue. In micropipette 

aspiration studies, the Young’s modulus of the PCM of mechanically isolated chondrons 

from human cartilage was reported to be 40 – 70 kPa, an order of magnitude less than 

the macroscale properties of the surrounding ECM (Alexopoulos et al. 2003; 

Alexopoulos et al. 2005b). Micropipette aspiration of canine (Guilak et al. 2005) and 
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human (Alexopoulos et al. 2003; Alexopoulos et al. 2005b) chondrons mechanically 

isolated from the superficial and middle/deep zones revealed zonal uniformity in the 

mechanical properties of the PCM, despite the significant zonal differences in ECM 

properties. One more recent study evaluated the biomechanical properties of the PCM in 

situ indirectly using an inverse boundary element analysis coupled with three-

dimensional confocal microscopy of porcine chondrons (Kim et al. 2010).  In this study, 

the Young’s modulus of middle zone PCM was estimated to be 25 – 59 kPa. The results 

from all methods agree that the mechanical properties of the PCM are significantly less 

than those of the surrounding ECM. However, these methods fail to provide a means for 

full evaluation of the chondrocyte micromechanical environment in situ. 

1.1.3 Territorial Matrix 

The territorial matrix (TM) is a structural transition region between the fine type 

VI collagen microfilaments of the PCM and the thick type II collagen fibers of the ECM 

(Poole et al. 1984). Since no distinct structural boundaries exist among these three matrix 

regions, the TM has been identified based on qualitative differences in PG staining and 

type II collagen fibril architecture (Poole et al. 1982; Poole et al. 1984; Poole et al. 1987; 

Hunziker et al. 1997). While some studies report an abrupt loss in type VI collagen 

staining at the PCM periphery to mark the PCM-TM transition (Poole et al. 1992; Pullig 

et al. 1999), others have reported a gradient of increasing type II collagen fiber diameter 

outward from the PCM, with the TM comprising the regions of thinner, widely-spaced 
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type II collagen fibers that are directly interwoven with type VI collagen (Soder et al. 

2002). Since previous studies of the chondrocyte micromechanical environment have 

been limited by the need for physical extraction of the chondron and the lack of a precise 

biochemical definition of the TM, the mechanical properties of the TM region have not 

been evaluated.  

1.2 Biomechanical Role of the Pericellular Matrix 

During joint activity, chondrocytes are subjected to a complex mechanical 

environment consisting of temporal and spatial variations in stress and strain, 

hydrostatic pressure, streaming potentials, and osmotic pressure (Mow et al. 1994; 

Bachrach et al. 1998; Lai et al. 2002; Mow and Guo 2002; Wang et al. 2002b). While the 

exact functional role of the PCM in cartilage is unknown, any signal perceived by the 

chondrocyte, either biochemical or biomechanical, is likely influenced by the presence of 

the PCM (Guilak et al. 2006). Since this mechanical environment has been shown to 

significantly impact the balance of chondrocyte anabolic and catabolic activities and 

influence the overall health of the joint (Guilak et al. 1997; Grodzinsky et al. 2000; 

Williams et al. 2010; Guilak 2011), there has been considerable speculation regarding the 

biomechanical role of the PCM.  

It has been hypothesized that each chondrocyte tailors its PCM based on the 

unique set of dynamic mechanical forces at its position within the matrix (Poole et al. 

1988), suggesting that the PCM serves to regulate the biomechanical microenvironment 
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of the chondrocyte, protecting the cell during compressive loading (Poole et al. 1987), 

and serving as a transducer of mechanical signals during joint loading (Guilak et al. 

2006). Previous theoretical models (Guilak and Mow 2000; Wu and Herzog 2002; 

Alexopoulos et al. 2005a; Korhonen et al. 2006; Michalek and Iatridis 2007; Korhonen 

and Herzog 2008; Julkunen et al. 2009) and experimental studies (Knight et al. 1998; 

Knight et al. 2001; Hing et al. 2002; Choi et al. 2007; Villanueva et al. 2009) have 

demonstrated that stress and strain in the vicinity of the chondrocyte is significantly 

influenced by the relative mechanical properties of the cell, PCM, and ECM. In 

particular, the ratio of PCM to ECM mechanical properties significantly alters stress and 

strain in the chondrocyte microenvironment (Guilak and Mow 2000), allowing the PCM 

to facilitate the amplification or shielding of forces depending on a cell’s position within 

the tissue (Choi et al. 2007).  

1.3 Glycosaminoglycans and Proteoglycans of Articular 
Cartilage 

Articular cartilage is characterized by a high concentration of PGs and 

glycosaminoglycans (GAGs). GAGs are long, linear polysaccharides that are most 

commonly found covalently attached to the core protein of PGs. GAGs are characterized 

by their high concentration of negatively-charged carboxylate and sulfate groups. The 

five GAG species found in cartilage are chondroitin sulfate (CS), dermatan sulfate (DS), 

keratan sulfate (KS), heparan sulfate (HS), and hyaluronan (HA). The specific functional 
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properties of PGs and their interactions with other matrix proteins are conferred by their 

unique combination of GAG chains and protein domain structures.  

1.3.1 Glycosaminoglycans 

Chondroitin sulfate (CS) and dermatan sulfate (DS) are derived from the same 

unsulfated precursor, chondroitin, which consists of galactosamine and glucoronic acid 

disaccharide units. The most common chondroitin derivatives, chondroitin-4-sulfate 

(chondroitin sulfate A, C-4-S), DS (chondroitin sulfate B), and chondroitin-6-sulfate 

(chondroitin sulfate C, C-6-S), are differentiated by their chemical modifications. C-4-S 

and C-6-S are sulfated at the 4-position and 6-position of the galactosamine, respectively, 

whereas DS undergoes conversion of glucoronic acid to iduronic acid and is sulfated at 

the 4-position of the galactosamine (Ernst et al. 1995; Gandhi and Mancera 2008). CS is 

the most prominent GAG in articular cartilage (Knudson and Knudson 2001), consisting 

of at least 80% of the total GAG in the tissue (McDevitt 1973). The proportions of C-4-S 

and C-6-S vary with age, anatomical location, and depth from the articular surface 

(Mourao 1988; Caterson et al. 1990; Bayliss et al. 1999). In human cartilage, the 

proportions of C-4-S and C-6-S in young cartilage (9 years) are approximately 40% and 

60%, respectively, as compared to approximately 15% and 85% in old cartilage (60 years) 

(Bayliss et al. 1999). Overall, CS content and chain length decrease with age (Rosenberg 

et al. 1965; Buckwalter et al. 1994). On the other hand, DS accounts for less than 1% of 

the total GAG in cartilage (Burkhardt et al. 1995; Hall et al. 2009). 
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Keratan sulfate (KS) consists of repeating disaccharide units of glucosamine and 

galactose with sulfate groups found at the 6-position on almost all glucosamine units 

and some galactose units (Ernst et al. 1995; Funderburgh 2000). There are two major 

species of KS (KSI and KSII) that differ in their linkage to the PG core protein. Both are 

found in articular cartilage. In contrast to CS, KS content and chain length in cartilage 

increase with age (Bayliss and Ali 1978; Venn 1978; Brown et al. 1998). In porcine 

cartilage, the ratio of KS to CS increases from approximately 1:30 in fetal tissue to 1:4 in 

adults (McDevitt 1973).  

Heparan sulfate (HS) is structurally related to heparin, containing repeating 

disaccharide units of glucosamine and either glucuronic acid or iduronic acid (Scott 

1988; Ernst et al. 1995; Gandhi and Mancera 2008). While HS has a lower charge density 

than heparin (Ernst et al. 1995; Gandhi and Mancera 2008), it is still one of the most 

highly negatively charged extracellular molecules in the body (Kirn-Safran et al. 2009). 

HS is a minor GAG species in articular cartilage, found on cell-surface PGs and in the 

chondrocyte microenvironment (Heinegard 2009). In adult rabbit articular cartilage, the 

ratio of HS to CS was reported to be 1:40 (Price et al. 1996). 

1.3.2 Hyaluronan 

Hyaluronan (HA) has a homogeneous structure of repeating disaccharide units 

of glucosamine and glucuronic acid. HA is unique among GAGs in that it is unsulfated, 

has a very high molecular weight (100 – 104 kDa), and is synthesized as a free 
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polysaccharide at the plasma membrane that is released directly into the ECM (Ernst et 

al. 1995; Fraser et al. 1997; Roughley 2006).  

Unlike other GAGs, HA is not covalently linked to a PG core protein. Instead, it 

is recognized by and interacts with several glycoproteins and PGs to form and stabilize 

large PG aggregates, most notably link protein and aggrecan in the cartilage ECM. While 

HA demonstrates no electrostatic binding with type II collagen (Scott 1988; Vogel 1994), 

HA affects type II collagen fiber spacing and sliding and contributes to the very low 

permeability of cartilage through its role as the backbone of PG aggregates (Vogel 1994; 

Fraser et al. 1997; Bastow et al. 2008). Specific enzymatic digestion of HA from cartilage 

explants results in an increase in macroscale tensile properties (Asanbaeva et al. 2008) 

and a loss of macroscale compressive properties (Broom and Poole 1983) due to the 

disruption of PG aggregates.  

In the cell microenvironment, HA provides a direct link between the chondrocyte 

and its surrounding matrix via interactions with CD44 (Knudson 2003) and its roles in 

PCM organization. In vitro, chondrocytes synthesize an expansive HA-rich PCM that is 

dependent on CD44-HA interactions for assembly and retention (Knudson 1993; Lee et 

al. 1993; Knudson et al. 1996; Maleski and Knudson 1996; Cohen et al. 2003; Rilla et al. 

2008). Several studies have demonstrated that HA interacts with type VI collagen 

microfilaments (McDevitt et al. 1991; Kielty et al. 1992; Specks et al. 1992) and that the 

presence of HA facilitates spontaneous reassembly of depolymerized type VI collagen 
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microfilaments (Kielty et al. 1992). Extensive enzymatic digestion of HA significantly 

alters PCM ultrastructure and morphology in situ (Poole et al. 1985). These results 

suggest that interactions between HA and type VI collagen are essential for 

microfilament assembly and network stabilization in the PCM. 

1.3.3 Aggrecan 

Aggrecan is the most prominent PG in articular cartilage. The aggrecan core 

protein has a modular structure of three globular domains (G1, G2, G3), an inter-

globular domain (IGD) between the G1 and G2 domains, and an extended GAG 

attachment domain between the G2 and G3 domains (Paulsson et al. 1987). The GAG 

attachment region consists of one KS domain, containing approximately 30 KS chains 

(Doege et al. 1991; Funderburgh 2000), and two CS domains, containing a total of 

approximately 100 CS chains (Doege et al. 1991). Aggrecan monomers assemble into 

large PG aggregates through G1 domain interactions with HA and link protein 

(Morgelin et al. 1988). The functional properties of aggregates depend upon the number 

of monomers (10 – 100 per aggregate), the degree of proteolytic processing of the 

monomers, and the proportion of link protein stabilizing the aggrecan-HA interactions 

(Roughley et al. 2003; Roughley 2006).  

In the ECM, aggrecan fills the spaces within the type II collagen network to 

generate a fiber-reinforced composite solid matrix (Poole et al. 1982; Mow et al. 1992). 

Aggrecan interacts with type II collagen through the GAG domains of its core protein 
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(Hedlund et al. 1999) and strong electrostatic interactions with its CS chains (Obrink et 

al. 1975; Oegema et al. 1975; Junqueira and Montes 1983; Scott 1988). Through these 

interactions, aggrecan is thought to mediate type II collagen fiber sliding and retard 

deformation in response to tensile loading of the tissue (Schmidt et al. 1990; Scott and 

Stockwell 2006; Asanbaeva et al. 2008).  

Aggrecan is the main contributor to cartilage macroscale compressive properties 

due to its high abundance and highly negative charge (Lai et al. 1991). In total, CS chains 

contribute 8,000 – 10,000 negatively charged sulfate groups to each aggrecan monomer 

(Dudhia 2005). These closely space, immobilized groups give rise to a high charge 

density within the tissue referred to as the fixed charge density (FCD). In order to 

maintain electroneutrality, each fixed negative charge requires a nearby positive ion in 

the interstitial fluid. As a result, the total ion concentration inside the tissue is greater 

than in its environment. This imbalance in mobile ions generates the Donnan osmotic 

pressure and is the main force behind cartilage swelling behavior (Lai et al. 1991). The 

Donnan osmotic pressure contributes 30 – 50% of the compressive aggregate modulus of 

articular cartilage (Eisenberg and Grodzinsky 1985; Mow et al. 1998) and approximately 

20% of the equilibrium Young’s modulus at physiological ionic strength (Sun et al. 2004). 

Loss of FCD, either through experimental enzymatic digestion (DiSilvestro and Suh 

2002; Korhonen et al. 2003; Basalo et al. 2004) or disease (Maroudas and Venn 1977; 
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Flahiff et al. 2004; Le and Fleming 2008), significantly reduces cartilage macroscale 

compressive properties. 

1.3.4 Decorin and Biglycan 

Decorin, a small leucine-rich repeat PG (SLRP), carries a single DS/CS chain on 

the N-terminal region of its core protein (Krishnan et al. 1999) and non-PG forms are 

present in adult cartilage (Witsch-Prehm et al. 1992). Decorin is found predominantly in 

the cartilage ECM, preferentially localized to the superficial and middle zones (Archer et 

al. 1996; Poole et al. 1996; Kavanagh and Ashhurst 1999). While decorin is designated as 

a minor component of cartilage, it has been speculated to play a major role in organizing 

the type II collagen network (Scott 1988; Roughley 2006). Decorin interacts with type II 

collagen via its core protein (Hedbom and Heinegard 1989; Hedbom and Heinegard 

1993) and DS chains (Scott 1988; Vogel 1994) and has been implicated in regulating fiber 

spacing and inter-fiber interactions (Hedbom and Heinegard 1993; Scott and Stockwell 

2006). Specific digestion of DS had no effect on cartilage macroscale tensile or 

compressive properties, suggesting that DS is not a load-bearing element in the ECM 

(Hall et al. 2009).  

Biglycan is the predominant SLRP in the cartilage PCM (Vogel 1994; Archer et al. 

1996; Kavanagh and Ashhurst 1999). Biglycan is biochemically similar to decorin but 

carries two DS/CS chains on its core protein (Krishnan et al. 1999) and non-PG forms are 

present in adult cartilage (Witsch-Prehm et al. 1992; Roughley et al. 1993). Biglycan 
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strongly interacts with type VI collagen via its core protein (Wiberg et al. 2001) and 

shows no affinity for type II collagen (Roughley 2006). In vitro, biglycan efficiently 

assembles type VI collagen microfilaments into extensive hexagonal networks in a 

manner that is dependent on intact DS/CS chains (Wiberg et al. 2002). Complexes of 

biglycan and matrilin-1 mediate interactions between type VI collagen microfilaments 

and type II collagen and aggrecan in a GAG-independent manner (Wiberg et al. 2003). 

These results suggest that biglycan is necessary for PCM assembly and structural 

connection to the adjacent ECM. 

1.3.5 Perlecan 

Though more commonly associated with basement membranes, perlecan is a 

prominent PG in the cartilage PCM (SundarRaj et al. 1995; Melrose et al. 2005; Melrose et 

al. 2006; Kvist et al. 2008). Perlecan is a large, modular HS PG with five distinct domains 

that contains up to three HS chains in domain I and an additional HS substitution in 

domain V (SundarRaj et al. 1995; Melrose et al. 2005; Melrose et al. 2006; Kvist et al. 

2008), though all can also be alternatively substituted with CS (Kvist et al. 2006; Smith et 

al. 2007).  Perlecan is essential for normal cartilage development and likely plays an 

important role in cartilage matrix organization. Functional null mutations of perlecan in 

humans and mice result in potentially lethal skeletal dysplasias (Arikawa-Hirasawa et 

al. 1999; Costell et al. 1999; French et al. 1999; Arikawa-Hirasawa et al. 2001a; Arikawa-

Hirasawa et al. 2001b; Arikawa-Hirasawa et al. 2002) and perlecan-null mice exhibit 
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similar skeletal abnormalities as type II collagen-null mice (Gustafsson et al. 2003). 

Perlecan promotes chondrocyte attachment and its prevalence in the chondrocyte 

microenvironment suggests a functional role in cell-matrix interactions (SundarRaj et al. 

1995; Kirn-Safran et al. 2009). Though perlecan domain I HS-deficient mice develop 

phenotypically normal cartilage (Rossi et al. 2003), the HS chains of perlecan have been 

implicated in biochemical signaling and matrix organization. Perlecan interacts with and 

modulates the signaling of multiple growth factors through its HS chains, most notably 

the fibroblast growth factors (FGFs) (Aviezer et al. 1994; Whitelock et al. 1996; Knox et al. 

2002; Smith et al. 2007; Whitelock et al. 2008; Chuang et al. 2010).  HS demonstrates 

strong electrostatic binding affinity for many PCM matrix components, including type 

VI collagen (Tillet et al. 1994), type II collagen (Scott 1988), fibronectin and laminin 

(Battaglia et al. 1992). Through these interactions, perlecan may have an important role 

in structural organization and stabilization of the chondrocyte PCM. 

1.4 Osteoarthritis 

Osteoarthritis (OA) is a joint disease characterized by the progressive 

degeneration and loss of articular cartilage, causing severe pain and disability. In the 

United States, over 20 million people suffer from OA, resulting in a total economic 

burden of over $80 billion annually (Buckwalter and Martin 2006; Bitton 2009). While 

initially thought to be a disease of “normal wear and tear” associated with advanced 

age, it is now recognized that OA is caused by a complex interplay among biochemical 
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factors, joint structure, and joint biomechanics (Aigner et al. 2006; Poole et al. 2007; 

Goldring 2008) that result in an imbalance in anabolic and catabolic signaling pathways 

in joint tissues (Sandell and Aigner 2001; Sandell 2007). 

In the cartilage ECM, degeneration begins at the articular surface and progresses 

through the depth of the tissue. Early degeneration is marked by physical disruption of 

the articular surface. Over time, surface fibrillation leads to erosion of the superficial 

zone and the formation of vertical fissures that eventually reach the subchondral bone 

(Pritzker et al. 2006). The degradation front is marked by extensive proteolysis of the 

type II collagen network (Dodge and Poole 1989; Hwang et al. 1992; Hollander et al. 

1995; Poole et al. 1997) and PGs (Plaas et al. 2007). During the early stages of OA, 

chondrocytes increase synthesis of matrix components in an attempt to replace the lost 

tissue. However, there is evidence of phenotypic change in OA chondrocytes marked by 

altered expression patterns of types I, II, III, and X collagen (Aigner et al. 1999; Fukui et 

al. 2008) and altered patterns of PG synthesis (Cs-Szabo et al. 1997; Tesche and Miosge 

2004), sulfation (Caterson et al. 1990; Rizkalla et al. 1992; Roughley 2001), glycosylation 

(Witsch-Prehm et al. 1992; Roughley et al. 1993), distribution (Venn and Maroudas 1977; 

Poole et al. 1996; Bock et al. 2001; Tesche and Miosge 2004), and aggregate assembly 

(McDevitt and Muir 1976). This limited repair response cannot overcome the catabolic 

signaling cascades initiated by the inflammatory and abnormal mechanical 

environments in the joint (Poole et al. 2007). The net result is an overall loss of ECM 



 

17 

components and a progressive loss of cartilage thickness until the underlying bone is 

exposed. 

Relationships between structural and histological changes and altered cartilage 

mechanical properties have been observed in all stages of OA degeneration (Armstrong 

and Mow 1982; Kleemann et al. 2005; Hennerbichler et al. 2008). Disruption of the type II 

collagen network dramatically decreases the cartilage tensile modulus (Kempson et al. 

1973; Akizuki et al. 1986; Setton et al. 1999). Damage to the collagen network, coupled 

with an increase in water content and loss of PGs, leads to abnormal swelling of the 

tissue (McDevitt and Muir 1976; Venn and Maroudas 1977) and increased hydraulic 

permeability (Armstrong and Mow 1982; Setton et al. 1999; Hennerbichler et al. 2008). 

Combined, these changes contribute to the loss of cartilage compressive properties 

associated with OA (Armstrong and Mow 1982; Setton et al. 1999; Kleemann et al. 2005; 

Hennerbichler et al. 2008).  

Since chondrocytes produce many of the catabolic enzymes implicated in OA 

(Cawston and Young 2010), it is not surprising that the PCM undergoes extensive 

structural and mechanical changes as well. Away from the articular surface, type II 

collagen and aggrecan degradation products are first observed in the PCM/TM region 

and later appear in the bulk ECM (Dodge and Poole 1989; Hollander et al. 1995; Gibson 

et al. 2001; Plaas et al. 2007), supporting the hypothesis that degradative enzymes 

involved in OA slowly digest their way into and through the tissue to gain access to 
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remote regions (Bonassar et al. 1995). Despite local enzymatic degradation of the matrix, 

enlarged chondrons are prevalent OA cartilage (Poole et al. 1991b; Lee et al. 2000). This 

increase in chondron volume is due to a net increase in PCM matrix component 

production and deposition (Poole et al. 1991b; Lee et al. 2000; Horikawa et al. 2004), most 

notably type VI collagen (Hambach et al. 1998; Pullig et al. 1999; Lee et al. 2000), and a 

loosely organized ultrastructure (Poole et al. 1991b; Lee et al. 2000; Murray et al. 2010), 

which may be influenced by an altered type VI collagen microfilament structure (Soder 

et al. 2002) and abnormal swelling (Poole 1997). These structural changes are coupled to 

a loss of PCM mechanical function. Micropipette aspiration of isolated chondrons from 

OA cartilage demonstrated a 50% drop in Young’s modulus and increased permeability 

as compared to chondrons from healthy tissue (Alexopoulos et al. 2003; Alexopoulos et 

al. 2005b). 

1.5 Atomic Force Microscopy 

The atomic force microscope (AFM) was developed in 1986 by Binnig and 

colleagues (Binnig et al. 1986) as a means for high resolution topographical imaging of 

non-conductive surfaces. Over the last 25 years, the applications of AFM have reached 

beyond topographical imaging and into the realm of biomechanics with its unique 

combination of piconewtown force sensitivity, nanometer spatial resolution, and its 

ability to perform real-time measurements in aqueous environments (Costa 2003).  



 

19 

1.5.1 Principles of Operation 

 The principal component of an AFM is a microscopic cantilever and its 

associated tip (Figure 1-1). The cantilever acts as a mechanical transducer as forces 

generated during interaction between the tip and the substrate cause the cantilever to 

deflect. Cantilever deflection is measured using a laser that is reflected off the end of the 

cantilever onto a photodiode. The distance between the cantilever and the photodiode 

amplifies the reflected laser motion such that sub-nanometer changes in cantilever 

deflection can be detected. By calibrating the spring constant (k) of the cantilever from its 

thermal oscillations (Hutter and Bechhoefer 1993), the force (F) generated during tip-

sample interactions is calculated from cantilever deflection (d) using Hooke’s Law 

 F kd   (1.1) 

As a result, the AFM is capable of applying a wide range of loads based on the spring 

constant of the cantilever.  
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Figure 1-1: Schematic of AFM operation. Interaction between the tip and the 

substrate causes the cantilever to deflect. This deflection is measured using a laser 

reflected off the end of the cantilever onto a photodiode. By calibrating the spring 

constant of the cantilever, the applied force can be calculated. Three piezoelectric 

actuators control the movement of the cantilever in the x-, y-, and z- directions.  

 

The vertical position of the cantilever is controlled with sub-nanometer precision 

by a piezoelectric actuator (z-piezo). Two additional piezoelectric actuators control the 

position of the cantilever in the plane of the substrate (x- and y-piezo), allowing the tip 

to be raster scanned over a defined region to generate a topographical image.  

By taking advantage of the movement capabilities of all three piezos, the AFM 

can be used to combine topographical imaging with precisely controlled indentation. By 

collecting indentation arrays, spatial maps of mechanical properties can be overlaid on 

topographical images for the direct correlation of local mechanical properties with 

underlying structural features (Radmacher et al. 1992). This technique known as stiffness 
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or force-volume mapping has been used to investigate the mechanical properties of a 

number of biological substrates including cells (Hofmann et al. 1997; Rotsch et al. 1997; 

A-Hassan et al. 1998; Haga et al. 2000; Sato et al. 2007) and local features in soft tissues, 

including hippocampus (Elkin et al. 2007), cornea (Last et al. 2009), atherosclerotic 

plaques (Tracqui et al. 2011), and cartilaginous tissues like intervertebral disc (Lewis et 

al. 2008), fibrocartilage (Hu et al. 2001), growth plate (Allen and Mao 2004; 

Radhakrishnan et al. 2004), and articular cartilage (Stolz et al. 2004; Tomkoria et al. 2004; 

Park et al. 2009; Stolz et al. 2009; Desrochers et al. 2010; Loparic et al. 2010).  

1.5.2 Evaluation of Elastic Indentation using Modified Hertz Model 

For AFM-based elastic indentation, voltage is applied to the z-piezo to displace 

the cantilever at a specified velocity. Probe contact with the substrate is marked by a 

sharp increase in cantilever deflection. Once in contact with the substrate, the cantilever 

continues to descend until a specified trigger force is reached. At this point, the 

downward motion of the cantilever is stopped and the cantilever is retracted from the 

surface (Figure 1-2A, B).  

Raw data for cantilever deflection and z-piezo position from the indentation 

portion of the approach curve is subsequently modeled using the Hertz equation for 

indentation of an isotropic elastic half space with a hard spherical indenter 
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where F is the applied force, E is the elastic modulus, r is the radius of the spherical 

indenter, ν is the Poisson’s ratio, and δ is the applied indentation (Harding and Sneddon 

1945). The applied force (F) is derived from cantilever deflection using Hooke’s Law 

(Equation 1.1). Indentation (δ) is related to the z-piezo position and cantilever deflection 

through 

        
0 0

z z d d   (1.3) 

where z is the z-piezo position at the trigger point,
0

z is the z-piezo position at the contact 

point, d is the cantilever deflection at the trigger point, and 
0

d is the cantilever deflection 

at the contact point (Dimitriadis et al. 2002) (Figure 1-2c).  
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Figure 1-2: AFM-based elastic indentation. (A) Z-piezo movement during a 

single indentation consists of two ramp displacements at a specified velocity 

comprising the approach (red) and retraction (blue) of the cantilever. (B) Raw data for 

cantilever deflection and z-piezo position is recorded during indentation. Contact 

with the substrate is marked by a sharp increase in cantilever deflection. (C) Force-

indentation data from the indentation portion of the approach curve (red) is curve-fit 

with a modified Hertz model (black) to calculate the elastic modulus of the substrate.  

 

When the Hertz model is used in the form presented in Equation 1.2, it is 

essential to determine the exact contact point between the probe and the substrate to 

achieve an accurate calculation of the indentation. Precise definition of the contact point 

is difficult when performing indentation on low modulus materials and even small 

errors in contact point selection can result in significant errors in the calculated elastic 
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modulus (Dimitriadis et al. 2002; Guo and Akhremitchev 2006). To address this problem, 

Guo and Akhremitchev introduced a contact point extrapolation method that applies a 

linearized Hertz model to calculate the elastic modulus (Guo and Akhremitchev 2006). 

Briefly, indentation can be rewritten as 

   C   (1.4) 

where  
0 0

C d z  represents a constant related to the unknown contact point and 

  z d  represents the tip-sample separation. The linearized Hertz model uses the 

slope of the 2/3F  vs. Δ curve to calculate the elastic modulus 
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where C* is a constant that depends on the selection of tip-sample contact point. The 

Poisson’s ratio (ν) is selected based on previously published values for the substrate of 

interest. Following calculation of the elastic modulus, the contact point can be 

extrapolated from the x- and y-intercepts of the linearized Hertz model. 

Application of the Hertz model to thin soft samples can lead to significant errors 

in calculated moduli under finite deformations due to contributions from the underlying 

substrate. However, few theoretical models are tractable for routine analysis of the large 

number of force-indentation curves required for AFM-based stiffness mapping. To this 

end, a polynomial-based correction factor for the Hertz model was developed by 

Dimitriadis and colleagues (Dimitriadis et al. 2002) that depends on probe radius, 
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indentation depth, sample thickness, and sample Poisson’s ratio (Appendix A). In cases 

of finite deformation, the calculated elastic modulus from the linearized Hertz model 

can be multiplied by the polynomial to correct for apparent stiffening related to finite 

sample thickness. In the current work, applied forces and indentation depths were 

selected to minimize these effects.  

1.5.3 Influence of Probe Geometry on AFM-based Indentation 

Previous studies have shown that experimental parameters chosen for AFM-

based indentation, including applied force (Appendix B)(Park et al. 2009), indentation 

velocity (Appendix C)(Han et al. 2011), probe shape and size (Costa and Yin 1999; 

Dimitriadis et al. 2002; Stolz et al. 2004; Stolz et al. 2009; Loparic et al. 2010), and accurate 

representation of tip geometry in model fitting (Costa and Yin 1999), can impact the 

measured mechanical properties (Stolz et al. 2004; Park et al. 2009). Probe geometry in 

particular has been shown to significantly affect the material properties drawn from 

AFM indentation of soft samples (Costa and Yin 1999; Dimitriadis et al. 2002), including 

articular cartilage (Stolz et al. 2004; Stolz et al. 2009; Loparic et al. 2010).  

Nanometer-sized pyramidal tips (20 nm diameter) generate local stress 

concentrations and large strains at the point of contact that often fall outside the linear, 

small strain regime. In addition to potentially damaging soft biological samples, these 

finite deformations generate significant errors when using models that are derived from 

linear elasticity, including the Hertz model (Equation 1.2). On the other hand, microscale 
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spherical probes cause minimal stress and strain concentrations for the same applied 

force (Costa and Yin 1999; Dimitriadis et al. 2002).  

Furthermore, there are inherent physical differences in load support when 

performing indentation with a nanometer-sized tip as compared to a microscale 

spherical probe. Since nanometer-sized tips are smaller than the diameter of individual 

collagen fibers (20 – 160 nm diameter (Hwang et al. 1992)), moduli obtained using 

nanoindentation methods reflect those of individual matrix components (Loparic et al. 

2010) (Figure 1-3). On the other hand, micrometer-sized spherical tips are large enough 

that structural elements act in concert to support the applied load in a manner that is 

more similar to macroscale indentation (Stolz et al. 2004; Loparic et al. 2010). As a result, 

a difference of two-orders of magnitude was observed in articular cartilage ECM elastic 

moduli measured using a nanometer-scale pyramidal tip as compared to a micrometer-

scale spherical tip (Stolz et al. 2004) with microscale elastic moduli being more 

comparable to macroscale measurements. 
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Figure 1-3: Comparison of nanoscale and microscale contact areas during AFM 

indentation of articular cartilage. A representative AFM image of the porcine articular 

cartilage ECM is shown. Nanometer-sized pyramidal tips generate contact footprints 

(10 nm contact radius; red) that are smaller than the diameter of individual collagen 

fibers, resulting in moduli that reflect individual matrix components. Micrometer-

sized spherical tips generate contact footprints (1 μm contact radius; blue) that are 

large enough that matrix components act in concert to support the applied load in a 

manner more similar to macroscale indentation. Scale bar = 1 μm.  

 

While microscale spherical probes reduce stress concentration and yield moduli 

comparable to macroscale properties, use of large probes limits lateral resolution. Any 

topographical image obtained with AFM is the convolution of the true surface 

topography and the probe geometry. As a result, information is lost when features have 

smaller or similar radii as compared to the probe. When performing indentation, the 
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contact radius, a, scales with both probe radius (r) and indentation depth (δ) (Dimitriadis 

et al. 2002) as described by 

 a r   (1.6) 

For a given indentation depth, larger radius probes generate a larger contact footprint 

than smaller probes and calculated mechanical properties reflect those of the entire 

contact footprint, not just the specific point of interest. As a result, the mechanical 

properties of features smaller than the contact radius cannot be independently resolved. 

1.6 Research Goals and Significance  

The overall goals of this research are to develop techniques that seek to: 

1) evaluate the microscale elastic properties of the cartilage PCM and ECM in 

situ and 

2) correlate site-specific biochemical composition with biomechanical 

properties of the PCM and ECM. 

Previous studies of PCM mechanical properties have been limited by the need 

for physical extraction of chondrons from the tissue. The first research goal seeks to 

validate and apply an AFM-based microindentation technique to directly evaluate the 

biomechanical properties of the PCM and ECM in situ with minimal disruption of native 

matrix integration.  

The relationship between the molecular constituents of the cartilage matrix and 

its mechanical properties are not fully understood. The second research goal seeks to 
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develop a novel immunofluorescence-guided AFM microindentation technique to 

correlate site-specific biochemical composition with biomechanical properties within the 

cartilage PCM and ECM, allowing for a more complete characterization the chondrocyte 

micromechanical environment in situ.  

1.7 Hypotheses and Aims 

These two research goals were addressed through a total of six hypotheses and 

specific aims. Aim 1 involved the validation of AFM-based stiffness mapping for 

determining site-specific mechanical properties at the microscale in control surfaces and 

human, porcine, and murine articular cartilage. Aim 2 was accomplished through the 

application of AFM stiffness mapping to evaluate microscale anisotropy of porcine 

articular cartilage ECM and PCM. Aim 3 was accomplished by evaluating PCM and 

ECM biomechanical properties in human articular cartilage from macroscopically 

normal and early OA knee joints. Aims 4 and 5 were accomplished by developing a 

novel immunofluorescence (IF)-guided AFM microindentation technique. Using IF-

labeling for PCM-specific matrix components in porcine articular cartilage, biochemical 

composition of the PCM was correlated with its biomechanical properties. Aim 6 was 

accomplished by combining IF-guided AFM stiffness mapping with enzymatic digestion 

of GAGs and PGs in porcine articular cartilage.  

Hypothesis 1:  The microscale elastic modulus of the cartilage ECM is greater than that 

of the PCM.  
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Specific Aim 1: The microscale mechanical properties of the articular cartilage 

ECM and PCM will be evaluated in situ using an experimentally-validated AFM 

stiffness mapping technique.  

 Hypothesis 2:  The cartilage ECM exhibits depth- and directional-dependent microscale 

mechanical properties whereas PCM moduli are uniform with depth and isotropic. 

 Specific Aim 2: Microscale elastic moduli of porcine articular cartilage ECM and 

PCM will be evaluated within each zone in three mutually-perpendicular directions 

relative to the split-line orientation. 

Hypothesis 3: The cartilage ECM and PCM exhibit alterations in microscale elastic 

moduli and their spatial distribution with the onset of OA. 

Specific Aim 3: ECM and PCM microscale mechanical properties will be mapped 

quantitatively in normal and early OA human articular cartilage.  

Hypothesis 4:  PCM biomechanical properties correlate with the presence of type VI 

collagen in the chondrocyte microenvironment.  

Specific Aim 4: Immunofluorescence will be combined with AFM-based stiffness 

mapping to evaluate the influence of the presence of type VI collagen on site-specific 

mechanical properties of cartilage in situ. 

Hypothesis 5: Perlecan is a defining factor in the boundaries of the PCM and 

contributes to site-specific mechanical properties within PCM regions. The enzymatic removal of 



 

31 

heparan sulfate reduces the microelastic properties of the PCM while having no effect on ECM 

properties.  

Specific Aim 5: Dual immunofluorescence for type VI collagen and perlecan will 

be used to guide AFM-based stiffness mapping and characterize the role of perlecan in 

the PCM.  

Hypothesis 6: Loss of mechanical integrity in the cartilage PCM and ECM is observed 

following enzymatic digestion of aggrecan and aggrecan-associated GAGs.  

Specific Aim 6: Specific and broad spectrum enzymatic digestion will be 

performed in conjunction with immunofluorescence-guided AFM stiffness mapping to 

characterize the region-specific contributions of aggrecan, CS/DS, and HA to cartilage 

micromechanical properties. 

 

 

 

 

 

 



 

32 

2. Spatial Mapping of the Biomechanical Properties of 
the Pericellular Matrix of Articular Cartilage Measured in 
situ via Atomic Force Microscopy 

A version of this chapter was published as the following: 

Darling, E.M.*, Wilusz, R.E.*, Bolognesi, M.P., Zauscher, S., Guilak, F. Spatial Mapping 

of the Biomechanical Properties of the Pericellular Matrix of Articular Cartilage 

Measured in situ via Atomic Force Microscopy. Biophysical Journal, 98(12):2848-56, 2010. 

(*E.M. Darling and R.E. Wilusz contributed equally to this work) 

 

2.1 Introduction 

Chondrocytes are embedded within an extensive extracellular matrix (ECM) that 

gives articular cartilage its functional mechanical properties. Each chondrocyte is 

surrounded by a distinct narrow region called the pericellular matrix (PCM) that 

together with the enclosed cell is termed the “chondron” (Benninghoff 1925; Poole et al. 

1987). The mechanical properties of chondrocytes (Lee and Bader 1995; Trickey et al. 

2000; Trickey et al. 2004; Leipzig and Athanasiou 2005; Darling et al. 2006; Shieh and 

Athanasiou 2006; Trickey et al. 2006; Darling et al. 2008) and the cartilage ECM (Mow et 

al. 1980; Armstrong and Mow 1982; Athanasiou et al. 1991; Schinagl et al. 1997; Stolz et 

al. 2004; Tomkoria et al. 2004; Kleemann et al. 2005; Stolz et al. 2009) have been 

characterized extensively using multiple techniques. For the PCM, previous studies have 

evaluated the elastic and biphasic properties of enzymatically and mechanically isolated 

chondrons using micropipette aspiration (Guilak et al. 1999; Alexopoulos et al. 2003; 

Alexopoulos et al. 2005b; Guilak et al. 2005; Alexopoulos et al. 2009). The Young’s 
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modulus of the PCM was reported to be 40 – 70 kPa, an order of magnitude less than 

that of the macroscale modulus of the surrounding ECM (Alexopoulos et al. 2003). While 

enzymatic isolation has been shown to significantly reduce PCM mechanical properties 

as compared to mechanical isolation (Knight et al. 2001; Guilak et al. 2005), the influence 

of mechanical isolation on PCM properties is unknown. Few studies have measured the 

biomechanical properties of cartilage PCM and its associated ECM in situ. In one recent 

study (Kim et al. 2010), the mechanical properties of the PCM were determined in situ 

using an inverse boundary element analysis coupled with three-dimensional confocal 

microscopy of chondron shape during compressive loading. In that study, the Young’s 

modulus of the PCM in intact porcine cartilage was estimated to be 24 – 59 kPa.  

Atomic force microscopy (AFM) provides a method for precise control of 

indentation testing that can be used to characterize samples down to the nanometer 

length scale (Ludwig et al. 2008). In addition to allowing for microscale measurements, a 

major advantage of AFM is its ability to simultaneously obtain height and elasticity data 

for a region of interest (Radmacher et al. 1992). This stiffness mapping technique, 

sometimes referred to as force-volume mapping (Gad et al. 1997), can be used to 

measure the elastic modulus of a sample at distinct points as the probe raster scans 

across a specified region. Stiffness mapping via AFM has been used to investigate the 

mechanical properties of cells (Hofmann et al. 1997; Rotsch et al. 1997; A-Hassan et al. 

1998) and local features in soft tissues, including the hippocampus (Elkin et al. 2007), 
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cornea (Last et al. 2009), and cartilaginous tissues (Hu et al. 2001; Allen and Mao 2004; 

Stolz et al. 2004; Tomkoria et al. 2004; Lewis et al. 2008; Park et al. 2009; Stolz et al. 2009). 

For example, using a nanoscale approach, Allen and Mao (Allen and Mao 2004) showed 

significant differences between the elastic moduli of the pericellular and interterritorial 

matrices of rat growth plate cartilage. Previous studies have shown that experimental 

parameters chosen for mechanical testing, including probe shape and size, indentation 

velocity, indentation depth, and accurate representation of tip geometry in model fitting 

(Costa and Yin 1999), impact the measured mechanical properties derived from AFM 

indentation (Stolz et al. 2004; Park et al. 2009).  

The objective of this study was to use AFM to quantify the microscale 

biomechanical properties of matched ECM and PCM regions of articular cartilage in situ. 

First, we validated the microscale stiffness mapping technique and its ability to measure 

the spatial distribution and mechanical properties of two materials using an elastomeric 

ECM/PCM model system. This indentation technique was subsequently used to measure 

the elastic properties of ECM and PCM in the middle/deep zones of human, porcine, 

and murine articular cartilage in situ.  

2.2 Materials and Methods 

2.2.1 Mechanical characterization via AFM  

Elastic moduli were mapped quantitatively with the use of a stand-alone atomic 

force microscope (MFP-3D; Asylum Research, Santa Barbara, CA). Borosilicate glass 
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spheres (5 μm diameter) were attached to the end of AFM cantilevers (k = 7.5 N/m; 

Novascan Technologies, Ames, IA) to facilitate microscale testing. Indentation curves 

were sampled at 5 kHz, with a force trigger of 750 nN prescribing the point at which the 

cantilever approach was stopped and retracted. An additional set of experiments was 

performed using a force trigger of 50 nN, but results indicated that larger indentations 

were necessary to evaluate macroscale-equivalent cartilage properties (Appendix B). For 

evaluation of PCM elastic properties, indentations (900 – 1600 sites per region, 15 μm/s 

indentation velocity) were sequentially applied over a region of interest as defined by 

microscopic examination (Figure 2-1, 2-2). ECM elastic properties were evaluated using 

the same technique over regions visually devoid of PCM (16 sites per region, 15 μm/s 

indentation velocity).  

2.2.2 Elastomeric ECM/PCM model system 

We validated the stiffness mapping technique by probing an elastomeric model 

of a soft inclusion within a stiff medium. Polyacrylamide (PA) hydrogels were chosen as 

our model materials because they have been used previously to create cell culture 

substrates with ECM-like stiffness (Engler et al. 2006), have mechanical properties that 

are tunable over three orders of magnitude by adjusting the relative amounts of 

acrylamide and bis-acrylamide in solution to vary the gel cross-link density (Pelham and 

Wang 1997; Peyton and Putnam 2005; Engelmayr and Sacks 2008), and can be patterned 

using soft lithography (Di Benedetto et al. 2005; Snyder et al. 2007).  
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For our model system, soft lithography was used form a higher-modulus PA 

mold (final acrylamide concentration of 15%, final bis-acrylamide concentration of 1.2%) 

with a regular pattern of holes (20 μm diameter, 12 μm depth, 50 μm center-to-center 

distance). Holes were filled with a lower-modulus PA (final acrylamide concentration of 

8%, final bis-acrylamide concentration of 0.6%) supplemented with tissue marking dye 

to distinguish the two materials (Figure 2-2). To lower surface tension and improve 

filling of the mold, 0.1% v/v Tween20 (Sigma-Aldrich, St. Louis, MO) was added to the 

lower-modulus PA solution. All solutions were prepared using pre-mixed solutions of 

40% acrylamide and 2% bis-acrylamide (Bio-Rad Laboratories, Hercules, CA) with 1% 

v/v 1.0 M HEPES (pH 8.5; Gibco, Carlsbad, CA) and purified water (Sigma-Aldrich). 

Polymerization was initiated with ammonium persulfate (10% w/v solution in water; 

Bio-Rad) (1:200 v/v) and N,N,N,N-tetramethylethylene diamine (1:2000 v/v; TEMED; 

Bio-Rad).  

A similar model was made using polydimethylsiloxane (PDMS) to validate 

testing on higher-modulus materials. The higher-modulus mold was comprised of 10:1 

elastomer/curing agent mixture of PDMS (Sylgard 184 Silicone Elastomer Kit; Dow 

Corning Corporation, Midland, MI). Holes were filled with a 30:1 elastomer/curing 

agent mixture of PDMS supplemented with tissue marking dye. 

PA models were tested in water, and PDMS models were tested in air by AFM 

using the previously described protocol. Bulk gels from the same PA mixtures were 
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tested in unconfined compression on a materials testing system (ElectroForce 3200; Bose-

EnduraTec, Eden Prairie, MN) to obtain macroscale properties.   

2.2.3 Tissue sample preparation 

Articular cartilage was obtained from three different species (human, porcine, 

and murine) to illustrate the versatility of the microscale stiffness mapping technique. 

Human samples were taken from macroscopically normal regions of femoral condyles 

removed during total knee replacement surgery or from normal knee joints at autopsy. 

Porcine samples were collected from central regions of the medial condyle of skeletally 

mature knee joints with no visible signs of joint degeneration. For murine samples, 

entire knee joints from 3-week-old C57BL/6 mice were harvested for evaluation 

purposes. All cartilage samples were wrapped in phosphate-buffered saline (PBS)-

soaked gauze and frozen at -20°C for intermediate storage.  

To evaluate in situ matrix properties, samples were sectioned perpendicular to 

the cartilage surface in 3 – 5 μm thick slices using a cryostat microtome (Leica CM1850; 

Leica Microsystems, Inc., Buffalo Grove, IL). Human and porcine samples were 

composed completely of articular cartilage. Due to size limitations, murine samples 

were sectioned through the entire joint to obtain a cross-section of the cartilage tissue. 

Samples were sectioned onto glass slides, and the water-soluble embedding medium 

(Tissue-Tek O.C.T. Compound; Sakura Finetek USA, Inc., Torrance, CA) was washed 
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thoroughly from all samples before AFM indentation was performed. Cartilage slices 

remained in PBS at room temperature for the duration of mechanical testing.  

 

Figure 2-1: Selection of PCM and ECM scan regions. PCM (blue) and ECM 

(red) scan regions in (A) human, (B) porcine, and (C) murine articular cartilage were 

selected based on microscopic examination of cell-sized voids in the tissue section. 

The AFM cantilever is also shown. Scale bar = 30 μm. 

 

2.2.4 Data evaluation 

Raw data for cantilever deflection and z-piezo movement were collected and 

subsequently analyzed using a custom MATLAB script (The MathWorks, Natick, MA). 

Elastic moduli, E, were determined by fitting a modified Hertz model to force-

indentation curves as described previously (Darling et al. 2006). For the elastomeric 

ECM/PCM model systems, the Poisson’s ratio, ν, was assumed to be 0.5 for PDMS 

(Carrillo et al. 2005) and 0.45 for PA (Engler et al. 2004). For articular cartilage, past 

studies have reported a wide range of Poisson’s ratios, and a definitive value describing 

the ECM and PCM at the microscale is uncertain. In this study, the local Poisson’s ratio 

was assumed to be 0.04 for both the ECM (Chen et al. 2001; Choi et al. 2007) and PCM 

(Alexopoulos et al. 2005b) based on previous experimental reports. Nonetheless, from 
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the Hertz model, the presented modulus values can be converted from ν = 0.04 to a 

different assumed value of ν by multiplying by the conversion factor (1 – ν2)/(1 – 0.042). 

Probe surface contact was identified using contact point extrapolation, a method that 

focuses on the indentation portion of the approach curve to determine where 

indentation begins based on a mathematical model (Guo and Akhremitchev 2006). With 

the contact point determined, relative surface heights were calculated within each scan 

region. Height maps were generated and overlaid with a graded color map 

representative of material modulus (Figure 2-2C, Figure 2-4A, D, G).  

PCM regions were identified using spatial indicators present in each stiffness 

map. Thinly sliced cartilage sections provided a relatively flat, uniform surface 

interspersed with cell-sized holes (Figure 2-1). Voids were chosen that had no apparent 

cell debris and exhibited sharp contact with the underlying glass substrate in their 

centers. Contact with the glass was readily apparent from the indentation curves and 

used to define the edge of each cell void. For evaluation purposes, PCM data were 

included for a region extending 1 μm outward from this edge (Figure 2-4B, E, H), 

although it is possible that the PCM extends further depending on its position within the 

tissue depth (Youn et al. 2006). 

2.2.5 Scanning electron microscopy 

Cartilage sections were examined via scanning electron microscopy (SEM) to 

visualize tissue ultrastructure present during mechanical testing. Sectioned samples of 
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healthy porcine cartilage were prepared using the standard protocols of Duke 

University’s Shared Materials Instrumentation Facility. Briefly, samples were fixed in 

3.7% formaldehyde, washed with PBS, and treated with 1% OsO4 (Electron Microscopy 

Sciences, Hatfield, PA) for 1 hour, followed by dehydration in serial gradations of 

ethanol. Samples were then incubated in tetramethylsilane (Electron Microscopy 

Sciences) and allowed to dry before being sputter-coated with gold by means of a Desk 

IV sputter coater (Denton Vacuum, Moorestown, NJ). Cartilage sections were imaged 

using an FEI XL30 scanning electron microscope (FEI, Hillsboro, OR).  

2.2.6 Histological staining and immunofluorescence 

For histological staining, porcine cartilage sections were fixed in 10% 

formaldehyde for 10 minutes at room temperature immediately after mechanical testing. 

Fixed sections were rinsed with PBS and dehydrated in ethanol. Sections were stained 

with 0.02% aqueous fast green (Sigma-Aldrich) and Accustain Safranin-O solution 

(Sigma-Aldrich).  

Unfixed porcine sections were labeled using immunofluorescence (IF) for type VI 

collagen to illustrate the presence of the PCM around cell-shaped holes using a 

previously described protocol (Youn et al. 2006). Specimens were labeled using a 

primary anti-type VI collagen antibody (RDI-6000401108; Fitzgerald Industries 

International, Acton, MA) followed by a fluorescein isothiocyanate (FITC)-conjugated 

anti-rabbit secondary antibody (RDO-7111095152; Fitzgerald). IF-labeled sections were 
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visualized on a confocal laser scanning microscope (LSM 510; Carl Zeiss, Inc., 

Thornwood, NY).  

2.2.7 Statistical analysis 

Differences between the two regions for PA (n = 6) or PDMS (n = 4) model 

systems were evaluated using a two-way ANOVA (region, length scale; α = 0.05) with 

Fisher’s least significant difference (LSD) post-hoc analysis to determine the level of 

significance. A two-way ANOVA (region, species; α = 0.05) and Fisher’s LSD post-hoc 

test were used to analyze ECM/PCM comparisons in the middle/deep zones of human 

(N = 6 joints, n = 19 total regions), porcine (N = 6 pigs, n ≥ 15 total regions), and murine 

(N = 6 mice, n ≥ 16 total regions) cartilage samples. All data are presented as mean ± 

standard deviation.   

2.3 Results  

2.3.1 Stiffness mapping of ECM/PCM model system 

Stiffness mapping successfully depicted the spatial arrangement of moduli in 

elastomeric model systems (Figure 2-2). Artificial PA ECM/PCM structures exhibited 

moduli of 309 ± 16 kPa and 55 ± 12 kPa for the ECM and PCM materials, respectively (p < 

0.0001; Figure 2-2D). For the PCM material, there was no statistical difference between 

microscale moduli and the macroscale value of 55 ± 5 kPa (p = 0.39). The microscale 

modulus of the ECM material was significantly greater than that observed at the 

microscale (259 ± 27 kPa; p < 0.001), a difference likely attributed to local variations in 
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acrylamide cross-link density (Matsuo et al. 1994). Microscale elastic moduli showed 

excellent agreement with previously published macroscale values for the chosen 

acrylamide and bis-acrylamide concentrations (Peyton and Putnam 2005). 

 The elastomeric model system was also validated for higher modulus materials 

using a combination of high- and low-modulus PDMS. These ECM/PCM samples 

possessed moduli of 2.8 ± 0.5 MPa and 0.8 ± 0.3 MPa for the ECM and PCM materials, 

respectively (p < 0.0001). Microscale moduli measured for PDMS agreed with the 

macroscale values previously reported in the literature (E = 2.8 MPa for 10:1 PDMS, E = 

0.88 MPa for 30:1 PDMS; (Carrillo et al. 2005)). 
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Figure 2-2: Elastomeric ECM/PCM model system. (A) Higher modulus PA gel 

mold of regularly spaced holes representing the ECM. (B) Holes filled with lower 

modulus PA gel (green) complete the ECM/PCM model system. Scale bar = 50 μm.   

(C) Stiffness map of model PCM region showing relative height and calculated elastic 

moduli. (D) Elastic moduli of the model ECM and PCM PA gels observed at the 

microscale (black) and macroscale (white). a: p < 0.0001 for microscale ECM PA gel 

moduli as compared to macroscale moduli. b: p < 0.001 for PCM PA gel moduli as 

compared to respective ECM PA gel moduli. Moduli presented as mean + standard 

deviation (n = 6 regions). 
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2.3.2 Stiffness mapping of articular cartilage 

Thinly sectioned articular cartilage samples exhibited microscopic features that 

were consistent with the location of PCM within the tissue. Tissue within 1 μm of cell-

sized voids was considered PCM, an assumption validated by SEM images of tissue 

sections, a higher concentration of PGs in Safranin-O stained samples, and localization 

of type VI collagen around chondrocytes (Figure 2-3).  

 

Figure 2-3: Identification of PCM regions in porcine articular cartilage. (A) In a 

SEM image of a cell-sized void in the middle/deep zone of a tissue section, the 

capsule-like PCM is structurally distinct from the surrounding ECM. Scale bar =           

5 μm. (B) In sections stained with Safranin-O (red, PG) and fast green (blue, collagen), 

Safranin-O staining is more intense in regions surrounding cell-sized voids.  Scale 

bar = 50 μm. (C) IF illustrates the localization of type VI collagen to the pericellular 

region. Scale bar = 50 μm. 

 

Topographical maps corresponded to the images created from collected force-

indentation data, allowing for co-localization of height and elasticity measurements 

throughout the tested regions (Figure 2-4A, D, G). Hertzian contact mechanics provided 

excellent fits to the experimental data for all force-indentation curves (R2 > 0.90). 

Histograms of calculated elastic moduli (Figure 2-4C, F, I) exhibited a bimodal 
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distribution with a lower modulus peak corresponding to points within the pre-defined 

1 μm PCM region and a higher modulus peak corresponding to the local ECM within 

each scan region.  

 

Figure 2-4: Stiffness mapping of human, porcine, and murine articular 

cartilage. (A, D, G) Stiffness maps of the PCM showing height and calculated elastic 

moduli. (B, E, H) Contour maps of the pre-defined 1 μm PCM region. Cell-sized voids 

and local ECM regions are depicted in white. (C, F, I) Histograms of calculated elastic 

moduli in PCM (black) and local ECM (white) regions within each scan. 

 

As shown in Table 2-1, the elastic modulus of the ECM was significantly greater 

than that of the PCM (p < 0.005) for human, porcine, and murine articular cartilage. 

Among the three species investigated, the elastic moduli for both the ECM and PCM 
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were the highest in human cartilage, the lowest in porcine articular cartilage, and the 3-

week-old murine samples fell in between. Human cartilage showed similar properties 

whether it was obtained from macroscopically normal regions of femoral condyles 

removed during total joint replacement surgery (ECM = 306 ± 133 kPa; PCM = 104 ± 51 

kPa) or from normal femoral cartilage from cadaver knee joints (ECM = 359 ± 39 kPa; 

PCM = 162 ± 22 kPa). ECM regions were consistently comprised of 15 – 16 

indentations/site whereas PCM regions had 80 – 110 indentations/site. This variability in 

PCM measurements was associated with cell void size, which was typically larger in 

human and porcine samples than in murine samples.  

 

Table 2-1: Elastic moduli of ECM and PCM regions from human, porcine, and 

murine articular cartilage.  Stiffness mapping of sectioned cartilage samples showed 

clear differences between ECM and PCM regions for each species (p < 0.002). Moduli 

shown as mean ± standard deviation. 

Sample 
ECM E  

(kPa) 

ECM E range 

(kPa) 

PCM E  

(kPa) 

PCM E range 

(kPa) 

Human (N = 6) 

n = 19, ECM 

n = 19, PCM 

306 ± 133 
103 – 573 

(301 total sites) 
104 ± 51 

27 – 205 

(2062 total sites) 

Porcine (N = 6) 

n = 16, ECM 

n = 15, PCM 

81 ± 19 
46 – 114 

(254 total sites) 
30 ± 19 

13 – 75 

(1540 total sites) 

Murine (N = 6) 

n = 17, ECM 

n = 16, PCM 

197 ± 92 
78 – 391 

(272 total sites) 
69 ± 22 

34 – 110 

(1290 total sites) 
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2.4 Discussion 

Our results demonstrate that microscale stiffness mapping using AFM is a viable 

means of determining site-specific mechanical properties of soft biological samples in 

situ. Validation of this technique in an elastomeric model system clearly illustrated the 

spatial arrangement of two different materials based on local micromechanical 

properties. For control surfaces, microscale elastic properties showed excellent 

agreement with macroscale properties for all materials. Stiffness mapping of articular 

cartilage from human, porcine, and murine knee joints illustrated local elastic moduli for 

cell-sized regions and verified that ECM elastic moduli are significantly greater than 

PCM moduli in human, porcine, and murine tissues when measured in situ. 

Previous studies of the mechanical properties of the PCM of articular 

chondrocytes focused on extracting chondrons from the tissue (Guilak et al. 1999; 

Alexopoulos et al. 2003; Alexopoulos et al. 2005b; Guilak et al. 2005; Alexopoulos et al. 

2009) or extrapolating material parameters using inverse mathematical analyses 

(Michalek and Iatridis 2007; Kim et al. 2010). By allowing matrix integration between the 

PCM and ECM to remain relatively intact, the method presented here provides an 

additional direct measure of the mechanical properties of the PCM in situ. Of particular 

importance, PCM and ECM moduli were measured in the same sample using the same 

technique, providing a means of directly comparing ECM and PCM properties. Results 

from all methods agree that the modulus of the PCM is greater than that of chondrocytes 
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but significantly lower than that of the ECM. Human PCM values measured in this 

study correspond to those found using micropipette aspiration on extracted chondrons 

(E = 40 – 70 kPa (Alexopoulos et al. 2003; Alexopoulos et al. 2005b)). PCM moduli for 3-

week-old mice were lower than those previously reported for extracted chondrons for 1-

month-old CD1 mice (E = ~280 kPa (Alexopoulos et al. 2009)), a difference that may be 

related to the maturity of the cartilage or differences in the strains of mice used. 

Although earlier studies have reported the relationship between ECM and PCM 

deformation in porcine cartilage (Choi et al. 2007), to our knowledge, this is the first 

study to directly measure the mechanical properties of the porcine PCM. The results for 

the PCM modulus in this study (E = ~30 kPa) are in direct agreement with a recent study 

that used an inverse method to match the predictions of a boundary element model of 

the chondron with three-dimensional confocal imaging of cell, PCM, and ECM 

deformation (Kim et al. 2010). Overall, the in situ mechanical properties of the PCM as 

measured by AFM are comparable to those measured previously for mechanically 

isolated chondrons, suggesting that mechanical extraction does not dramatically affect 

the elastic properties of the PCM.  

It is hypothesized that the local mechanical environment of the chondrocyte is 

one of many factors that regulate chondrocyte physiology. The presence of the PCM has 

been shown to significantly influence the mechanical and physiochemical environment 

of the chondrocyte (for review, see (Alexopoulos et al. 2005a)). The mismatch between 
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mechanical properties of the PCM and ECM in the middle/deep zones has been shown 

to result in significant strain amplification in the vicinity of the chondrocyte (Guilak and 

Mow 2000; Alexopoulos et al. 2005a). This strain amplification may be an important 

factor in mechanotransduction in these regions since local ECM strains are low during 

bulk tissue deformation (Choi et al. 2007). In this study, the ratio of PCM to ECM 

properties was similar for all species, with values of 0.34 ± 0.16, 0.37 ± 0.20, and 0.45 ± 

0.23 for human, porcine, and murine cartilage, respectively. This consistency across 

species suggests that the mismatch in PCM and ECM properties is an intrinsic 

characteristic of articular cartilage and may reflect the role of the PCM as a transducer of 

mechanical signals from the ECM to the chondrocyte during joint loading (Poole 1997; 

Guilak et al. 2006). 

 In general, ECM modulus values were lower than previously reported results 

for cartilage macroscale properties, a finding consistent with previous AFM studies 

(Coles et al. 2008; Park et al. 2009). Modulus values were found to depend on the force 

threshold used during indentation. At a force threshold of ~50 nN, the measured elastic 

moduli were approximately two- to fivefold lower than those measured at ~750 nN (see 

Appendix B). These findings are consistent with the indentation-dependent microscale 

properties of bovine cartilage observed by Park et al. (Park et al. 2009). This apparently 

non-linear behavior may be related to depth- and strain-dependent behavior of articular 

cartilage observed at the macroscale (Schinagl et al. 1997; Chen et al. 2001; Wang et al. 
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2003). This behavior is unlikely to be due to fluid pressurization effects during loading 

at the microscale. The time constant for interstitial fluid pressurization in cartilage 

during AFM-based indentation has been estimated to be less than a millisecond (Park et 

al. 2009), two orders of magnitude smaller than the duration of indentation from first 

contact to maximum load. This suggests that fluid load support is minimal and that our 

technique measures the intrinsic equilibrium mechanical properties of the solid matrix. 

Apparent softening at the microscale may also be due to indentation of exposed 

proteoglycans on the cut surface of the tissue. Previous work by Dean and colleagues 

(Dean et al. 2006) on the compressive nanomechanics of aggrecan illustrated that the 

mechanical stiffness of aggrecan increases dramatically when compressed at strains 

greater than 40%. Given that the length of aggrecan macromolecules is on order of a 

micrometer (Mow et al. 1992), this strain-stiffening behavior could be observed with 

indentations greater than ~400 nm and may contribute to the indentation-dependent 

behavior observed in this study. Overall, our findings suggest that large indentations are 

required to obtain AFM-based mechanical properties representative of macroscale 

measurements for articular cartilage.  

For this study, cartilage slices were tested in the transverse direction relative to 

the articular surface. In the middle/deep zones, collagen fibers transition from a more 

random orientation in the middle zone to a highly aligned orientation perpendicular to 

the articular surface in the deep zone (Mow et al. 1992). Thus, measurements in this 
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direction may yield different mechanical properties as compared to the direction normal 

to the articular surface. Additionally, cartilage mechanical properties have been shown 

to depend on the orientation of loading relative to the split-line direction (Chahine et al. 

2004). The split-line direction was not taken into account during sample preparation for 

this study.  

Measured ECM elastic moduli were likely influenced by joint degeneration, 

maturity, and/or tissue structure in the cartilage samples. Human samples were 

collected from femoral condyles removed during joint replacement surgery. Other 

studies have shown a decrease in the compressive stiffness of articular cartilage with age 

(Armstrong and Mow 1982), as well as increasing severity of degeneration at the macro- 

(Armstrong and Mow 1982; Kleemann et al. 2005), micro- and nanoscales (Stolz et al. 

2009). Kleeman et al. (Kleemann et al. 2005) recently reported that the macroscale 

modulus of degenerated cartilage ranges from 280 – 500 kPa, which is comparable to 

ECM moduli measured in the current study. 

In this work, porcine tissue was harvested from healthy, skeletally mature 

animals. Consistent with our results, previous reports have indicated a lower 

compressive modulus for porcine articular cartilage (Fermor et al. 2007; Hennerbichler et 

al. 2008) as compared to human (Athanasiou et al. 1991; Magnussen et al. 2005) or 

murine (Cao et al. 2006; Alexopoulos et al. 2009) tissue. Although ECM moduli in this 

study are comparable to those reported for AFM indentation of the superficial zone of 
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porcine patellar cartilage (Coles et al. 2008), they are inconsistent with macroscale 

values. 

Murine knee joints from 3-week-old, skeletally immature mice were collected to 

allow for tissue sectioning without chemical treatments, such as decalcification. It is 

likely that skeletally immature mice do not exhibit the same mechanical properties that 

are characteristic of more mature animals. The average elastic modulus measured in the 

current study was ~55% lower than that reported for AFM indentation of hip joint 

cartilage from 20-week-old mice (Coles et al. 2008). Murine cartilage also has a much 

greater cell density than that of larger animals (Stockwell 1971). This high cellularity 

made it difficult to isolate testing regions that were solely ECM, resulting in lower than 

expected values (Figure 2-1).  

This study aimed to characterize the mechanical properties of articular cartilage 

PCM at the microscale. A recent AFM study by Stolz and colleagues (Stolz et al. 2004) 

demonstrated that micrometer-sized indenters obtain elastic modulus values that better 

reflect macroscale measurements as compared to nanometer-sized tips. However, there 

are limitations to using micrometer-sized indenters for the stiffness mapping approach 

presented in this study. Larger tips have a larger contact area, which decreases the 

lateral resolution of the stiffness maps, particularly for soft materials (Radmacher et al. 

1995). For spherical indenters, the contact radius scales with tip radius and indentation 

depth. Since measurements were conducted using a force threshold (750 nN), 
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indentations were smaller in stiffer materials like the ECM but larger in softer materials 

like the PCM. For the softest cases, this could result in contact radii of greater than 2.5 

μm. In these cases, indenter contact with the adjacent ECM might contribute to artificial 

stiffening of measured PCM moduli. To minimize this effect, the PCM was defined as 

the region within 1 μm of cell-shaped voids. Since previous studies have indicated that 

PCM thickness varies locally around single chondrocytes (Poole et al. 1987; Hunziker et 

al. 1997) and that the PCM in the middle/deep zones of porcine cartilage is 3 – 4 μm 

thick (Youn et al. 2006), this 1 μm region may under- or over-represent the true extent of 

the PCM for any given site.  

2.5 Summary 

The results of this study suggest that stiffness mapping via AFM is a viable 

method for determining site-specific mechanical properties at the microscale. AFM-

based stiffness mapping accurately obtained site-specific mechanical properties of soft 

substrates and captured the spatial arrangement of different materials based on their 

elastic moduli. Furthermore, elastic moduli obtained using AFM microindentation are 

comparable to other micro- and macroscale techniques. This study supports previous 

work demonstrating that PCM mechanical properties are significantly lower than those 

of the local ECM. The scale level accessible with AFM-based measurements facilitates 

more detailed investigation of the spatial distribution of PCM properties and the 



 

54 

chondrocyte micromechanical environment as a whole than that afforded by other 

techniques.  
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3. Depth-Dependent Anisotropy of the Micromechanical 
Properties of Porcine Articular Cartilage Measured via 
Atomic Force Microscopy 

A version of this chapter was published as the following: 

McLeod, M.A., Wilusz, R.E., Guilak, F. Depth-Dependent Anisotropy of the 

Micromechanical Properties of the Extracellular and Pericellular Matrices of Articular 

Cartilage Evaluated via Atomic Force Microscopy, Journal of Biomechanics, 46(3):586-592, 

2013. 

 

3.1 Introduction 

Articular cartilage is the connective tissue that lines the articulating ends of 

diarthrodial joints, providing a nearly frictionless surface for joint articulation and 

functioning to support and distribute mechanical loads. Since the tissue is structurally 

and mechanically inhomogeneous and anisotropic (as reviewed in (Mow and Guo 

2002)), joint activity generates a complex mechanical environment that varies with depth 

from the articular surface. Locally, chondrocytes experience stress and strain in 

directions both parallel and perpendicular to the direction of the applied external load as 

well as osmotic stress, fluid pressurization, and streaming potentials (Mow et al. 1994; 

Bachrach et al. 1998; Lai et al. 2002; Mow and Guo 2002; Wang et al. 2002b; Wong and 

Sah 2010). This mechanical environment has been shown to significantly affect 

chondrocyte metabolic activity, regulating the balance of catabolic and anabolic 

processes and influencing overall tissue and joint health (as reviewed in (Williams et al. 

2010; Guilak 2011)). 
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Cartilage derives its bulk mechanical properties from the structure and 

composition of its extensive extracellular matrix (ECM), which is rich in type II collagen 

and proteoglycans (PGs). Based on distance from the articular surface, the ECM is 

divided into three zones (superficial, middle, and deep) that vary in molecular 

composition (Muir et al. 1970; Venn and Maroudas 1977) and matrix architecture (Jeffery 

et al. 1991; Hwang et al. 1992; Yin et al. 2011; Vanden Berg-Foels et al. 2012). Split-lines 

are indicative of the preferred collagen fiber orientation parallel to the articular surface 

(Meachim et al. 1974; Below et al. 2002) and provide an additional component of 

structural anisotropy. Variations in composition and ultrastructure contribute to depth- 

(Kempson et al. 1973; Jurvelin et al. 1997; Schinagl et al. 1997; Chen et al. 2001; Wang et 

al. 2002a; Wang et al. 2002b; Wu and Herzog 2002) and directional-dependent (Mizrahi 

et al. 1986; Jurvelin et al. 2003; Wang et al. 2003; Chahine et al. 2004; Huang et al. 2005) 

macroscale mechanical properties of the cartilage ECM. While recent studies have 

evaluated variations in cartilage biomechanical properties with depth at the nanoscale 

(Tomkoria et al. 2004), depth-dependent anisotropy relative to the split-line orientation 

at the microscale has not been examined. 

Each chondrocyte is surrounded by a distinct pericellular matrix (PCM) that 

together with the enclosed cell makes up a chondron (Poole et al. 1987). The PCM differs 

from the ECM in its composition (Poole et al. 1992; Poole 1997; Hunziker et al. 2002; 

Wang et al. 2008), structure (Poole et al. 1987; Hunziker et al. 1997; Vanden Berg-Foels et 
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al. 2012), and mechanical properties (Alexopoulos et al. 2003; Alexopoulos et al. 2005b; 

Guilak et al. 2005; Kim et al. 2010). In normal cartilage, the PCM is generally defined by 

the presence of type VI collagen (Poole et al. 1988) and has a higher concentration of PGs 

than the ECM (Poole et al. 1984; Hunziker et al. 2002). Type VI collagen microfilaments 

interact with PGs (Wiberg et al. 2001; Wiberg et al. 2002; Wiberg et al. 2003) and small 

diameter type II collagen fibers (Wiberg et al. 2003) to constitute the mesh-like capsule of 

the PCM (Poole et al. 1987) and contribute significantly to the mechanical properties of 

the PCM (Alexopoulos et al. 2009).  

The local mechanical environment of the chondrocyte depends heavily on the 

relative mechanical properties of the PCM and local ECM at the cell’s position within the 

tissue (Guilak and Mow 2000; Wu and Herzog 2002; Korhonen et al. 2006; Choi et al. 

2007; Korhonen and Herzog 2008; Julkunen et al. 2009). Unlike ECM properties that vary 

significantly with depth, PCM mechanical properties have been shown to exhibit zonal 

uniformity (Alexopoulos et al. 2003; Alexopoulos et al. 2005b; Guilak et al. 2005). While 

previous studies have shown that PCM morphology reflects the local collagen fiber 

orientation of the ECM within each zone (Youn et al. 2006), PCM mechanical anisotropy 

has yet to be characterized. Confocal microscopy studies of chondrocyte deformation in 

situ have shown that the relationship between cell and ECM deformation is anisotropic 

in the surface zone and dependent on the split-line direction (Guilak et al. 1995). Finite 

element studies have demonstrated that ECM anisotropy may have a significant effect 
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on cell deformation under load (Wu and Herzog 2002; Korhonen and Herzog 2008), 

suggesting that the existence of PCM anisotropy could also affect the local mechanical 

environment of the chondrocyte. 

The goal of this study was to characterize the depth and directional dependence 

of microscale mechanical properties of porcine articular cartilage ECM and PCM in situ 

using atomic force microscopy (AFM). We hypothesized that microscale elastic moduli 

in the cartilage ECM exhibit depth-dependent anisotropy reflecting the local structure 

and composition in each zone and that PCM microscale moduli are uniform with depth 

and isotropic. To test these hypotheses, AFM-based stiffness mapping (Chapter 2;  

(Darling et al. 2010)) was used to measure the elastic properties of ECM and PCM 

regions in three mutually-perpendicular directions relative to the split-line orientation. 

3.2 Materials and Methods 

3.2.1 Tissue sample preparation 

Full thickness cartilage samples were collected from the medial condyle of 2 – 3 

year old, skeletally mature, female pigs with no macroscopic signs of cartilage 

degeneration (N = 12 pigs). Local split-line direction was visualized by inserting a 

surgical needle dipped in India ink (Below et al. 2002) into the cartilage surface 

immediately adjacent to each 6 mm diameter explant (Figure 3-1A). Each explant was 

cut in half either parallel or perpendicular to the local split-line direction, removed from 
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the condyle, and wrapped in gauze soaked in phosphate-buffered saline (PBS) for 

intermediate storage at -20°C. 

Samples were embedded in water-soluble embedding medium (Tissue-Tek 

O.C.T. Compound; Sakura Finetek USA) and sectioned in 5 μm-thick slices using a 

cryostat microtome (Leica CM1850; Leica). Cartilage samples were cut in the transverse 

plane to generate full thickness samples oriented for indentation parallel (1-dir) and 

perpendicular (2-dir) to the split-line orientation. Additional zone-specific slices were 

cut parallel to the articular surface to generate sections oriented for indentation normal 

to the articular surface (3-dir) (Figure 3-1B). The cartilage zones were defined such that 

the superficial zone consisted of the region 0 – 150 μm from the articular surface, the 

middle zone from 200 – 300 μm from the articular surface, and the deep zone as the 

bottom half of the explant (Figure 3-1C). These designations were made based on cell 

morphology and tissue architecture described previously in the literature (Hwang et al. 

1992; Hunziker et al. 1997; Youn et al. 2006). Samples were collected on glass slides and 

rinsed with PBS to remove the water-soluble embedding medium. Samples remained in 

PBS at room temperature for AFM testing. 
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Figure 3-1: Split-line identification and sample preparation for porcine 

articular cartilage. (A) Local split-line orientation near collected explants (circles) 

visualized using India Ink on the medial femoral condyle. Scale bar = 10 mm. (B) 

Direction of applied loads relative to the split-line orientation. (C) For AFM testing, 

cartilage zones were defined as superficial (0 – 150 μm from the articular surface), 

middle (200 – 300 μm), and deep (bottom 50% of sample thickness). Sample stained 

with Safranin-O (red, PG) and fast green (blue, collagen). Scale bar = 100 μm.  

 

3.2.2 Mechanical characterization via AFM-based stiffness mapping 

Elastic moduli were mapped quantitatively using an AFM system (MFP-3DBio; 

Asylum Research) integrated with an optical microscope (AxioObserver A1; Zeiss) to 

allow for phase contrast imaging of cartilage samples. Borosilicate glass spheres (5 μm 

diameter) were attached to AFM cantilevers (k = 4.5 N/m, Novascan) for microscale 

mechanical measurements. Indentations were applied with a force trigger of 200 nN and 

an indentation velocity of 15 μm/s. Curves were sampled at 7.5 kHz. 

Scan regions were selected based on microscopic examination of cartilage 

sections. ECM testing sites were located in areas visually devoid of cells (Figure 3-2A, B, 
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C) and ECM properties were evaluated by performing 16 indentations applied over each 

20 μm x 20 μm region (n ≥ total 91 regions per zone, per direction). PCM scan regions 

were placed along the edge of cell-sized voids in the tissue section (Figure 3-2D) and 400 

indentations were applied over each 10 μm x 10 μm region (n ≥ 28 total regions per 

zone, per direction). 

 

Figure 3-2: AFM scan regions in articular cartilage zones. Phase contrast 

images show ECM scan regions (red) in the (A) superficial, (B) middle, and (C) deep 

zones. Cartilage section shown is oriented for loading parallel to the split-line 

orientation (1-dir). AFM cantilever is also shown. Scale bar = 50 μm. (D) PCM scan 

regions (blue) were placed along the edge of cell-sized voids. An adjacent ECM scan 

region (red) and AFM cantilever are also shown. Scale bar = 20 μm.  

   



 

62 

3.2.3 Data evaluation 

Raw data for cantilever deflection and z-piezo movement were analyzed using a 

custom MATLAB script (The MathWorks). A Hertzian contact model was used to 

calculate tissue elastic moduli, E, (Darling et al. 2006) from force-indentation curves and 

provided excellent fits to the experimental data (R2 > 0.90). For ECM regions, the 

Poisson’s ratio, ν, was assumed to be ν = 0.03 in the superficial zone and ν = 0.12 in the 

middle and deep zones based on published values for porcine cartilage (Choi et al. 

2007). For PCM regions, the Poisson’s ratio was assumed to be ν = 0.04 in all zones 

(Alexopoulos et al. 2005b). Probe-surface contact was identified using a contact point 

extrapolation method described previously (Guo and Akhremitchev 2006). Two-

dimensional contour maps of calculated elastic moduli were generated for each ECM 

and PCM scan region. 

Elastic moduli for PCM regions were extracted using the distance-based 

definition of the PCM outlined in Chapter 2 (Darling et al. 2010). Briefly, the inner edge 

of the PCM was identified using spatial indicators of contact with the underlying glass 

substrate within each cell-sized void. PCM data were included for a region extending 1 

μm radially from this edge to provide a consistent definition across all samples. 

3.2.4 Histological staining 

For histological staining of collagen and PGs, unfixed cartilage sections were 

rinsed with PBS to remove the water-soluble embedding medium. Sections were stained 
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with 0.02% aqueous fast green (Sigma-Aldrich) and Accustain Safranin-O solution 

(Sigma-Aldrich). 

Picrosirius red staining (Junqueira et al. 1979) was utilized to visualize collagen 

fiber alignment in unfixed cartilage sections. Cartilage samples were sectioned in the 

transverse plane to generate full thickness samples oriented parallel to the split-line 

orientation (1-dir). Sections were rinsed with PBS to remove the water-soluble 

embedding medium and digested in 50 μL of 0.25 U/mL chondroitinase-ABC solution 

(Sigma-Aldrich) in 50 mM Tris buffer containing 60 mM sodium acetate (Sigma-Aldrich) 

and 0.02% bovine serum albumin (BSA; Invitrogen, Carlsbad, CA), pH 8.0 at 37°C for 30 

minutes to remove glycosaminoglycans. Sections were stained with picrosirius red 

solution (ScyTek Laboratories, Inc., Logan, UT) for 1 hour at room temperature, rinsed 

twice with 0.5% acetic acid, and dehydrated in ethanol. Stained sections were visualized 

using polarized light microscopy. A green bandpass filter (λ = 546 nm) was used to 

provide monochromatic illumination so that differences in light intensity, rather than 

hue variation, could be visualized (Thomopoulos et al. 2003). To determine the direction 

of maximum birefringence, images were taken at 10° increments as the analyzer and 

polarizer were rotated from 0° to 90° (data not shown).  

3.2.5 Statistical analyses 

ECM and PCM data were evaluated separately for differences among cartilage 

zones and loading direction using a two-way ANOVA (zone, direction; α = 0.05) and 
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Fisher’s least significant difference post-hoc test. All data are presented as mean ± 

standard error. 

3.3 Results 

3.3.1 Picrosirius red staining of porcine articular cartilage 

Picrosirius red staining viewed with polarized light revealed distinct ECM 

collagen alignment through the tissue depth (Figure 3-3A). High collagen birefringence 

was observed in a region extending 100 – 125 μm from the articular surface and in the 

bottom 50% of the cartilage section. PCM birefringence varied considerably from site-to-

site and was complicated by edge effects associated with the circular cell-sized voids in 

the tissue section (Figure 3-3B). 

 

Figure 3-3: Picrosirius red staining of porcine articular cartilage. 

Representative polarized light images of picrosirius red-stained sections cut parallel 

to the local split-line orientation (1-dir). Images shown were captured at the 

orientation of maximum birefringence. (A) Distinct ECM collagen alignment was 

observed through the tissue depth. Scale bar = 200 μm. (B) Collagen alignment in the 

PCM was highly variable site-to-site and complicated by edge effects associated with 

circular cell-sized voids. Scale bar = 50 μm. 
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3.3.2 Depth- and directional-dependence of ECM elastic moduli 

Stiffness mapping revealed that ECM elastic moduli within each zone exhibit 

distinct directional dependence relative to the split-line orientation (Figure 3-4). In the 

superficial zone, 1-dir moduli were 20% greater than 2- and 3-dir moduli (p < 0.0005; 

Figure 3-4A). In the middle zone, 1-dir moduli were 14% greater than 2-dir moduli and 

no significant differences were observed between 1- or 2-dir moduli with 3-dir moduli  

(p > 0.05). In the deep zone, 3-dir moduli were 24% greater than moduli in the both the 1- 

and 2-directions (p < 0.0005). A decrease in elastic moduli with depth was present in all 

three tested directions. In both the 1- and 2-directions, superficial zone moduli were 

significantly greater than those measured in the middle and deep zones (p < 0.000005) 

and middle zone moduli were greater than deep zone moduli (p < 0.05). In the 3-

direction, the only significant difference observed was between the superficial and deep 

zones (p < 0.05). 

3.3.3 Depth- and directional-dependence of PCM elastic moduli 

In PCM scan regions, stiffness mapping revealed lower modulus regions 

immediately surrounding cell-sized voids (Figure 3-5). There was no significant 

interactive effect between cartilage zone and loading direction for PCM elastic moduli  

(p = 0.27) and PCM properties exhibited zonal uniformity through the tissue depth (p = 

0.38; Figure 3-5B). When pooled across zones, 1-dir PCM moduli were 16% greater than 

2- and 3-dir moduli (p < 0.05).  
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Figure 3-4: Evaluation of ECM microscale anisotropy. (A) Representative 

elastic maps of superficial zone ECM scan regions evaluated in the 1-, 2-, and 3-

directions. (B) Elastic moduli for ECM regions in the superficial, middle, and deep 

zones evaluated in the 1- (black), 2 – (grey), and 3- (white) directions. a: p < 0.0005 for 

superficial zone 1-dir as compared to superficial zone 2- and 3-dir. b: p < 0.000001 for 

superficial zone 1-dir as compared to middle and deep zone 1-dir. c: p < 0.000005 for 

superficial zone 2-dir as compared to middle and deep zone 2-dir. d: p < 0.05 for 

superficial zone 3-dir as compared to deep zone 3-dir. e: p < 0.05 for middle zone 1-dir 

as compared to middle zone 2-dir. f: p < 0.00005 for middle zone 1-dir as compared to 

deep zone 1-dir.  g: p < 0.05 for middle zone 2-dir as compared to deep zone 2-dir.       

h: p < 0.0005 for deep zone 3-dir as compared to deep zone 1- and 2-dir. Moduli 

presented as mean + standard error (N = 12 pigs, n ≥ 91 regions per zone, per 

direction). 
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Figure 3-5: Evaluation of PCM microscale anisotropy. (A) Representative 

elastic maps of superficial zone PCM scan regions evaluated in the 1-, 2-, and 3-

directions. (B) Elastic moduli for PCM regions in the superficial, middle, and deep 

zones evaluated in the 1- (black), 2- (grey), and 3- (white) directions. No significant 

zone*direction (p = 0.27) or zone effect (p = 0.38) was observed. When pooled across 

zones, 1-dir PCM moduli were greater than 2- and 3-dir moduli (p < 0.05). Moduli 

presented as mean + standard error (N = 10 pigs, n ≥ 28 regions per zone, per 

direction). 
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3.4 Discussion 

Our results present new evidence that articular cartilage mechanical properties 

exhibit inhomogeneity and anisotropy relative to the split-line orientation at the 

microscale. Distinct anisotropy in ECM elastic moduli was observed in the superficial 

and deep zones whereas the middle zone exhibited subtle anisotropy. Contrary to our 

initial hypothesis, ECM microscale moduli decreased with depth in all three tested 

directions. PCM elastic moduli exhibited zonal uniformity with depth and when pooled 

across zones, were greatest in the direction parallel to the split-line orientation. 

Our study supports the hypothesis that collagen fiber orientation has a 

significant influence on the directional dependence of cartilage ECM mechanical 

properties. In agreement with our picrosirius red staining results and previous 

macroscale studies (Wang et al. 2003; Chahine et al. 2004; Huang et al. 2005), AFM-based 

stiffness mapping demonstrated that ECM microscale elastic moduli exhibit distinct 

anisotropy in the superficial and deep zones where the local collagen fibers are highly 

aligned (Jeffery et al. 1991; Hwang et al. 1992). In the superficial zone, collagen fibers run 

parallel to the articular surface along the split-line orientation. Following this fiber 

alignment, moduli measured parallel to split-lines (1-dir) were significantly greater than 

those measured perpendicular to the split-line orientation (2- and 3-dir). In the deep 

zone, collagen fibers are oriented perpendicular to the articular surface and elastic 

moduli measured normal to the articular surface (3-dir) were significantly greater than 
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moduli obtained in either transverse plane (1- and 2-dir). Furthermore, we observed 

subtle anisotropic behavior in the middle zone where moduli were greater parallel to the 

split-line orientation (1-dir) than perpendicular to it (2-dir). Following the cascade-like 

architecture of collagen fibers through the depth of the tissue, the middle zone serves as 

a structural transition between the mutually-perpendicular fiber orientations of the 

superficial and deep zones. Previous studies have shown that the collagen fiber 

alignment along split-lines in the superficial zone influences the angle at which middle 

zone fibers are oriented relative to the articular surface (Jeffery et al. 1991). This in-plane 

alignment of collagen fibers likely contributes to the observed anisotropy in the middle 

zone. 

Unlike previous macroscale studies which show a depth-dependent increase in 

ECM elastic moduli (Schinagl et al. 1997; Chen et al. 2001; Wang et al. 2003; Chahine et 

al. 2004), the observed ECM microscale elastic properties in the current study decreased 

with depth in all three tested directions. These observations may be related to the fact 

that AFM measures highly localized mechanical properties that may be influenced by 

the molecular composition of the tissue. During AFM microindentation, the effects of 

interstitial fluid pressurization are minimal, with an estimated relaxation time constant 

of 30 – 60 milliseconds based on the moduli presented in our study (Park et al. 2009). As 

a result, fluid load support during localized indentation is minimal, approximately 10% 

based on the Peclet number (Bonnevie et al. 2012). This suggests that elastic moduli 
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measured in our study reflect the intrinsic properties of the solid matrix. The molecular 

composition of the cartilage ECM varies with depth from the articular surface; collagen 

content is highest in the superficial zone and decreases with depth while PG content 

follows an opposite trend, being lowest in the superficial zone and highest in the deep 

zone (Muir et al. 1970; Venn and Maroudas 1977). It has been shown previously that the 

in situ nanoscale elastic modulus of PGs is an order of magnitude softer than that of 

collagen fibers (Loparic et al. 2010). In the current work, the lowest moduli were 

observed in the deep zone where PG content is highest and collagen content is the 

lowest. The highest moduli were found in the superficial zone where PG content is 

lowest and collagen content is highest. This apparent softening of ECM properties with 

depth may be due in part to these depth-dependent variations in ECM composition. 

AFM-based stiffness mapping allows for direct evaluation of PCM mechanical 

properties with minimal disruption of native matrix integration and a model framework 

for evaluating the depth and directional dependence of PCM properties. Consistent with 

previous micropipette aspiration studies (Alexopoulos et al. 2003; Alexopoulos et al. 

2005b; Guilak et al. 2005), PCM microscale elastic moduli exhibited zonal uniformity 

with depth. Within each zone, PCM microscale elastic moduli exhibited no directional 

dependence, reflecting its mesh-like capsule architecture. However, when pooled across 

the three zones, PCM moduli were greater parallel to the split-line orientation (1-dir) as 

compared to the other two directions. This effect appears to be dominated by the 
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superficial and middle zones where 1-dir moduli tended to be greater than those 

measured in the 2- and 3- directions. Previous studies have shown that PCM 

morphology reflects the local collagen fiber orientation in the ECM (Youn et al. 2006). In 

regions closer to the articular surface where the PCM is thinner (Youn et al. 2006), it is 

possible that local ECM type II collagen fiber orientation in the plane of split-line 

orientation (Jeffery et al. 1991) contributes to subtle, but measurable, alignment of type 

VI collagen microfilaments or other molecular components in the PCM. While 

picrosirius red staining is useful for visualizing fibrillar collagen like types I, II, and III 

(Junqueira et al. 1979), there is little evidence suggesting that type VI collagen 

microfilaments are birefringent and can be visualized with this stain. In addition, an 

edge effect was found to be associated with the circular cell-sized voids in stained 

sections when viewed with polarized light. As a result, we were unable to confidently 

evaluate type II collagen alignment within the 1 μm PCM region using this method.  

In the current study, the PCM was defined as the region extending 1 μm radially 

from the edge of each cell-sized void. PCM thickness is generally greater than 2 μm, but 

has been shown to vary locally around single chondrocytes (Hunziker et al. 1997) as well 

as with depth through the cartilage zones (Youn et al. 2006). As a result, this pre-defined 

1 μm region may under-estimate the actual extent of the PCM. There are limitations in 

lateral resolution when using micrometer-sized indenters for AFM stiffness mapping of 

soft substrates due to the size of the contact area during indentation (Radmacher et al. 
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1995). The contact radius for a spherical indenter scales with tip radius and indentation 

depth. Using a single force trigger of 200 nN to evaluate both the PCM and ECM led to 

differences in contact radii between the two regions. PCM regions exhibit lower elastic 

moduli and therefore experience larger indentations than the adjacent ECM for the same 

applied force. As a result, contact radii in the PCM (1.8 – 2.0 μm) were larger than 

contact radii in the ECM (1.3 – 1.5 μm). Contact with adjacent ECM regions during 

indentation may have contributed to the observed anisotropy in PCM mechanical 

properties and to stiffening of PCM moduli. The pre-defined 1 μm region was selected 

in an attempt to minimize these effects. Use of smaller radius indenters would improve 

lateral resolution but may result in moduli that do not reflect macroscale measurements 

(Stolz et al. 2004). Alternatively, using a biochemical definition of the PCM, such as 

immunofluorescence for type VI collagen (Poole et al. 1988; Poole et al. 1992), would 

allow for more complete characterization of spatial variations in anisotropy within the 

chondrocyte microenvironment. 

3.5 Summary 

Our study provides new evidence for mechanical inhomogeneity and anisotropy 

at the microscale in articular cartilage. By demonstrating distinct depth-dependent 

anisotropy in ECM microscale elastic moduli, our results provide further support for 

local collagen fiber orientation and matrix composition as defining factors in cartilage 

mechanical behavior. In addition, our findings provide new insights into the 
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micromechanical environment of the chondrocyte, demonstrating zonal uniformity and 

mechanical isotropy of PCM elastic moduli. This detailed characterization of the cell 

microenvironment within each zone can be applied to theoretical models of cell-PCM-

ECM interactions (Guilak and Mow 2000; Wu and Herzog 2002; Kim et al. 2008; 

Korhonen and Herzog 2008) to further our understanding of the specific mechanical 

stresses experienced by the chondrocyte in health and disease. 
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4. Stiffness Mapping of Early Osteoarthritic Changes in 
the Micromechanical Properties of the Pericellular 
Matrix in Human Articular Cartilage 

4.1 Introduction 

Osteoarthritis (OA) is a joint disease characterized by progressive degeneration 

and loss of articular cartilage, ultimately resulting in severe pain and disability. In the 

United States, over 20 million people suffer from OA, resulting in a total economic 

burden of over $80 billion dollars annually (Buckwalter and Martin 2006; Bitton 2009).  

While initially thought to be a disease of “normal wear and tear” associated with 

advanced age, it is now recognized that OA is caused by a complex interplay among 

biochemical factors, joint structure, and joint biomechanics (Aigner et al. 2006; Poole et 

al. 2007; Goldring 2008) that alters the balance between anabolic and catabolic pathways 

in joint tissues (Sandell and Aigner 2001; Sandell 2007).  

Articular cartilage derives its functional mechanical properties from its extensive 

extracellular matrix (ECM) of type II collagen and proteoglycans (PGs). As these 

molecular components undergo enzymatic degradation and are progressively lost in OA 

(McDevitt and Muir 1976; Cs-Szabo et al. 1995; Kleemann et al. 2005; Bay-Jensen et al. 

2008; Hennerbichler et al. 2008; Stolz et al. 2009), cartilage loses its structural and 

mechanical integrity. Alterations in the mechanical properties of the cartilage ECM with 

OA have been characterized at the macroscale (Armstrong and Mow 1982; Setton et al. 

1999; Kleemann et al. 2005; Hennerbichler et al. 2008), microscale (Stolz et al. 2009; 
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Desrochers et al. 2010; Desrochers et al. 2012), and nanoscale (Stolz et al. 2009) in both 

human tissue and experimental models. Results at all length scales agree that cartilage 

compressive properties decline with increasing disease severity. Interestingly, in knee 

joints with unicompartmental OA, the mechanical properties of the “unaffected” 

compartment are also compromised, though not to the same degree, despite the often 

normal macroscopic appearance of the tissue (Obeid et al. 1994). 

 While most investigations focus on the macroscale degradation of the cartilage 

ECM in OA, significant changes also occur in the chondrocyte microenvironment. 

Immediately surrounding each cell is a narrow region known as the pericellular matrix 

(PCM) that together with its enclosed cell forms the functional unit known as the 

chondron (Poole et al. 1987). The PCM is distinct from the bulk extracellular matrix in its 

biochemical composition, most notably the exclusive presence of type VI collagen (Poole 

et al. 1988; Poole et al. 1992; Hagiwara et al. 1993; Youn et al. 2006), ultrastructure (Poole 

et al. 1987; Hunziker et al. 1997; Vanden Berg-Foels et al. 2012), and biomechanical 

properties (Alexopoulos et al. 2003; Alexopoulos et al. 2005b; Guilak et al. 2005; Kim et 

al. 2010). Marked changes in the structural and biochemical profiles of the PCM in OA 

have been reported, including the presence of type II collagen and PG degradation 

products (Dodge and Poole 1989; Hollander et al. 1995; Gibson et al. 2001; Plaas et al. 

2007), a loss of organization in PCM collagens and PG components (Poole et al. 1991b; 

Hambach et al. 1998; Horikawa et al. 2004; Murray et al. 2010), and the prevalence of 
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swollen and enlarged chondrons (Poole et al. 1991b; Lee et al. 2000). Micropipette 

aspiration studies revealed a significant loss of mechanical integrity in chondrons 

isolated from OA human cartilage as compared to normal tissue. OA chondrons exhibit 

Young’s moduli 30 - 40% lower and permeability values 2 – 3 times greater than those of 

normal chondrons (Alexopoulos et al. 2003; Alexopoulos et al. 2005b). However, these 

studies were limited by the need for physical extraction of the chondron from the tissue 

and no studies, to our knowledge, have investigated degradative changes in the 

chondrocyte micromechanical environment in situ.   

The objective of this study was to quantify osteoarthritic changes in the 

micromechanical properties of the ECM and PCM of human articular cartilage in situ 

using atomic force microscopy (AFM). To this end, AFM-based stiffness mapping (as 

described in Chapter 2 (Darling et al. 2010)) was used to evaluate the microscale elastic 

modulus of ECM and PCM regions of human articular cartilage collected from both 

femoral condyles of macroscopically normal and early OA knee joints.  This approach 

was used to test the hypotheses that both ECM and PCM regions experience a loss of 

mechanical integrity with OA on both femoral condyles and that the mechanical 

footprint of the PCM is enlarged in OA cartilage as compared to normal tissue. 
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4.2 Materials and Methods 

4.2.1 Tissue sample preparation 

Full thickness articular cartilage samples were collected from matched sites on 

both femoral condyles from adult human knee joints at autopsy (6 female, 2 male; age = 

65 ± 11 years; age range: 53 – 83 years). None of the patients had a history of knee 

surgery or clinical diagnosed OA. Joints were classified as macroscopically normal 

(Collins grade 0 – 1; N = 4) or arthritic (Collins grade 2 – 3; N = 4) based on the presence 

and extent of surface fibrillation, fissures, and/or focal defects on the condyles (Collins 

and McElligott 1960) (Figure 4-1). Degenerative changes were present on the medial 

condyle of all four OA joints, with one joint exhibiting arthritic changes on both 

condyles (Figure 4-1C).  

 

Figure 4-1: Macroscopic grading of human articular cartilage. Knee joints were 

classified as (A) macroscopically normal or (B, C) arthritic based on the presence of 

surface fibrillation, fissures, and/or focal defects on the medial (M) or lateral (L) 

condyle. 
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Cartilage samples were wrapped in phosphate-buffered saline (PBS)-soaked 

gauze and frozen at -20°C for intermediate storage. Samples were embedded in water-

soluble embedding medium (Tissue-Tek O.C.T. Compound; Sakura Finetek USA) and 

sectioned perpendicular to the articular surface in 5 μm-thick slices using a cryostat 

microtome (Leica CM1850; Leica). Cartilage slices were collected on glass slides and 

washed thoroughly with PBS to remove the water-soluble embedding medium prior to 

AFM testing. Samples remained in PBS at room temperature for the duration of AFM 

testing. 

4.2.2 Mechanical characterization via AFM-based stiffness mapping 

Elastic moduli were mapped quantitatively with the use of a stand-alone atomic 

force microscope (MFP-3D; Asylum Research, Santa Barbara, CA). For microindentation, 

borosilicate glass spheres (5 μm diameter) were attached to the end of AFM cantilevers 

(k = 7.5 N/m; Novascan Technologies, Ames, IA). Indentation curves were applied with a 

force trigger of 750 nN and sampled at 7.5 kHz.  

For evaluation of PCM elastic properties, indentations (1600 sites per region, 15 

μm/s indentation velocity; n = 15 – 16 regions per classification) were sequentially 

applied over each scan region as defined by microscopic examination of cell-sized voids 

in the cartilage section. ECM elastic properties were evaluated using the same technique 

over regions visually devoid of PCM (16 sites per region, 15 μm/s indentation velocity;  

n = 15 – 16 regions per classification). 
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4.2.3 Data evaluation 

Raw data for cantilever deflection and z-piezo movement were analyzed using a 

custom MATLAB script (The MathWorks). A modified Hertzian contact model was used 

to calculate tissue elastic moduli, E, from force-indentation curves, as described 

previously (Darling et al. 2006). Probe-surface contact was identified using a contact 

point extrapolation method described previously (Guo and Akhremitchev 2006). The 

Poisson’s ratio was assumed to be ν = 0.04 in both ECM and PCM regions based on 

published values (Mow et al. 1980; Chen et al. 2001; Alexopoulos et al. 2005b; Choi et al. 

2007). Hertzian contact mechanics provided excellent fits to the experimental data (R2 > 

0.90). Two-dimensional contour maps were generated of the spatial distribution of 

calculated elastic moduli in each scan region. 

Elastic moduli for PCM regions were extracted using the distance-based 

definition of the PCM outlined in Chapter 2 (Darling et al. 2010). Glass contact was 

readily apparent from the force-indentation curves and was used to define the edge of 

each cell-sized void in PCM scan regions. PCM data were included for a region 

extending 1 μm radially from this edge to provide a consistent definition across all 

samples. To quantitatively evaluate the spatial distribution of moduli in the chondrocyte 

microenvironment, the stiffness progression from the PCM inner edge to the ECM was 

evaluated in radial increments of 0.5 μm. 



 

80 

4.2.4 Histological staining and immunofluorescence 

For histological staining, additional cartilage explants from both femoral 

condyles were cut in half to generate a transverse cross-section and fixed overnight in 

formalin. Fixed explants were dehydrated in ethanol, infiltrated with xylene, and 

embedded in paraffin. For histological staining of collagen and PGs, 10 μm-thick 

sections were stained with 0.02% aqueous fast green (Sigma-Aldrich) and Accustain 

Safranin-O solution (Sigma-Aldrich). 

Unfixed cryosections (5 μm thick) of medial condyle cartilage were labeled using 

immunofluorescence (IF) for type VI collagen to visualize the PCM. Sections were 

blocked in 10% goat serum (Invitrogen) for 30 minutes at room temperature. Samples 

were incubated with primary antibody for type VI collagen (anti-collagen type VI raised 

in rabbit, sc-20649; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at a 1:200 dilution in 

10% goat serum for 1 hour at room temperature. After three PBS washes of 5 minutes 

each, samples were incubated with secondary antibody (AlexaFluor 488 goat anti-rabbit 

IgG; Invitogen) at a 1:200 dilution in 10% goat serum for one hour in the dark at room 

temperature. Sections were rinsed three times with PBS and visualized on a confocal 

laser scanning microscope (LSM 510; Zeiss). 

4.2.5 Statistical analyses 

Differences between ECM and PCM elastic moduli were evaluated separately on 

each condyle using a two-way ANOVA (region, disease state; α = 0.05) and Fisher’s least 
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significant difference (LSD) post-hoc test. Data were log-transformed for normality when 

required. Differences in ECM and PCM elastic moduli between the medial and lateral 

condyle were evaluated separately for each region using a repeated measures ANOVA 

(α = 0.05). Stiffness progression data were evaluated separately for each disease state 

using a one-way ANOVA (distance; α = 0.05) and Fisher’s LSD post-hoc test. For analysis 

within the cell microenvironment, the pericellular/territorial matrix (PCM/TM) region 

was designated to include the region extending 3 μm radially from the PCM inner edge. 

All data are presented as mean ± standard error.  

4.3 Results 

4.3.1 Histological staining and immunofluorescence-labeling of 
human articular cartilage 

Histological staining qualitatively confirmed early degradative changes on the 

medial condyle of joints classified as arthritic. OA cartilage exhibited surface 

irregularities and a progressive loss of PG staining with depth as compared to 

macroscopically normal tissue (Figure 4-2).  

IF-labeling for type VI collagen in medial condyle cartilage demonstrated distinct 

differences in the PCM between normal and OA cartilage (Figure 4-3). In normal 

cartilage, type VI collagen was tightly localized around cell-sized voids. In contrast in 

OA cartilage, expanded type VI collagen labeling was observed around cell-sized voids 

and faintly dispersed in ECM regions.  
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Figure 4-2: Histological staining of human articular cartilage. Safranin-O (red, 

PG) and fast green (blue, collagen) staining of cartilage sections from (A, B) 

macroscopically normal and (C, D) OA knee joints. Surface irregularities and loss of 

PG staining are present in OA cartilage sections from the medial condyle.              

Scale bar = 300 μm. 

 

 

Figure 4-3: Immunofluorescence-labeling of type VI collagen in human 

articular cartilage. Representative images of IF-labeling of type VI collagen in medial 

condyle cartilage from (A) macroscopically normal and (B) OA knee joints. IF-

labeling revealed expanded PCM regions in OA cartilage. Scale bar = 100 μm. 
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4.3.2 AFM stiffness mapping of human articular cartilage 

Stiffness mapping of articular cartilage from the medial condyle revealed a 

significant loss of mechanical function in both the PCM and ECM of articular cartilage 

collected from the medial condyle. The elastic modulus of the PCM in OA cartilage was 

reduced by one-third (96 ± 8 kPa) as compared to normal cartilage (137 ± 10 kPa; p < 0.05, 

Figure 4-4A). The elastic modulus of the ECM was reduced by 45% (270 ± 36 kPa) in OA 

cartilage as compared to macroscopically normal joints (491 ± 52 kPa; p < 0.0005). On the 

lateral condyle, no change in either PCM or ECM elastic properties was observed with 

OA (Figure 4-4B; p > 0.25). On both condyles, ECM elastic moduli were significantly 

greater than PCM moduli in normal and OA cartilage (p < 0.000001).  

Comparisons between the condyles demonstrated that ECM moduli on the 

medial condyle were significantly lower than those on the lateral condyle in OA joints  

(p < 0.005). No difference in ECM moduli was observed between the condyles in 

macroscopically normal joints (p = 0.21). PCM moduli were significantly greater on the 

medial condyle in healthy joints (p < 0.05). No difference was observed in PCM moduli 

between the condyles in OA joints (p = 0.24).  

Spatial mapping of elastic moduli revealed distinct differences in the 

biomechanical footprint of the PCM in normal and OA cartilage on the medial condyle. 

Stiffness maps of PCM regions in OA cartilage illustrated expanded regions of lower 

moduli surrounding cell-sized voids as compared to normal cartilage (Figure 4-5A, B). 
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This radial expansion was reflected in a shallow stiffness gradient outward from the 

PCM inner edge (Figure 4-5C), in which elastic moduli failed to reach ECM-like values 

within a radial distance of 7 μm from the PCM inner edge.  In contrast, ECM-like 

modulus values were observed at a radial distance of 6.0 μm from the PCM inner edge 

in normal cartilage. There were no differences in the biomechanical footprint of the PCM 

or the stiffness gradient between normal and OA cartilage on the lateral condyle (Figure 

4-6).  

 

Figure 4-4: Stiffness mapping of human articular cartilage. Elastic moduli of 

cartilage ECM and PCM from the (A) medial and (B) lateral condyles of 

macroscopically normal (black) and OA (white) joints. a: p < 0.0005 for normal ECM 

moduli as compared to OA ECM moduli on the medial condyle. b: p < 0.000005 for 

ECM moduli as compared to their respective PCM moduli on the medial condyle.       

c: p < 0.05 for normal PCM moduli as compared to OA PCM moduli on the medial 

condyle. d: p < 0.000001 for ECM moduli as compared to their respective PCM moduli 

on the lateral condyle. Moduli presented as mean + standard error (N = 4 knees, 

 n = 15 – 16 regions per classification). 
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Figure 4-5: Stiffness progression of elastic moduli of human articular cartilage 

from the medial condyle. Representative contour maps of calculated elastic moduli 

for PCM scan regions of (A) macroscopically normal and (B) OA joints. (C) Outward 

stiffness progression of elastic moduli from the PCM inner edge to the ECM of 

macroscopically normal (black) and OA (white) cartilage. a: p < 0.01 for normal 

cartilage moduli within 1.5 μm of the PCM inner edge as compared to normal moduli 

at 3.0 μm. b: p < 0.05 for OA cartilage moduli within 1.0 μm of the PCM inner edge as 

compared to OA moduli at 3.0 μm. c: p < 0.05 for OA ECM moduli as compared to all 

distances in OA cartilage. *: Normal cartilage moduli reached normal ECM values 6.0 

μm from the PCM inner edge. Moduli presented as mean ± standard error (N = 4 

knees, n = 15 – 16 regions per classification). 
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Figure 4-6: Stiffness progression of elastic moduli of human articular cartilage 

from the lateral condyle. Representative contour maps of calculated elastic moduli for 

PCM scan regions of (A) macroscopically normal and (B) OA joints. (C) Outward 

stiffness progression of elastic moduli from the PCM inner edge to the ECM of 

macroscopically normal (black) and OA (white) cartilage. a: p < 0.05 for normal 

cartilage moduli within 1.5 μm of the PCM inner edge as compared to normal moduli 

at 3.0 μm. b: p < 0.05 for normal ECM moduli as compared to all distances in normal 

cartilage. c: p < 0.05 for OA cartilage moduli within 1.5 μm of the PCM inner edge as 

compared to OA moduli at 3.0 μm. d: p < 0.05 for OA ECM moduli as compared to all 

distances in OA cartilage. Moduli presented as mean ± standard error (N = 4 knees, 

 n = 16 regions per classification).  
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4.4 Discussion 

Our results demonstrate a significant loss in the mechanical function of the 

articular cartilage PCM and ECM in situ with OA at the microscale. AFM-based stiffness 

mapping of medial condyle cartilage revealed a significant decrease in both PCM and 

ECM elastic moduli in OA knee joints as compared to macroscopically normal tissue. In 

addition, radial expansion of the biomechanical footprint of the PCM was observed in 

medial condyle cartilage with OA. Contrary to our initial hypothesis, no changes in 

mechanical properties or their spatial distribution were observed in PCM or ECM 

regions of lateral condyle cartilage.     

Our findings provide direct evidence for degenerative changes in the 

chondrocyte micromechanical environment with OA. Unlike previous micropipette 

aspiration studies of isolated OA chondrons (Alexopoulos et al. 2003; Alexopoulos et al. 

2005b), the AFM-based method utilized in the current work allows for direct evaluation 

of PCM mechanical properties in situ. The observed ~30% decrease in PCM elastic 

moduli is comparable to that observed previously for mechanically isolated chondrons 

(Alexopoulos et al. 2003; Alexopoulos et al. 2005b) from normal and OA cartilage.  The 

observed moduli fall within the range observed for human cartilage in our initial study 

presented in Chapter 2 (Darling et al. 2010) but are approximately two-fold higher than 

those reported for isolated chondrons (96 – 137 kPa vs. 41 – 66 kPa). This difference may 

be due to subject-to-subject variability in PCM properties. It is also possible that OA 
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PCM exhibits enhanced mechanical integrity in situ as compared to an isolated chondron 

due to its loosely organized ultrastructure (Poole et al. 1991b; Hambach et al. 1998; 

Horikawa et al. 2004; Murray et al. 2010). 

In agreement with previous studies that demonstrate a significant decrease in 

cartilage compressive properties with the onset and progression of OA (Armstrong and 

Mow 1982; Setton et al. 1999; Kleemann et al. 2005; Hennerbichler et al. 2008), medial 

condyle ECM microscale elastic moduli decreased 45% in OA cartilage as compared to 

macroscopically normal tissue. Contrary to our initial hypothesis, no change was 

observed in either ECM or PCM elastic moduli on the lateral condyle. This lack of 

alteration is likely related to the relative health of the early-stage OA cartilage examined 

in this study as compared to end-stage OA cartilage (Obeid et al. 1994). Difficulties with 

sample preparation of severely degenerated tissue prevented end-stage OA cartilage 

collected at total knee arthroplasty from being included in this analysis. Overall, ECM 

moduli are in excellent agreement with previously reported macroscale values for 

normal and arthritic human cartilage (Armstrong and Mow 1982; Athanasiou et al. 1991; 

Kleemann et al. 2005) and results demonstrating similar moduli between the medial and 

lateral condyle (Athanasiou et al. 1991).  

Stress and strain in the immediately vicinity of the chondrocyte depend heavily 

on the relative mechanical properties of the PCM and local ECM at the cell’s position 

within the tissue (Guilak and Mow 2000; Wu and Herzog 2002; Korhonen et al. 2006; 
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Choi et al. 2007; Korhonen and Herzog 2008; Julkunen et al. 2009). In the current study, 

the ratio of PCM to ECM elastic moduli increased from 0.36 ± 0.06 in macroscopically 

normal medial condyle cartilage to 0.56 ± 0.13 in OA cartilage. This disruption of the 

normal ratio of PCM to ECM mechanical properties, coupled with the observed 

concurrent decrease in ECM moduli, may result in the chondrocyte experiencing 

significantly different biomechanical signals in OA (Guilak and Mow 2000; Alexopoulos 

et al. 2005a). This altered mechanical signaling, coupled with the inflammatory 

environment of the degenerative joint, would contribute to catabolic signaling cascades 

and further destruction of the cartilage (Sandell and Aigner 2001; Poole et al. 2007).  

One noted advantage of our AFM-based approach is its ability to spatially map 

these mechanical changes in the chondrocyte microenvironment. In agreement with our 

qualitative IF-labeling results, the biomechanical footprint of the PCM was enlarged in 

OA medial condyle cartilage as compared to macroscopically normal samples.  

Quantitative analysis of collected stiffness maps revealed a shallow stiffness gradient 

outward from the PCM inner edge in OA cartilage as compared to normal tissue.  This 

result suggests a direct relationship between the ultrastructural changes prevalent in OA 

chondrons (Poole et al. 1991b; Hambach et al. 1998; Lee et al. 2000; Horikawa et al. 2004; 

Murray et al. 2010) and their altered biomechanical properties.  

While the distance-based definition of the PCM applied in this work provided a 

consistent region across all samples tested, the pre-defined 1 μm region likely 
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underestimates the true extent of the PCM (Youn et al. 2006). This is especially true in 

OA cartilage due to the prevalence of enlarged chondrons (Poole et al. 1991b; Lee et al. 

2000). A biochemical definition of the PCM such as type VI collagen (Poole et al. 1988; 

Poole et al. 1992; Hagiwara et al. 1993; Youn et al. 2006), as opposed to the distance-

based definition applied here, would allow for precise definition of PCM indentation 

points and full characterization of the PCM in OA cartilage. 

4.5 Summary 

Our study provides further evidence of significant degradative changes in 

articular cartilage at the microscale with OA. In addition, our findings provide new 

insight into the micromechanical environment of the chondrocyte in the early stages of 

disease progression, demonstrating radial expansion of the PCM biomechanical 

footprint in addition to a loss in mechanical integrity. A detailed mechanical 

characterization of PCM alterations throughout the progression of OA could be applied 

to theoretical models of the chondrocyte microenvironment (Guilak and Mow 2000; 

Alexopoulos et al. 2005a) to better understand alterations in cellular stress and strain 

which can, in turn, improve our understanding of the specific contributions of 

mechanical loading to cartilage degeneration in OA. 
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5. Immunofluorescence-Guided Atomic Force 
Microscopy to Measure the Micromechanical Properties 
of the Pericellular Matrix of Porcine Articular Cartilage  

A version of this chapter was published as the following: 

Wilusz, R.E., DeFrate, L.E. Guilak, F. Immunofluorescence-Guided Atomic Force 

Microscopy to Measure the Micromechanical Properties of the Pericellular Matrix of 

Porcine Articular Cartilage, Journal of the Royal Society Interface, 9(76):2997-3007, 2012.  

 

5.1 Introduction 

Articular cartilage is the connective tissue that lines the articulating surfaces of 

diarthrodial joints, providing a low-friction, load-bearing surface that supports and 

distributes the forces generated during joint motion. The functional mechanical 

properties of cartilage are conferred by the tissue’s extensive extracellular matrix (ECM) 

that is produced and maintained by a single population of cells known as chondrocytes. 

During joint activity, chondrocytes are subjected to a complex mechanical environment 

consisting of temporal and spatial variations in stress and strain, hydrostatic pressure, 

streaming potentials, and osmotic pressure (Mow et al. 1994; Lai et al. 2002; Mow and 

Guo 2002). This mechanical environment has been shown to significantly impact the 

balance of chondrocyte anabolic and catabolic activities and, in turn, influence the 

overall health of the joint (reviewed in (Guilak et al. 1997; Grodzinsky et al. 2000; 

Williams et al. 2010)).  

Within the ECM, chondrocytes are surrounded by a narrow region called the 

pericellular matrix (PCM) that together with the enclosed cell(s) is termed the chondron 
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(Poole et al. 1987). In normal cartilage, the PCM is often defined by the exclusive 

presence and localization of type VI collagen around the chondrocyte (Poole et al. 1988; 

Poole et al. 1992; Hagiwara et al. 1993; Youn et al. 2006) and is characterized by an 

elevated concentration of proteoglycans (PGs) and glycoproteins relative to the 

surrounding ECM (Poole et al. 1984; Poole 1997; Hunziker et al. 2002). While the exact 

function of the PCM in cartilage is not fully understood, it is thought to play an 

important biomechanical role in the tissue. It has been hypothesized that each 

chondrocyte tailors its PCM based on the unique set of dynamic mechanical forces at its 

position within the matrix (Poole et al. 1988), suggesting that the PCM serves to protect 

the chondrocyte during compressive loading (Poole et al. 1987) and act as a transducer 

of mechanical and biochemical signals in the cellular microenvironment (Guilak et al. 

2006). Furthermore, the relationship between the molecular constituents of the PCM (e.g. 

type VI collagen) and its mechanical properties are not fully understood. 

Previous theoretical models (Guilak and Mow 2000; Alexopoulos et al. 2005a; 

Michalek and Iatridis 2007; Korhonen and Herzog 2008) and experimental studies 

(Knight et al. 1998; Knight et al. 2001; Hing et al. 2002; Choi et al. 2007; Nicodemus and 

Bryant 2008) have demonstrated a functional biomechanical role for the PCM. In 

particular, the stress-strain environment of the chondrocyte depends heavily on the 

relative mechanical properties of the chondrocyte, its PCM, and the local ECM (Guilak 

and Mow 2000; Alexopoulos et al. 2005a; Choi et al. 2007). Cartilage is sub-divided into 
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three zones (superficial, middle, and deep) based on depth from the articular surface 

that are characterized by differences in ECM composition and ultrastructure (Venn and 

Maroudas 1977; Hwang et al. 1992; Hunziker et al. 1997; Hunziker et al. 2002) and 

chondrocyte morphology and arrangement (Poole et al. 1984; Quinn et al. 2005). Zonal 

variation in matrix composition and structure contribute to a depth-dependent increase 

in compressive properties of the cartilage ECM (Schinagl et al. 1997; Chen et al. 2001; 

Tomkoria et al. 2004). Isolated chondrocytes also demonstrate zonal differences in their 

mechanical properties with superficial zone cells exhibiting higher moduli than 

middle/deep zone cells (Darling et al. 2006; Shieh and Athanasiou 2006). While the three-

dimensional morphology and thickness of the PCM varies among the cartilage zones 

(Hunziker et al. 2002; Youn et al. 2006), micropipette aspiration of mechanically isolated 

chondrons from canine (Guilak et al. 2005) and human (Alexopoulos et al. 2003; 

Alexopoulos et al. 2005b) cartilage revealed zonal uniformity in the mechanical 

properties of the PCM, despite significant zonal differences in ECM properties. While 

recent studies have evaluated the biomechanical properties of the cartilage PCM in situ 

indirectly using inverse boundary element analysis coupled with three-dimensional 

confocal microscopy (Kim et al. 2010) and directly via atomic force microscopy (AFM) 

(Chapter 2 (Darling et al. 2010); Chapter 3 (McLeod et al. 2013)), few studies have 

evaluated zonal variation in PCM properties in situ. In Chapter 3 (McLeod et al. 2013), 

the mechanical properties of a 1 μm region immediately adjacent to the chondrocyte 
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were shown to be uniform across the superficial, middle, and deep zones. However, this 

distance-based region does not represent the true extent of the PCM (Youn et al. 2006). A 

more precise definition based on the unique biochemical composition of the PCM would 

provide a means to fully evaluate the existence, or lack, of zonal variations in PCM 

properties in situ. 

AFM has emerged as a powerful tool for biomechanics applications because it 

provides a means for precisely controlled nano- and microindentation in aqueous 

environments. Using a force spectroscopy technique known as stiffness or force-volume 

mapping, AFM can be used to collect arrays of indentation curves and map spatial 

variations in elastic modulus over a specified region (Radmacher et al. 1992; Gad et al. 

1997; A-Hassan et al. 1998). In this regard, AFM indentation has been used to investigate 

the mechanical properties of local features in multiple cartilaginous tissues, including 

intervertebral disc (Lewis et al. 2008), fibrocartilage (Hu et al. 2001), growth plate (Allen 

and Mao 2004; Radhakrishnan et al. 2004), and articular cartilage (Chapter 2 (Darling et 

al. 2010), Chapter 3 (McLeod et al. 2013); (Stolz et al. 2004; Tomkoria et al. 2004; Park et 

al. 2009; Stolz et al. 2009; Desrochers et al. 2010; Loparic et al. 2010). More recently, AFM 

has been combined with a number of optical microscopy techniques, including phase 

contrast and fluorescence (Moreno Flores and Toca-Herrera 2009; Sen and Kumar 2009), 

allowing for simultaneous stiffness mapping and high resolution imaging, thereby 
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providing a means for direct correlation between structural features, biochemical 

composition, and biomechanical properties.   

The objective of this study was to characterize the mechanical properties of the 

ECM and PCM in the microenvironment of the chondrocyte in situ using AFM and test 

the hypotheses that the biomechanical properties of the PCM correlate with the presence 

of type VI collagen and are uniform with depth from the articular surface. PCM regions 

in full thickness articular cartilage samples from porcine knee joints were identified 

using fluorescence immunolabeling for type VI collagen. Guided by this biochemical 

definition of the PCM, AFM stiffness mapping as described in Chapter 2 (Darling et al. 

2010) was used to evaluate the elastic properties of matched PCM and ECM regions 

within the superficial, middle, and deep zones in situ and to correlate these properties to 

the presence of type VI collagen. 

5.2 Materials and Methods 

5.2.1 Tissue sample preparation 

Full thickness articular cartilage samples were collected from central regions of 

the medial femoral condyle of 2 – 3 year old, skeletally mature, female pig knee joints 

with no macroscopic signs of joint degeneration. Cartilage samples were wrapped in 

phosphate-buffered saline (PBS)-soaked gauze and frozen at -20°C for intermediate 

storage. Samples were embedded in water-soluble embedding medium (Tissue-Tek 

O.C.T. Compound; Sakura Finetek USA) and sectioned perpendicular to the articular 
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surface in 5 μm-thick slices using a cryostat microtome (Leica CM1850; Leica). Cartilage 

slices were collected on glass slides and washed thoroughly with 0.1 M tris-buffered 

saline (TBS), pH 7.3, to remove the water-soluble embedding medium prior to 

immunofluorescence (IF) labeling and AFM testing. 

5.2.2 Immunofluorescence for type VI collagen 

Unfixed cartilage sections were labeled for type VI collagen using a modified IF 

protocol (Youn et al. 2006). Sections were blocked in 10% normal donkey serum (Lot #: 

S10011325; Fitzgerald) diluted in assay buffer (0.1% Bovine Albumin Solution (BSA; 

Invitrogen) in 0.1 M TBS, pH 7.3) for 20 minutes at room temperature. Samples were 

incubated with primary antibody for type VI collagen (anti-collagen type VI raised in 

rabbit, 70R-CR009X, Fitzgerald) at a 1:50 dilution in 10% donkey serum for 20 minutes at 

room temperature. After two TBS washes of 5 minutes each, samples were incubated 

with secondary antibody (FITC-conjugated donkey anti-rabbit IgG, 43R-ID061FT; 

Fitzgerald) at a 1:200 dilution in 10% donkey serum for 20 minutes in the dark at room 

temperature. Sections were rinsed twice with TBS for 5 minutes each and remained in 

TBS at room temperature during AFM testing. 

5.2.3 Mechanical characterization via AFM stiffness mapping 

Simultaneous force measurements and fluorescence imaging were performed 

using an AFM system (MFP-3DBio; Asylum Research) integrated with an inverted 

fluorescence microscope (AxioObserver A1; Zeiss). For microscale indentation, 
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borosilicate glass spheres (5 μm diameter) were attached to tip-less AFM cantilevers (k = 

4.5 N/m; Novascan). Indentations were applied with a force trigger of 300 nN and 

curves were sampled at 7.5 kHz. For evaluation of PCM elastic properties, indentations 

(1600 sites per region, 15 μm/s indentation velocity) were sequentially applied over a 20 

μm x 20 μm region of interest defined by microscopic examination with phase contrast 

imaging (Figure 5-1A) and positive IF-labeling for type VI collagen around cell-sized 

voids (Figure 5-1B). Topographical maps of relative height were collected 

simultaneously during stiffness mapping of each PCM scan region. Elastic properties of 

the adjacent ECM were evaluated using the same approach over 20 μm x 20 μm regions 

visually devoid of PCM and type VI collagen (16 indentations per region, 15 μm/s 

indentation velocity).  
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Figure 5-1: Selection of PCM and ECM scan regions using 

immunofluorescence. (A) Phase contrast and (B) fluorescence images of PCM (blue) 

and ECM (red) scan regions in the deep zone of porcine articular cartilage as seen 

during AFM testing. Localization of type VI collagen around cell-sized voids was 

used to identify the PCM in IF-labeled sections. The AFM cantilever is shown in (A) 

and outlined in (B) with the red circle indicating the approximate location of the 

spherical tip. Scale bar = 20 μm.  

 

In order to investigate the potential influence of IF-labeling on measured 

microscale elastic properties, site-matched PCM/ECM regions were evaluated in the 

middle/deep zone (200 – 400 μm from the articular surface) of paired unlabeled and IF-

labeled cartilage sections (N = 3 pigs, n = 17 total regions). Unlabeled sections underwent 

minimal washing to remove the water-soluble embedding medium and underwent 

AFM testing immediately. AFM testing was conducted in TBS at room temperature and 

was completed within 4 hours of initial sectioning. Preliminary studies showed no 

significant change in Safranin-O staining of PGs or mechanical properties in IF-labeled 

cartilage sections over the time course of AFM testing (113 ± 18 kPa vs. 94 ±11 kPa, p = 

0.39, Student’s t-test). 
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To evaluate zonal variations in PCM elastic properties in situ, paired ECM/PCM 

regions (N = 5 pigs, n = 20 total regions per zone) were selected within each of the three 

cartilage zones. The superficial zone was defined to include the region 0 – 100 μm from 

the articular surface, the middle zone from 200 – 300 μm from the articular surface, and 

the deep zone as the bottom half of each cartilage section. These designations were 

selected based on variations in cell morphology and tissue architecture outlined 

previously in the literature (Hwang et al. 1992; Hunziker et al. 1997). The order of testing 

among the three zones was varied among cartilage the samples. All AFM testing was 

conducted in TBS at room temperature and completed within 4 hours of initial 

sectioning.  

5.2.4 Data evaluation 

Raw data for cantilever deflection and z-piezo movement were collected and 

analyzed using a custom MATLAB script (The MathWorks). The elastic modulus, E, was 

determined by fitting a modified Hertz model to force-indentation curves, as described 

previously (Darling et al. 2006). For articular cartilage, the local Poisson’s ratio was 

assumed to be ν = 0.04 for both the ECM (Mow et al. 1980; Chen et al. 2001; Choi et al. 

2007) and PCM (Alexopoulos et al. 2005b) based on previous experimental reports in the 

literature. From the Hertz model, presented modulus values can be converted from ν = 

0.04 to a different assumed value of ν by multiplying by the conversion factor            

(1 – ν2)/(1 – 0.042). Probe-surface contact was identified using contact point extrapolation, 
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a method that uses the indentation portion of the approach curve to determine the 

probe-surface contact point on soft substrates based on an applied mathematical model 

(Guo and Akhremitchev 2006). Hertzian contact mechanics provided excellent fits to the 

experimental data for all force-indentation curves (R2 > 0.90). Two-dimensional contour 

maps were generated of the spatial distribution of calculated elastic moduli in each 

region. 

To compare the elastic moduli of unlabeled and IF-labeled PCM, a distance-

based definition of the PCM was used as described in Chapter 2 (Darling et al. 2010). 

Briefly, PCM regions were determined based on spatial indicators of contact with the 

underlying glass substrate within cell-sized voids. Glass contact was readily apparent 

from the force-indentation curves and was used to define the edge of each cell void. 

PCM data were included for a region extending 1 μm radially from this edge. This 

defined region may locally under- or over-represent the actual extent of the PCM for any 

given site but provided a consistent definition of the PCM among samples in the absence 

of IF-labeling. 

For IF-labeled sections, the cartilage PCM was identified by positive type VI 

collagen labeling around cell-sized voids and data were included for all indentations 

that fell within labeled regions. For precise navigation using the AFM MFP-3D software 

(Asylum Research), the tip location on the AFM cantilever must be specified. Because 

the spherical tip was not visible in either captured light or fluorescence images, its 
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location was approximated to within 2 – 3 μm (Figure 5-1), and an image analysis 

algorithm was developed in Mathematica (Wolfram Research, Inc., Champaign, IL) to 

correct for any translational shift between captured IF images and stiffness maps. ImageJ 

(National Institutes of Health) was used to crop AFM navigation images (Figure 5-1B) 

and produce an IF image of each PCM scan region (Figure 5-2B, 256 x 256 pixels) that 

was imported into Mathematica. The corresponding topographical (Figure 5-2A) and 

elastic moduli contour maps (not shown) were resized from 40 x 40 pixels to 256 x 256 

pixels using bilinear interpolation. The topographical map was used for alignment of 

stiffness maps due to its clear depiction of the cell-sized void associated with each PCM. 

Since indentation points on the topographical map perfectly align with points on the 

elastic moduli contour map, any translational shift in the topographical map could be 

directly applied to the contour map. Edge detection was used to define the inner edge of 

the cell-sized void in the topographical map and IF image (Figure 5-3C, D). Using an 

iterative closest-point technique (Abebe et al. 2009), the topographical map was 

translated in the x- and y-directions to minimize the distance between the cell void inner 

edge in the topographical map and IF image. With the magnitude of the translational 

shift between the two images determined, the IF image and elastic moduli contour maps 

were cropped as necessary to align the images (Figure 5-3E, F). Once aligned, IF images 

were converted to binary masks to indicate regions of positive IF-labeling using an 

optimal threshold value determined from a range of images (Figure 5-3G). IF-positive 
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masks and elastic moduli contour maps were analyzed in MATLAB to extract PCM data 

from each scan region (Figure 5-3H). To quantitatively evaluate the spatial distribution 

of moduli in the chondrocyte microenvironment, the stiffness progression from the PCM 

outer edge to the ECM was evaluated in radial increments of 0.5 μm. 

 

Figure 5-2: Data analysis of immunofluorescence-labeled PCM scan regions. 

The inner edge of cell-sized voids was detected in topographical maps (A) and IF 

images (B) using edge detection (C, D). The topographical map was translated in the 

x- and y-directions to minimize the distance between it and the IF image (E). 

Topographical maps and IF images were cropped for alignment as needed (shown 

overlaid in F). Aligned IF images were thresholded and converted to binary masks to 

determine regions of positive IF-labeling (G). IF-positive masks and elastic moduli 

contour maps were analyzed in MATLAB to extract PCM moduli from each scan 

region (H). Scale bar = 5 μm. 
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5.2.5 Statistical analyses 

Differences in ECM and PCM elastic moduli between unlabeled and IF-labeled 

cartilage sections were evaluated using a two-way ANOVA (region, label; α = 0.05) and 

Fisher’s least significant difference (LSD) post-hoc test. In IF-labeled sections, differences 

between ECM and PCM elastic moduli among the three zones were evaluated using a 

two-way ANOVA (region, zone; α = 0.05) and Fisher’s LSD post-hoc test. Differences in 

PCM elastic moduli among the three zones were evaluated separately using a one-way 

ANOVA (zone; α = 0.05). Stiffness progression data were evaluated separately within 

each zone using a one-way ANOVA (distance; α = 0.05) and Fisher’s LSD post-hoc test. 

The relationship between elastic modulus and fluorescence intensity for each PCM scan 

region was determined using linear regression. 

5.3 Results 

5.3.1 Immunofluorescence for type VI collagen 

Immunolabeling of cartilage sections for type VI collagen showed clear 

localization of type VI collagen to the regions immediately surrounding cell-sized voids. 

In the superficial zone, cell-sized voids and their associated PCM were elongated 

parallel to the articular surface (Figure 5-3A). In the middle zone, the PCM and cell-sized 

voids exhibited a more rounded morphology (Figure 5-3B). In the deep zone, cell-sized 

voids and the PCM were elongated perpendicular to the articular surface (Figure 5-3C).  
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Figure 5-3: Stiffness mapping of immunofluorescence-labeled PCM. (A, B, C) 

Representative IF images showing the distribution of type VI collagen around cell-

sized voids in the superficial, middle, and deep zones. (D, E, F) Representative 

contour maps of calculated elastic moduli of PCM scan regions in each zone. The 

spatial distribution of type VI collagen co-localized with softer modulus regions 

within each scan. Scale bar = 5 μm. 

 

5.3.2 Influence of immunofluorescence-labeling on articular cartilage 
micromechanical properties 

The influence of IF-labeling on the observed microscale mechanical properties 

was evaluated in the middle/deep zone of unlabeled and IF-labeled cartilage sections. 

No significant difference was observed in the measured elastic moduli in either the 

predefined 1 μm PCM region or the ECM with IF-labeling (p = 0.97 for PCM, p = 0.39 for 

ECM; Figure 5-4). ECM elastic moduli were significantly greater than PCM elastic 

moduli in both unlabeled and labeled sections (p < 0.05).  
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Figure 5-4: Effect of immunofluorescence-labeling on articular cartilage 

microscale moduli. Elastic moduli of ECM and PCM regions measured in the 

middle/deep zone of unlabeled (black) and IF-labeled (white) cartilage sections. No 

difference in moduli was observed with IF-labeling (p = 0.39 for ECM, p = 0.97 for 

PCM). a: p < 0.001 for ECM moduli as compared to PCM moduli. Moduli presented as 

mean + standard error (N = 3 pigs, n = 17 regions per treatment). 

 

5.3.3 AFM stiffness mapping of immunofluorescence-labeled articular 
cartilage PCM and ECM 

Stiffness mapping revealed that type VI collagen and lower elastic moduli co-

localized in the pericellular space around cell-sized voids (Figure 5-3). Regions 

exhibiting higher fluorescence intensity had lower elastic moduli (Figure 5-5). There was 

a significant relationship between fluorescence intensity and elastic modulus within 

PCM scan regions (p < 0.0001). The strongest relationships, based on R2, existed between 

fluorescence intensity and elastic modulus when evaluated over the full scan region 
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(PCM + local ECM) as compared to PCM points or local ECM points alone (Figure 5-6). 

Overall, the weakest relationships were observed in deep zone scan regions.  

 

Figure 5-5: Elastic modulus vs. fluorescence intensity in PCM scan regions. 

Representative scatter plots of elastic modulus vs. relative fluorescence intensity in 

PCM scan regions in the (A) superficial, (B) middle, and (C) deep zones. PCM (green) 

and local ECM (black) areas are shown.  
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Figure 5-6: Linear regression analysis of elastic modulus vs. fluorescence 

intensity in PCM scan regions. Box plots of coefficient of determination (R2) for each 

PCM scan region in the (A) superficial, (B) middle, and (C) deep zones and (D) across 

all zones. Separate regression analyses were performed on PCM regions alone, local 

ECM regions alone, and the full scan region (PCM + local ECM). Median R2 value is 

designated by the horizontal line within each box (N = 5 pigs, n = 20 regions per zone). 

 

 

 

 



 

108 

5.3.4 Zonal variation of PCM elastic moduli 

PCM elastic moduli exhibited no significant differences among the superficial (68 

± 5 kPa), middle (56 ± 4 kPa), and deep (58 ± 6 kPa) zones (p = 0.21, Figure 5-7). In the 

superficial zone, PCM regions exhibited lower elastic moduli than immediately adjacent 

regions lacking type VI collagen (p < 0.05, Figure 5-8). Elastic moduli reached values 

comparable to the ECM 2.5 μm from the PCM outer edge. In the middle zone, PCM 

elastic moduli were lower than those in regions greater than 1 μm from the PCM outer 

edge (p < 0.05). Middle zone elastic moduli reached ECM-like values 1.5 μm from the 

PCM outer edge. In the deep zone, PCM moduli exhibited lower values than regions 

greater than 1.5 μm from the PCM outer edge (p < 0.05) and ECM-like elastic moduli 

were observed immediately outside the PCM. In all three zones, ECM elastic moduli 

were greater than their respective PCM moduli (p < 0.05, Figure 5-7). The superficial 

zone exhibited higher ECM moduli as compared to the middle and deep zones (p < 0.05).  
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Figure 5-7: Zonal uniformity in PCM elastic moduli. Elastic moduli of ECM 

(black) and PCM (white) regions measured in the superficial, middle, and deep zones. 

PCM elastic moduli exhibited zonal uniformity (p = 0.21). a: p < 0.05 for ECM moduli 

as compared to their respective PCM moduli. b: p < 0.05 for superficial zone ECM 

moduli as compared to middle and deep zone ECM moduli. Moduli presented as 

mean + standard error (N = 5 pigs, n = 20 regions per zone).  
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Figure 5-8 Stiffness progression of elastic moduli. Stiffness progression of 

moduli from the PCM outer edge to the ECM in the superficial (diamond), middle 

(square), and deep (circle) zones. a: p < 0.05 for superficial zone PCM moduli as 

compared to all superficial zone regions beyond the PCM outer edge. b: p < 0.05 for 

middle zone PCM moduli as compared to middle zone regions greater than 1.0 μm 

from the PCM outer edge. c: p < 0.05 for deep zone PCM moduli as compared to deep 

zone regions greater than 1.5 μm from the PCM outer edge. *: Superficial zone moduli 

reached ECM values 2.5 μm from PCM outer edge (p > 0.05). #: Middle zone moduli 

reached ECM values 1.5 μm from the PCM outer edge (p > 0.05). &: Deep zone moduli 

reached ECM values at the PCM outer edge (p > 0.05). Moduli presented as mean ± 

standard error (N = 5 pigs, n = 20 regions per zone). 
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5.4 Discussion 

Our results demonstrate that the biomechanical properties of the cartilage PCM 

correlate with the presence of type VI collagen in the chondrocyte microenvironment. 

Control experiments verified that immunolabeling had no effect on micromechanical 

properties of either the cartilage PCM or ECM. Immunolabeling in combination with 

AFM-based stiffness mapping revealed co-localization of type VI collagen and lower 

elastic moduli to the PCM. Matrix regions lacking type VI collagen immediately adjacent 

to the PCM exhibited higher elastic moduli than regions positive for type VI collagen. 

PCM elastic moduli measured in situ exhibited zonal uniformity across the superficial, 

middle, and deep zones of the cartilage.  

By evaluating PCM mechanical properties within the context of the local ECM 

with minimal disruption of native matrix integration, the method presented here 

provides a direct means to fully evaluate the micromechanical environment of the 

chondrocyte in situ. Stiffness mapping demonstrated that type VI collagen is a defining 

factor for both the biochemical and biomechanical definitions of the PCM. PCM regions 

were softer than immediately adjacent regions lacking type VI collagen. In the 

superficial and middle zones, these regions exhibited intermediate elastic moduli 

between the PCM and ECM. This result suggests that the territorial matrix (TM), located 

between the PCM and ECM (Poole et al. 1984), may serve as a mechanical as well as 

structural transition region in articular cartilage. In addition, fluorescence intensity of 
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type VI collagen IF-labeling was found to be a significant predictor of elastic modulus. 

The strongest relationships, based on R2 values, were observed when evaluated over the 

full scan region with fluorescence intensity contributing to 48%, 51%, and 23% of the 

observed variation in elastic modulus in the superficial, middle, and deep zones, 

respectively. Not surprisingly, the weakest relationships were observed in the deep zone 

where the difference between PCM and ECM elastic moduli was the smallest. This 

observation further supports the defining role of type VI collagen in the biomechanical 

properties of the PCM.  

The results of this study provide evidence for site-specific variation of the elastic 

modulus within the PCM. For example, PCM elastic moduli in this study (E = 56 – 68 

kPa) were approximately twice as stiff as those measured in situ via AFM for porcine 

cartilage (E ≈ 30 kPa) in our initial study presented in Chapter 2 (Darling et al. 2010) and 

10 – 15% greater than those presented in Chapter 3 (McLeod et al. 2013). This difference 

in moduli was not an effect of immunolabeling on microscale stiffness. Rather, it likely 

reflects a more accurate definition of the PCM boundary that is based on type VI 

collagen IF, rather than distance from the chondrocyte. When the same 1 μm thick, 

distance-based definition of the PCM was employed in the current work, measured 

PCM elastic moduli (E = 33 – 34 kPa) were in direct agreement with our previous results. 

The distribution of type VI collagen around cell-sized voids demonstrated that this 

distance-based definition underestimated the true local PCM thickness. It is also possible 
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that type VI collagen extends beyond the PCM and into the adjacent TM, where it has 

been reported to be interwoven with type II collagen fibers (Soder et al. 2002). Inclusion 

of higher modulus TM regions may have contributed to elevated PCM moduli. 

Furthermore, there are limitations in lateral resolution associated with using 

micrometer-sized indenters for AFM-based stiffness mapping of soft substrates 

(Radmacher et al. 1995). For spherical probes, the contact radius scales with tip radius 

and indentation depth. Since stiffness maps were collected using a single force trigger 

(300 nN), indentation depths were smaller in stiffer ECM regions (~800 nm) than in 

softer PCM regions (~1.5 μm). As a result, contact radii were larger in PCM regions (2.0 – 

2.2 μm) as compared to ECM regions (1.5 – 1.8 μm). Indenter contact with adjacent TM 

and/or ECM regions might contribute to artificial stiffening of peripheral PCM regions. 

PCM elastic moduli measured in the current study are in excellent agreement 

with those measured using other techniques such as micropipette aspiration of isolated 

chondrons (Alexopoulos et al. 2003; Alexopoulos et al. 2005b; Guilak et al. 2005). In 

particular, a recent study reported the mechanical properties of the PCM in intact 

cartilage by employing inverse boundary element analysis coupled with three-

dimensional confocal microscopy of compressed porcine cartilage. This study estimated 

the Young’s modulus of the PCM to be 24 – 59 kPa in the middle zone (Kim et al. 2010). 

The consistency in PCM properties among these different measurement techniques 
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suggests that the sample preparation methods in this study (i.e. frozen sectioning and 

immunolabeling) do not have significant effects on PCM properties.  

Previous studies investigating zonal variation in PCM properties focused on 

mechanically extracting chondrons from the superficial and middle/deep zones of the 

tissue (Alexopoulos et al. 2003; Alexopoulos et al. 2005b; Guilak et al. 2005). Results from 

these micropipette aspiration studies and our in situ work agree that the PCM exhibits 

zonal uniformity in its mechanical properties. Zonal uniformity in PCM properties 

coupled with zonal differences in chondrocyte (Darling et al. 2006; Shieh and 

Athanasiou 2006) and ECM (Schinagl et al. 1997; Chen et al. 2001) properties generates 

depth-dependent variation in the ratio of chondrocyte to PCM to ECM properties which 

in turn influence the local mechanical and physiochemical environments of the cell 

(Guilak and Mow 2000; Alexopoulos et al. 2005a). This result supports the hypothesized 

role of the PCM as a mechanical transducer that provides a uniform cellular 

environment throughout the tissue depth despite large inhomogeneities in local strain 

during joint loading (Choi et al. 2007). 

While type VI collagen is often used as the primary marker of the cartilage PCM, 

a recent study by Alexopoulos and colleagues (Alexopoulos et al. 2009) demonstrated 

that intact chondrons could be isolated from Col6a1 knockout mice that lack type VI 

collagen. A number of matrix molecules are found either exclusively or at higher 

concentrations in the PCM as compared to the surrounding ECM, including perlecan 
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(SundarRaj et al. 1995; Melrose et al. 2006), hyaluronan (Knudson 1993; Cohen et al. 

2003), biglycan (Kavanagh and Ashhurst 1999), type IX collagen (Poole et al. 1997), 

fibronectin (Chang et al. 1997), and laminin (Durr et al. 1996). The fact that intact 

chondrons can be isolated from Col6a1 null mice (Alexopoulos et al. 2009) suggests that 

other molecular components likely contribute to the structural integrity and 

biomechanical properties of the PCM, potentially providing alternative composition-

based definitions of the PCM. 

Consistent with other AFM studies (Coles et al. 2008; Park et al. 2009), ECM 

modulus values observed in our study were lower than macroscale values for healthy 

porcine articular cartilage (Fermor et al. 2007; Hennerbichler et al. 2008). Measured ECM 

moduli were greater than those reported previously for the superficial zone (E = 154 kPa 

vs. 44 kPa) of porcine patellar cartilage (Coles et al. 2008) and the middle/deep zone (E = 

90 – 106 kPa vs. 81 kPa) of porcine articular cartilage presented in Chapter 2 (Darling et 

al. 2010). Furthermore, the observed ECM microscale elastic properties decreased with 

depth from the articular surface, a finding in direct agreement with the results presented 

in Chapter 3 (McLeod et al. 2013) but inconsistent with the depth-dependent increase in 

ECM compressive properties observed in macroscale studies (Schinagl et al. 1997; Chen 

et al. 2001). These observations may be attributed to the fact that the AFM measures 

highly localized properties that may be dominated by the individual molecular 

components of the tissue. Previous work by Loparic and colleagues on the nanostiffness 
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of porcine articular cartilage (Loparic et al. 2010) demonstrated that PGs in situ are an 

order of magnitude softer than collagen fibers. In the cartilage ECM, PG content 

increases with depth from the articular surface (Venn and Maroudas 1977). Interstitial 

fluid pressurization in response to AFM microindentation is minimal (Park et al. 2009), 

with an estimated relaxation time constant of approximately 60 milliseconds based on 

moduli presented in our study. Consistent with previous AFM nano- and 

microindentation studies (Han et al. 2011), ECM elastic moduli increased slightly with 

increasing indentation velocity from 1 to 25 μm/s (Appendix C). The observation that 

the effect of indentation rate was relatively small over a large range of rates indicates 

that the relaxation time of the tissue is significantly shorter than the characteristic 

loading time of these experiments. This suggests that the properties measured using this 

technique represent the intrinsic mechanical properties of the solid matrix independent 

of biphasic effects. As a result, the apparent softening of the ECM with depth observed 

in the present work may be due in part to the high concentration of PGs in the middle 

and deep zones.  

Another important difference in these measurements as compared to most 

previous studies of depth-dependent cartilage properties is that in the current study, 

cartilage sections were tested in the transverse direction relative to the articular surface. 

While the mesh-like ultrastructure of the PCM (Poole et al. 1984; Poole et al. 1987; 

Hunziker et al. 1997) and our AFM results presented in Chapter 3 (McLeod et al. 2013) 
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suggest that the PCM is isotropic, distinct anisotropy is present in the ECM due to the 

arcade-like architecture of type II collagen fibers (Hwang et al. 1992). In addition, 

macroscale properties of cartilage ECM have been shown to depend on the direction of 

loading relative to the split-line orientation in the superficial zone (Chahine et al. 2004). 

Split-line direction was not taken into account in this study; however the effect of 

loading relative to the split-line direction was shown in Chapter 3 to significantly affect 

the micromechanical properties of the superficial and deep zones of the cartilage ECM 

(McLeod et al. 2013).  

5.5 Summary 

Our findings provide further support for type VI collagen as a defining factor in 

both the biochemical and biomechanical definitions of the PCM and the biomechanical 

role of the PCM in articular cartilage. In addition, our findings provide a more complete 

characterization of the matrix mechanical properties in the cellular microenvironment 

and suggest that the TM serves as a mechanical as well as structural transition between 

the cartilage PCM and ECM. The combined approach of IF-labeling and AFM stiffness 

mapping developed here provides a novel means for characterization of the relationship 

between tissue biochemical composition and biomechanical properties in situ. 
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6. A Biomechanical Role for Perlecan in the Articular 
Cartilage Pericellular Matrix 

A version of this chapter was published as the following: 

Wilusz, R.E., DeFrate, L.E., Guilak, F. A Biomechanical Role for Perlecan in the Articular 

Cartilage Pericellular Matrix. Matrix Biology, 31(6):320-7, 2012. 

 

6.1 Introduction 

Within the extensive extracellular matrix (ECM) of articular cartilage, 

chondrocytes are surrounded by a narrow pericellular matrix (PCM) that together with 

the enclosed cell is referred to as a “chondron” (Poole et al. 1987). The PCM is distinct 

from the surrounding ECM in its biochemical composition (reviewed in (Poole 1997)), 

ultrastructure (Poole et al. 1987; Hunziker et al. 1997), and biomechanical properties 

((Alexopoulos et al. 2003; Alexopoulos et al. 2005b); Chapters 2 (Darling et al. 2010), 3 

(McLeod et al. 2013), 4, and 5 (Wilusz et al. 2012)). While the exact function of the PCM 

in cartilage has yet to be determined, it is thought to play an important role in regulating 

the biomechanical environment of the chondrocyte, protecting the cell during 

compressive loading (Poole et al. 1987) and serving as a mechanical transducer during 

joint loading (Guilak et al. 2006). Previous theoretical models (Guilak and Mow 2000; 

Alexopoulos et al. 2005a; Michalek and Iatridis 2007; Korhonen and Herzog 2008) and 

experimental studies (Knight et al. 2001; Hing et al. 2002; Choi et al. 2007; Villanueva et 

al. 2009) have demonstrated that stress and strain in the vicinity of the chondrocyte is 

significantly influenced by the relative mechanical properties of the cell, PCM, and ECM.  
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In normal cartilage, the PCM is often defined by the exclusive presence and 

localization of type VI collagen around the chondrocyte (Poole et al. 1988; Poole et al. 

1992). As such, previous studies investigating the biomechanical properties of the 

cartilage PCM have focused on type VI collagen and its role in PCM function. Using 

immunofluorescence (IF)-guided atomic force microscopy (AFM), we demonstrated in 

Chapter 5 that PCM biomechanical properties correlate with the presence of type VI 

collagen and that matrix regions lacking type VI collagen immediately adjacent to the 

PCM exhibit higher elastic moduli than PCM regions rich in type VI collagen (Wilusz et 

al. 2012). Alexopoulos and colleagues (Alexopoulos et al. 2009) demonstrated that intact 

chondrons can be isolated from Col6a1 knockout mice that lack type VI collagen and 

exhibit reduced mechanical properties as compared to wild-type controls. While these 

studies illustrate the important role of type VI collagen in the properties of the PCM, 

they also suggest that other PCM components likely contribute to its structural integrity 

and biomechanical properties.  

A number of matrix molecules are found exclusively in the cartilage PCM as 

compared to the ECM including perlecan, a large heparan sulfate (HS) proteoglycan 

(PG) (SundarRaj et al. 1995; Melrose et al. 2005; Melrose et al. 2006; Kvist et al. 2008). 

Though its exact role in cartilage is unknown, perlecan is essential for normal cartilage 

development, and dysfunction of the perlecan gene results in potentially lethal skeletal 

dysplasias (Arikawa-Hirasawa et al. 1999; Costell et al. 1999; French et al. 1999; 
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Gustafsson et al. 2003). Perlecan modulates signaling of multiple growth factors through 

its HS chains including the fibroblast growth factors (FGFs) (Aviezer et al. 1994; 

Whitelock et al. 1996; Melrose et al. 2006; Smith et al. 2007; Vincent et al. 2007; Whitelock 

et al. 2008; Chuang et al. 2010) and has been implicated in cell-matrix interactions 

(SundarRaj et al. 1995; Kirn-Safran et al. 2009) and matrix organization (Melrose et al. 

2008b). Importantly, perlecan demonstrates a strong electrostatic binding affinity for 

type VI collagen through its HS chains (Tillet et al. 1994) and interacts with fibronectin 

and laminin via its core protein (Hopf et al. 1999; Hopf et al. 2001) and HS chains 

(Battaglia et al. 1992). Through these interactions, perlecan may have an important role 

in the structural organization and stabilization of the cartilage PCM.  

The objective of this study was to determine the biomechanical role of perlecan 

in the PCM of articular cartilage and its potential role as a defining factor of the PCM. 

Cryosections of porcine articular cartilage samples were labeled for type VI collagen and 

perlecan using dual IF. Guided by IF-labeling, AFM-based stiffness mapping as 

presented in Chapter 5 (Wilusz et al. 2012) was used to evaluate the elastic properties of 

matched PCM and ECM regions and correlate these properties with PCM biochemical 

composition. Enzymatic removal of HS chains from perlecan using heparinase III was 

performed to evaluate the functional role of HS in the biomechanical properties of 

cartilage. These methods were used to test the hypotheses that the presence of perlecan 

can be used to define the boundaries of the PCM, that PCM regions rich in perlecan 
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exhibit lower elastic moduli than regions lacking perlecan, and that enzymatic removal 

of HS significantly reduces the microscale elastic properties of the PCM while having no 

effect on ECM properties.  

6.2 Materials and Methods 

6.2.1 Tissue sample preparation 

Full thickness articular cartilage samples were collected from central regions of 

the medial condyle of skeletally mature, macroscopically normal female pig knee joints. 

Cartilage samples were wrapped in phosphate-buffered saline (PBS)-soaked gauze and 

frozen at -20°C for intermediate storage. Samples were embedded in water-soluble 

embedding medium (Tissue-Tek O.C.T. Compound; Sakura Finetek USA) and sectioned 

perpendicular to the articular surface in 5 μm-thick slices using a cryostat microtome 

(Leica CM1850; Leica). Cartilage slices were collected on glass slides and washed 

thoroughly with PBS to remove the water-soluble embedding medium prior to IF-

labeling and AFM testing. 

6.2.2 Dual Immunofluorescence for type VI collagen and perlecan 

Unfixed cartilage sections were simultaneously labeled for type VI collagen and 

perlecan. Sections were blocked in 10% normal goat serum (Invitrogen) for 20 minutes at 

room temperature. Samples were incubated with primary antibodies for type VI 

collagen (anti-collagen type VI raised in rabbit, 70R-CR009X; Fitzgerald) and perlecan 

(anti-perlecan raised in rat, sc-33707; Santa Cruz) at a 1:50 dilution in 10% goat serum for 
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20 minutes at room temperature. After three PBS washes of 5 minutes each, samples 

were incubated with secondary antibodies (AlexaFluor 568 goat anti-rabbit IgG and 

AlexaFluor 488 goat anti-rat IgG; Invitrogen) at a 1:200 dilution in 10% goat serum for 20 

minutes in the dark at room temperature. Sections were rinsed twice in PBS for 5 

minutes each and remained in PBS at room temperature during AFM testing. 

6.2.3 Enzymatic digestion of heparan sulfate with heparinase III 

Heparinase III (heparitinase I, EC 4.2.2.8; Sigma-Aldrich) is the most specific 

heparinase for HS, demonstrating no activity for heparin (Ernst et al. 1995). Cartilage 

sections were incubated in 50 μL of 6 U/mL (0.01 IU/mL) heparinase III solution in 20 

mM Tris-HCl (Sigma-Aldrich) containing 0.1 mg/mL bovine serum albumin (BSA; 

Invitrogen) and 4 mM calcium chloride (EM Science, Gibbstown, NJ), pH 7.0 at 37°C for 

30 minutes. Undigested control sections were incubated at 37°C for 30 minutes in 

enzyme buffer. 

Digestion was confirmed using IF for the heparinase III-specific HS epitope 3G10 

(mouse monoclonal primary antibody H1890-75, US Biological, Swampscott, MA) 

(David et al. 1992) on undigested control and digested sections. Dual IF-labeling was 

used to evaluate localization of the HS epitope to the cartilage PCM using the protocol 

outlined in Section 6.2.2. Cartilage sections were simultaneously labeled with antibodies 

for 3G10 and type VI collagen to determine if digested HS was found exclusively in the 

PCM (secondary antibody AlexaFluor 488 goat anti-mouse IgG; Invitrogen). To confirm 
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that digested HS was associated with perlecan, sections were dual-labeled with 

antibodies for 3G10 and perlecan (secondary antibody AlexaFluor 568 goat anti-mouse 

IgG; Invitrogen). It is important to note that the monoclonal antibody used to label 

perlecan was raised against the core protein of perlecan and thus was not expected to be 

affected by heparinase III digestion. Control experiments were performed to confirm 

this result and no difference was observed between the IF-labeling of undigested 

perlecan and heparinase III-digested perlecan on adjacent sections from the same 

porcine cartilage specimens (data not shown). Histological staining with Accustain 

Safranin-O (Sigma-Aldrich) and 0.02% aqueous fast green (Sigma-Aldrich) was used to 

visualize global loss of PGs from sections with digestion.  

For AFM testing, sample-matched undigested control and heparinase III-

digested sections were dual-labeled for type VI collagen and perlecan as described in 

Section 6.2.2. Sections remained in PBS at room temperature during testing. 

6.2.4 Mechanical characterization via AFM stiffness mapping 

Simultaneous force measurements and fluorescence imaging were performed 

using an AFM system (MFP-3DBio; Asylum Research) integrated with an inverted 

fluorescence microscope (AxioObserver A1; Zeiss). For microscale indentation, 

borosilicate glass spheres (5 μm diameter) were attached to tip-less AFM cantilevers (k = 

4.5 N/m; Novascan). Indentations were applied with a force trigger of 300 nN and 

curves were sampled at 7.5 kHz. For evaluation of PCM elastic properties, indentations 
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(1600 sites per region, 15 μm/s indentation velocity) were sequentially applied over a 20 

μm x 20 μm region of interest defined by microscopic examination with phase contrast 

imaging and positive IF-labeling around cell-sized voids. Images of perlecan (green) and 

type VI collagen (red) labeling were captured for each PCM scan region. Elastic 

properties of the adjacent ECM were evaluated using the same approach over 20 μm x 

20 μm regions visually devoid of PCM (16 indentations per region, 15 μm/s indentation 

velocity). For all samples, AFM testing was completed within 4 hours of initial 

sectioning. 

To evaluate the spatial relationship between biochemical composition and 

biomechanical properties within the PCM in situ, paired PCM/ECM regions were 

selected in the middle/deep zone (200 – 400 μm from the articular surface) of each 

cartilage sample (N = 4 pigs, n = 23 total regions). To evaluate the biomechanical role of 

HS in the cartilage PCM, site-matched PCM/ECM regions were evaluated in the 

middle/deep zone of paired undigested and heparinase III-digested cartilage sections  

(N = 6 pigs, n = 25 total regions per treatment). 

6.2.5 Data evaluation 

Raw data for cantilever deflection and z-piezo movement were collected and 

analyzed using a custom MATLAB script (The MathWorks). Elastic moduli, E, were 

determined by fitting a modified Hertz model to force-indentation curves as described 

previously (Darling et al. 2006). For articular cartilage, the local Poisson’s ratio, ν, was 
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assumed to be 0.04 for both the ECM (Mow et al. 1980; Chen et al. 2001; Choi et al. 2007) 

and PCM (Alexopoulos et al. 2005b). Probe-surface contact was identified using contact 

point extrapolation, as described previously (Guo and Akhremitchev 2006). Hertzian 

contact mechanics provided excellent fits (R2 > 0.90). Two-dimensional contour maps 

were generated of the spatial distribution of calculated elastic moduli in each region. 

The cartilage PCM was defined based on positive IF-labeling around cell-sized 

voids and data were included for all indentations that fell within labeled regions. ImageJ 

(NIH) was used to crop collected images to produce single channel IF images of each 

PCM scan region (Figure 6-2A, B). For each PCM scan region, two IF images (green, red) 

and the corresponding topographical and elastic moduli contour maps were imported 

into Mathematica (Wolfram) for alignment, as described in Chapter 5 (Wilusz et al. 

2012). Once aligned, IF images were converted to binary masks to indicate regions of 

positive labeling for each individual channel using an optimal threshold value 

determined from a range of IF images. IF-positive masks and elastic moduli contour 

maps were analyzed in MATLAB to extract PCM data for each scan region. Using single 

channel masks, overall PCM moduli were evaluated based on the presence of type VI 

collagen or perlecan. Relative staining areas for dual-labeled, type VI collagen alone, and 

perlecan alone regions within the PCM were determined by overlaying the single 

channel masks. Elastic properties were evaluated for each of these IF-defined regions.  
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To quantitatively evaluate the spatial distribution of moduli in the chondrocyte 

microenvironment, the stiffness progression of PCM moduli was evaluated in radial 

increments of 0.5 μm from the PCM inner edge. The same analysis was performed on 

overlaid IF masks to determine the relative composition of the PCM within each radial 

increment. 

6.3.6 Statistical analyses 

Differences between ECM and PCM elastic moduli were evaluated using a one-

way ANOVA (region; α = 0.05) and Fisher’s least significant difference (LSD) post-hoc 

test. Differences among IF-defined regions within the PCM (dual-labeled, type VI 

collagen alone, perlecan alone) were evaluated using a one-way ANOVA (IF-labeling;   

α = 0.05) and Fisher’s LSD post-hoc test. Stiffness progression data were evaluated using 

a one-way ANOVA (distance; α = 0.05) and Fisher’s LSD post-hoc test. All data presented 

as mean ± standard error. 

The effect of HS-digestion with heparinase III on ECM elastic moduli was 

evaluated using a Student’s t-test (α = 0.05). Significant differences in overall PCM elastic 

moduli with digestion between type VI collagen- and perlecan-based definitions were 

evaluated using a two-way ANOVA (PCM definition, digestion; α = 0.05) and Fisher’s 

LSD post-hoc test. Significant differences in stained PCM areas and elastic moduli among 

IF-labeled regions within the PCM with heparinase III digestion were evaluated using a 

two-way ANOVA (IF-labeling, digestion; α = 0.05) and Fisher’s LSD post-hoc test. 
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Differences between control and digested elastic moduli were evaluated separately for 

each 0.5 μm increment in the outward stiffness progression using a Student’s t-test (α = 

0.05). All data presented as mean ± standard error. 

6.3 Results 

6.3.1 Immunofluorescence for type VI collagen and perlecan 

IF-labeling of cartilage sections revealed a consistent presence of both type VI 

collagen and perlecan immediately surrounding cell-sized voids. PCM labeling for type 

VI collagen was uniform throughout the tissue depth (Figure 6-1A). Type VI collagen 

was also found to be faintly dispersed in the ECM in the deep zone. Perlecan labeling 

was exclusively pericellular and more pronounced in the middle and deep zones of the 

cartilage as compared to the superficial zone (Figure 6-1B).  

 

Figure 6-1: Dual immunofluorescence-labeling of type VI collagen and 

perlecan in porcine articular cartilage. (A) Labeling for type VI collagen was uniform 

throughout the cartilage thickness in pericellular regions and faintly dispersed in the 

ECM in deeper regions. (B) Perlecan labeling was localized to pericellular regions and 

more pronounced in the middle and deep zones. Scale bar = 100 μm. 
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6.3.2 AFM stiffness mapping of type VI collagen and perlecan dual-
labeled articular cartilage PCM and ECM 

Stiffness mapping revealed that type VI collagen, perlecan, and low elastic 

moduli localize in the pericellular space around cell-sized voids (Figure 6-2A, B, C, D). 

No difference in overall PCM elastic moduli was observed between type VI collagen-

based (71 ± 3 kPa) and perlecan-based (68 ± 3 kPa) definitions of the PCM (p = 0.70; 

Figure 6-2E). Elastic moduli of the local ECM (93 ± 7 kPa) were significantly greater than 

PCM moduli using either biochemical definition (p < 0.005).  

Type VI collagen and perlecan co-localized over 64 ± 3% of labeled PCM areas 

(positive for either type VI collagen or perlecan) and occupied inner regions of the PCM 

(Figure 6-3A, B). Regions positive for type VI collagen alone occupied 31 ± 4% of labeled 

PCM areas and were located in peripheral regions of the PCM. Within the PCM, elastic 

moduli in dual-labeled regions (68 ± 3 kPa) were significantly lower than moduli in 

regions positive for type VI collagen alone (81 ± 5 kPa; p < 0.05; Figure 6-2F). PCM 

regions positive for perlecan alone occupied 4 ± 1% of labeled PCM area, with only 9 of 

the 23 sites tested having regions consisting of sufficient area on the stiffness map for 

analysis. Of these perlecan alone regions, 6 spanned the width of small portions of the 

evaluated PCM, occupying up to 18% of the total labeled PCM area, and 3 were located 

on the PCM periphery. Perlecan alone regions exhibited greater elastic moduli (92 ± 7 

kPa) than dual-labeled regions (p < 0.01). There was no difference in elastic moduli 

between PCM regions positive for type VI collagen alone and perlecan alone (p = 0.19). 
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Spatial mapping demonstrated that lower modulus regions were located within 1.0 μm 

of the PCM inner edge (p < 0.05) where 92 – 95% of the labeled area was dual labeled for 

perlecan and type VI collagen (Figure 6-3C, D). 

 

Figure 6-2: Stiffness mapping of dual immunofluorescence-labeled PCM. A 

representative PCM scan region in the middle/deep zone is shown. Dual IF-labeling 

for (A) type VI collagen and (B) perlecan demonstrated the (C) co-localization of these 

molecules in the pericellular space. Scale bar = 5 μm. (D) Contour map of calculated 

elastic moduli for the PCM scan region shown. (E) Elastic moduli of ECM (black) and 

PCM as defined by the presence of type VI collagen (grey) or perlecan (white). There 

was no difference between biochemical definitions of the PCM (p = 0.70). a: p < 0.005 

for ECM moduli as compared to either PCM definition. (F) Elastic moduli of PCM 

regions dual-labeled for type VI collagen and perlecan (black), positive for type VI 

collagen alone (grey) and perlecan alone (white). b: p < 0.05 for dual-labeled regions as 

compared to single-labeled regions. Moduli presented as mean + standard error (N = 4 

pigs, n ≥ 9 regions).  
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Figure 6-3: Spatial distribution of PCM biochemical composition and 

biomechanical properties. (A) Outward progression of PCM biochemical composition 

from the PCM inner edge. Within each radial increment, data represent the relative 

composition based on the percent of total IF-labeled area occupied by each 

antibody/antibody combination. (B) Representative IF-labeling demonstrating the co-

localization of type VI collagen (red) and perlecan (green) within the PCM. Scale bar = 

5 μm. (C) Outward stiffness progression of PCM elastic moduli from the PCM inner 

edge. a: p < 0.05 for moduli 0.5 μm from PCM outer edge as compared to distances 

greater than 1.5 μm. b: p < 0.05 for moduli 1 um from PCM outer edge as compared to 

distances greater than 2.5 μm. (D) Contour map of calculated elastic moduli within 

the PCM for the scan region shown in (B). Data presented as mean ± standard error  

(N = 4 pigs, n = 23 regions).  
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6.3.3 Immunofluorescence for 3G10, perlecan, and type VI collagen 
and histological staining analyses of heparinase III-digested articular 
cartilage 

Enzymatic digestion of HS with heparinase III was specific to PCM regions 

immediately surrounding cell-sized voids in cartilage sections. IF-labeling for 3G10 

matched the pericellular distribution of perlecan (Figure 6-4A, B, C) and co-localized 

with type VI collagen (Figure 6-4D, E, F). There was no 3G10 labeling present in 

undigested controls (data not shown). Digestion had no effect on IF-labeling of either 

perlecan or type VI collagen (Figure 6-4G, H, I). Digestion with heparinase III did not 

induce a global loss of PGs in cartilage sections (Figure 6-5A, B). 
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Figure 6-4: Dual immunofluorescence-labeling of heparinase III-digested 

porcine articular cartilage. Dual IF-labeling of (A) HS epitope 3G10 and (B) perlecan 

exhibited a nearly one-to-one overlay (C). (D) HS epitope 3G10 and (E) type VI 

collagen co-localized in the pericellular space (F). Heparinase III digestion had no 

effect on labeling of (G) perlecan or (H) type VI collagen and did not disrupt their co-

localization in the PCM (I). Scale bar = 20 μm. 
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6.3.4 Effect of heparinase III digestion on PCM and ECM mechanical 
properties 

Digestion with heparinase III resulted in a significant increase in the overall 

elastic modulus of the PCM as defined by perlecan labeling (69 ± 5 kPa vs. 56 ± 3 kPa; p < 

0.05; Figure 6-6A). There was a trend toward an increase in PCM properties as defined 

by the presence of type VI collagen with digestion (70 ± 4 kPa vs. 60 ± 3 kPa; p = 0.05). 

There were no differences in the relative composition of tested control and digested 

PCM regions, with dual-labeled, type VI collagen alone and perlecan alone regions 

consisting of 60 ± 3%, 34 ± 3%, and 5 ± 1% of labeled areas in control PCM regions as 

compared to 59 ± 3%, 37 ± 3%, and 3 ± 1% of labeled areas in digested PCM regions, 

respectively (p > 0.39). There was no significant change in ECM properties with 

heparinase III digestion as compared to undigested controls (103 ± 6 kPa vs. 93 ± 6 kPa;  

p = 0.39; Figure 6-5C). 

Within the PCM, enzymatic removal of HS resulted in a significant increase in 

the elastic modulus of dual-labeled regions as compared to undigested controls (68 ± 5 

kPa vs. 55 ± 2 kPa; p < 0.05; Figure 6-6B). There was no change in the properties of 

regions positive for type VI collagen alone (74 ± 4 kPa vs. 68 ± 4 kPa; p = 0.31). 15 of the 

25 PCM regions tested in undigested controls and 13 of the 25 PCM regions tested in 

digested samples had perlecan alone regions consisting of sufficient area on the stiffness 

map for analysis. Of these perlecan alone regions, 16 spanned the width of small 

portions of the evaluated PCM, occupying up to 33% of the total labeled PCM area, and 
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13 were located on the PCM periphery. In these regions, there was a trend toward a 

significant increase in elastic moduli with digestion (p = 0.09). In heparinase III digested 

PCM, dual-labeled regions exhibited elastic moduli similar to those of regions occupied 

by type VI collagen alone (p = 0.94) but lower than perlecan alone areas (p < 0.01). In 

undigested controls, dual-labeled regions were significantly softer than regions positive 

for either type VI collagen or perlecan alone (p < 0.05) and there was no difference 

observed between type VI collagen and perlecan alone regions (p = 0.34).  

Spatial mapping demonstrated significant increases in elastic moduli with 

digestion in regions within 1.0 μm of the PCM inner edge (p < 0.05; Figure 6-7A) where 

80 – 85% of the labeled area was dual-labeled for perlecan and type VI collagen and 4 – 

8% was positive for perlecan alone (Figure 6-7B). 
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Figure 6-5: Effect of heparinase III digestion on ECM composition and 

micromechanical properties. (A) Histological staining with Safranin-O (red, PG) and 

fast green (blue, collagen) demonstrated that heparinase III digestion had a minimal 

effect on global PG content as compared to (B) undigested controls. Scale bar = 250 

μm. (C) ECM elastic moduli in undigested control (black) and heparinase III digested 

(white) cartilage. Moduli were unaffected by heparinase III digestion (p = 0.39). 

Moduli presented as mean + standard error (N = 6 pigs, n = 25 regions per treatment). 
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Figure 6-6: Effect of heparinase III digestion on PCM micromechanical 

properties. (A) PCM moduli as defined by type VI collagen and perlecan in 

undigested control (black) and heparinase III digested (white) samples. PCM moduli 

as defined by type VI collagen showed a trend toward higher moduli with heparinase 

III digestion (p = 0.05). a: p < 0.05 for PCM moduli as defined by perlecan in control as 

compared to digested samples. (B) Elastic moduli of PCM regions dual-labeled for 

type VI collagen and perlecan, positive for type VI collagen alone, and perlecan alone 

in undigested control (black) and heparinase III digested (white) samples. b: p < 0.05 

for dual-labeled regions in controls as compared to digested samples. c: In controls,    

p < 0.05 for dual-labeled regions as compared to type VI collagen alone and perlecan 

alone regions. d: In digested samples, p < 0.05 for dual-labeled regions as compared to 

perlecan alone regions. Moduli presented as mean + standard error (N = 6 pigs, n ≥ 13 

regions per treatment). 
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Figure 6-7: Effect of heparinase III digestion on the spatial distribution of 

PCM biochemical composition and biomechanical properties. (A) Outward stiffness 

progression of PCM elastic moduli from the PCM inner edge in undigested control 

(black) and heparinase III digested (white) samples. a: p < 0.05 for control as compared 

to digested moduli.  (B) Outward progression of PCM biochemical composition from 

the PCM inner edge for undigested control (black) and heparinase III digested (white) 

samples. Within each radial increment, data represent the relative composition based 

on the percent of total IF-labeled area occupied by each antibody/antibody 

combination. Data presented as mean ± standard error (N = 6 pigs, n = 25 regions per 

treatment).  
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6.4 Discussion 

Our results provide new evidence for a biomechanical role for perlecan in the 

cartilage PCM. IF-guided AFM stiffness mapping revealed localization of perlecan, type 

VI collagen, and low elastic moduli to the pericellular region around cell-sized voids. 

While there was no difference in overall PCM mechanical properties between type VI 

collagen- and perlecan-based definitions of the PCM, interior regions within the PCM 

containing both type VI collagen and perlecan exhibited lower elastic moduli than more 

peripheral regions rich in type VI collagen alone. Contrary to our initial hypothesis, 

enzymatic removal of HS chains from perlecan with heparinase III resulted in increased 

elastic moduli in the PCM, specifically in the interior regions positive for both perlecan 

and type VI collagen. Heparinase III digestion had no effect on the micromechanical 

properties of the ECM.  

AFM measures highly localized mechanical properties in situ that may be 

dominated by individual molecular components of the tissue. Therefore, our findings 

provide evidence for variations of elastic moduli within the PCM that are related to site-

specific biochemical composition. PCM regions rich in perlecan and type VI collagen 

were located immediately adjacent to cell-sized voids and exhibited lower elastic moduli 

than more peripheral regions rich in type VI collagen alone. Previous work by Loparic 

and colleagues investigating the nanostiffness of porcine articular cartilage with AFM 

(Loparic et al. 2010) demonstrated that PGs in situ are an order of magnitude softer than 
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collagen fibers. The low elastic moduli observed in the PCM interior in the present work 

were likely due to the high concentration of HS in this region, further supported by the 

increase in elastic moduli in these regions following digestion of HS by heparinase III. In 

this regard, our results suggest heparinase III digestion could be utilized to selectively 

manipulate the biochemical and biomechanical properties of the PCM with minimal 

effect on the surrounding ECM. 

The exact mechanism by which perlecan contributes to lower elastic moduli is 

not understood. PGs are known to have lower compressive moduli than collagen fibers, 

due in part to their glycosaminoglycan side chains (Loparic et al. 2010). The HS chains of 

perlecan may contribute to the lower elastic moduli in a manner analogous to a softer 

spring in series with a stiffer spring, where the effective spring constant of the system is 

lower than that of either component. In this respect, digestion of the HS chains exposes 

the underlying stiffer components of the solid matrix, thereby increasing the observed 

elastic moduli of these regions.  

The localization of perlecan to low modulus, interior regions of the PCM 

provides support for a potential role for HS and perlecan in mechanotransduction in 

cartilage. Perlecan has been shown to regulate the bioactivity of FGFs through 

interaction with HS, serving as an extracellular store and mediating FGF binding to, and 

subsequent activation of, FGF receptor tyrosine kinases (Aviezer et al. 1994; Whitelock et 

al. 1996; Melrose et al. 2006; Smith et al. 2007; Chuang et al. 2010). Loading-induced 
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activation of extracellular regulated kinase (ERK) in cartilage (Vincent et al. 2002; 

Vincent et al. 2004) has been shown to depend on the presence and concentration of 

FGF-2 in the PCM (Vincent et al. 2007). Vincent and colleagues hypothesized that in 

unloaded cartilage, FGF-2 bound to HS chains of perlecan is sequestered away from the 

cell surface and that matrix deformation presents HS-bound FGF-2 to its receptor on the 

cell surface, activating downstream signaling pathways (Vincent et al. 2007). Since the 

cartilage PCM exhibits significantly lower compressive moduli than the ECM, it 

experiences significant strain amplification during mechanical loading and undergoes 

larger deformations than the surrounding ECM (Guilak and Mow 2000; Choi et al. 2007). 

Localization of perlecan to low modulus regions in the PCM interior, as observed in the 

current study, would facilitate HS-bound FGF signaling via this proposed mechanism. 

Furthermore, perlecan may transmit mechanical signals directly to the chondrocyte via 

core protein interactions with cell surface integrins (Hayashi et al. 1992; Brown et al. 

1997; Melrose et al. 2008b).  

The territorial matrix (TM) has been defined as a structural transition region 

between type VI collagen microfilaments in the PCM and type II collagen fibers in the 

ECM (Poole et al. 1984). Since there are no distinct structural boundaries among these 

three matrix regions, identification of the TM is difficult and often based on qualitative 

differences in PG content and collagen architecture (Poole et al. 1982; Poole et al. 1984; 

Poole et al. 1987; Hunziker et al. 1997; Poole et al. 1997). While type VI collagen is 
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considered the defining boundary of the PCM in articular cartilage (Poole et al. 1988), 

type VI collagen has been reported to be present in the TM where it is interwoven with 

type II collagen fibers (Soder et al. 2002). Given the exclusive localization of perlecan to 

the PCM observed here and in previous studies (SundarRaj et al. 1995; Melrose et al. 

2005; Melrose et al. 2006; Kvist et al. 2008) and the distinct mechanical properties of 

regions positive for perlecan and type VI collagen in the immediate vicinity of the 

chondrocyte, our results suggest a defining role for perlecan as the boundary of the 

PCM with regions of type VI collagen alone representing the transition to the adjacent 

TM.  

The fact that intact chondrons can be isolated from Col6a1 null mice 

(Alexopoulos et al. 2009) suggests that molecular components other than type VI 

collagen may provide alternative composition-based definitions of the PCM. In the 

present study, we focused on perlecan due to its exclusive presence to the PCM and 

documented roles in cartilage development and growth factor signaling. A number of 

other matrix molecules are found exclusively or at higher concentrations in the PCM as 

compared to the surrounding ECM, including hyaluronan (Knudson 1993; Cohen et al. 

2003), biglycan (Kavanagh and Ashhurst 1999), type IX collagen (Poole et al. 1997), 

fibronectin (Chang et al. 1997; Martin et al. 2002), and laminin (Durr et al. 1996; Kvist et 

al. 2008), and are known to interact with type VI collagen (Kielty et al. 1992; Wiberg et al. 



 

142 

2002) and perlecan (Battaglia et al. 1992; Hopf et al. 1999; Hopf et al. 2001). These 

molecules also likely contribute to PCM structure and biomechanical function. 

The aim of this study was to characterize the biomechanical properties of 

articular cartilage PCM at the microscale. When using micrometer-sized spherical 

indenters as presented here, there are limitations in the lateral resolution of AFM-based 

indentation of soft substrates (Radmacher et al. 1992; Dimitriadis et al. 2002). From Hertz 

contact mechanics, the contact radius of a spherical probe scales with tip radius and 

indentation depth. Since a force threshold (300 nN) was used for all stiffness mapping, 

indentation depths were not equivalent throughout a single scan region. Indentations 

were larger in the soft interior of the PCM and smaller in stiff peripheral PCM, TM, and 

ECM regions. As a result, contact radii were larger in PCM regions (~2.0 μm) as 

compared to ECM regions (~1.5 μm). This contact footprint would have masked the 

sharp transition in matrix stiffness between the PCM and ECM proposed in theoretical 

models (Guilak and Mow 2000; Alexopoulos et al. 2005a; Michalek and Iatridis 2007; 

Korhonen and Herzog 2008). In addition, contact with adjacent TM and/or ECM regions 

during indentation may have contributed to artificial stiffening of peripheral PCM 

regions. Nonetheless, PCM elastic moduli measured in this study are highly consistent 

with our previous studies of using AFM (Chapters 2 (Darling et al. 2010), 3 (McLeod et 

al. 2013), and 5 (Wilusz et al. 2012)) as well as other techniques such as micropipette 
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aspiration (Alexopoulos et al. 2003; Alexopoulos et al. 2005b; Guilak et al. 2005) and 

inverse computational methods (Kim et al. 2010). 

6.5 Summary 

This study provides new evidence for perlecan as a defining factor in both the 

biochemical and biomechanical boundaries of the PCM. The HS chains of perlecan 

soften the PCM in the immediate vicinity of the chondrocyte and presumably, generate 

an environment conducive for mechanotransduction via HS-bound growth factors or 

direct cell-matrix interactions. By determining site-specific differences in mechanical 

properties coincident with spatial variations in biochemical composition, our findings 

provide a more complete characterization of the chondrocyte microenvironment in 

articular cartilage. 
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7. The Mechanical Properties of the Chondrocyte 
Pericellular Matrix Exhibit High Resistance to Enzymatic 
Digestion 

7.1 Introduction 

In articular cartilage, the bulk extracellular matrix (ECM) and chondrocyte-

associated pericellular matrix (PCM) are characterized by a high concentration of 

proteoglycans (PGs) and their associated glycosaminoglycan (GAG) chains. The specific 

functional properties of PGs are conferred by their unique combination of GAG chains 

and protein domain structures. In cartilage, PGs and their associated GAGs serve 

important structural, biochemical, and biomechanical roles (reviewed in (Iozzo 1998; 

Knudson and Knudson 2001; Roughley 2006)). 

The most prominent PG in cartilage is aggrecan, consisting of three globular 

domains (G1, G2, G3), a short inter-globular domain (IGD) between the G1 and G2 

domains, and an extensive GAG attachment region between the G2 and G3 domains 

containing over 100 GAG chains of chondroitin sulfate (CS) and keratan sulfate (KS) 

(Paulsson et al. 1987; Doege et al. 1991). The aggrecan G1 domain interacts with 

hyaluronan (HA) and link protein to form large PG aggregates (Morgelin et al. 1988). 

While the exact process of aggregate formation is unknown, initial assembly of smaller 

aggregates likely begins in the PCM, where concentrations of aggrecan monomer, HA, 

and link protein are high, followed by transport to the ECM for incorporation into larger 

aggregates and sequestration in the matrix (Sandy et al. 1989; Poole 1997; Winter et al. 
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1998; Bayliss et al. 2000; Dudhia 2005). In the ECM, sequestered aggregates fill the space 

between type II collagen fibers to generate a fiber-reinforced composite through physical 

entanglement and interaction with type II collagen via the aggrecan core protein 

(Hedlund et al. 1999) and CS chains (Obrink et al. 1975; Oegema et al. 1975; Junqueira 

and Montes 1983; Scott 1988). Due to its high abundance and fixed negative charge 

resulting from its numerous closely spaced GAG chains, aggrecan is the main 

contributor to the osmotic swelling behavior and low hydraulic permeability that confer 

the tissue’s ability to support and distribute large compressive loads experienced during 

joint loading (Maroudas and Venn 1977; Eisenberg and Grodzinsky 1985; Lai et al. 1991; 

Mow et al. 1992; Mow et al. 1998; Sun et al. 2004). 

Decorin and biglycan are low molecular weight, non-aggregating PGs that 

belong to the family of small leucine-rich repeat PGs (SLRPs). Decorin and biglycan are 

biochemically similar PGs; decorin is substituted with one dermatan sulfate (DS)/CS 

chain whereas biglycan is substituted with two DS/CS chains (Krishnan et al. 1999). 

Though considered minor components of cartilage, they are present in similar molar 

concentrations as aggrecan (Poole et al. 1996) and have been speculated to play major 

roles in organizing the larger structural components of the cartilage matrix (Scott 1988; 

Roughley 2006). Decorin is most prominent in the ECM (Archer et al. 1996; Poole et al. 

1996; Kavanagh and Ashhurst 1999) where it interacts with type II collagen (Scott 1988; 

Hedbom and Heinegard 1989; Hedbom and Heinegard 1993; Vogel 1994). Its DS/CS 
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chain is thought to regulate type II collagen fibril spacing and fibril-fibril interactions 

(Hedbom and Heinegard 1993; Scott and Stockwell 2006). Biglycan is most prominent in 

the PCM (Vogel 1994; Archer et al. 1996; Kavanagh and Ashhurst 1999). In vitro, biglycan 

has been show to strongly interact with and facilitate network assembly of type VI 

collagen (Wiberg et al. 2001; Wiberg et al. 2002), and mediate interactions between type 

VI collagen and aggrecan (Wiberg et al. 2003), suggesting a role for biglycan in PCM 

structural integrity and connection with the ECM. 

HA is unique among GAGs in that it has a high molecular weight, is unsulfated, 

is synthesized at the plasma membrane and released directly into the matrix, and is not 

found covalently linked to a PG core protein (Ernst et al. 1995; Fraser et al. 1997; 

Roughley 2006). Beyond its role as the backbone of aggrecan macromolecular aggregates 

in the ECM, HA and its interactions with CD44 are important factors in cell-matrix 

interactions (Knudson 2003) and PCM matrix organization (Knudson 1993; Lee et al. 

1993; Knudson et al. 1996; Maleski and Knudson 1996; Cohen et al. 2003; Rilla et al. 

2008). HA interacts with type VI collagen (McDevitt et al. 1991; Kielty et al. 1992; Specks 

et al. 1992) and facilitates spontaneous assembly of depolymerized type VI collagen 

microfilaments (Kielty et al. 1992). Taken together, these results suggest that HA-type VI 

collagen interactions are essential for microfilament assembly and network stabilization 

in the PCM (Poole et al. 1985).  
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In healthy cartilage, matrix turnover is a slow, continuous process and 

maintenance of tissue structure and matrix architecture is achieved through a balance of 

anabolic and catabolic activities. Matrix turnover is predominantly related to PGs, due to 

their shorter half-lives in situ, 3 – 25 years for the aggrecan core protein (Maroudas et al. 

1998), as compared to type II collagen, more than 100 years (Verzijl et al. 2000). Normal 

proteolytic processing of aggrecan occurs via cleavage within the GAG attachment 

domain and/or within the IGD by aggrecanases and matrix metalloproteinases (MMPs) 

(Lark et al. 1997; Plaas et al. 2007; Struglics and Hansson 2012). As a result, the 

prevalence of shortened aggrecan monomers exhibiting partial or complete loss of CS 

chains increases and residual G1 domains attached to HA accumulate in the ECM with 

age (Lark et al. 1997; Dudhia 2005).  

In joint diseases characterized by cartilage degradation and inflammation, such 

as osteoarthritis (OA) and rheumatoid arthritis (RA), aggrecan and small PGs are the 

first matrix components to undergo measureable loss. Proteolytic enzymes secreted by 

chondrocytes, including aggrecanases and MMPs (reviewed in (Caterson et al. 2000)), 

and inflammatory cells, most notably the serine protease elastase (Janoff et al. 1976; 

Starkey et al. 1977; Barrett 1994; Momohara et al. 1997), are believed to play a prominent 

role in PG degradation. The loss of aggrecan has been primarily attributed to proteolytic 

cleavage within the IGD region where there are known, unique cleavage sites for 

aggrecanases (Glu373-Ala374) (Sandy et al. 1991), MMPs (Asn341-Phe342) (Flannery et al. 
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1992), and elastase (Val397-Ile398) (Mok et al. 1992). Additional aggrecan cleavage sites are 

also known for all three enzyme classes within the GAG attachment domains (Mok et al. 

1992; Tortorella et al. 2000; Little et al. 2002; Nagase and Kashiwagi 2003). Fragmentation 

of biglycan and decorin in OA and RA cartilage extracts (Witsch-Prehm et al. 1992) has 

been associated with aggrecanase (Melching et al. 2006; Gendron et al. 2007) and MMP 

(Monfort et al. 2006; Melrose et al. 2008a; Zhen et al. 2008) activity.  

The objective of this study was to investigate the region-specific contributions of 

aggrecan, CS/DS, and HA to the micromechanical properties of the cartilage PCM and 

ECM.  To this end, cryosections of porcine cartilage underwent specific enzymatic 

digestion with aggrecanase (ADAMTS-4), chondroitinase ABC (C-ABC), or bacterial 

hyaluronidase (HA-ase) or broad spectrum enzymatic digestion with human leukocyte 

elastase. Guided by immunofluorescence (IF) for type VI collagen as presented in 

Chapter 5 (Wilusz et al. 2012), AFM stiffness mapping was used to evaluate the elastic 

properties of matched PCM and ECM regions in paired control and digested cartilage 

sections. These methods were used to test the hypotheses that all enzymes would reduce 

both PCM and ECM elastic moduli and that elastase digestion would result in the 

greatest loss of mechanical integrity in both regions.   
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7.2 Materials and Methods 

7.2.1 Tissue sample preparation 

Full thickness articular cartilage samples were harvested from the medial 

condyle of 2 – 3 year old, skeletally mature, porcine knee joints exhibiting no signs of 

macroscopic degeneration. Cartilage samples were wrapped in phosphate-buffered 

saline (PBS)-soaked gauze and frozen at -20°C for intermediate storage. Samples were 

embedded in water-soluble embedding medium (Tissue-Tek O.C.T. Compound; Sakura 

Finetek USA) and sectioned perpendicular to the articular surface in 5 μm thick sections 

using a cryostat microtome (Leica CM1850; Leica). Cartilage slices were collected on 

glass slides and washed thoroughly with PBS to remove the embedding medium prior 

to further treatment. 

7.2.2 Specific enzymatic digestion of aggrecan with ADAMTS-4  

Cartilage sections were incubated in 50 μL of 0.04 mU/mL (100 nM) recombinant 

human ADAMTS-4 (aggrecanase-1; EC 3.4.24.82; Anaspec, Inc., San Jose, CA) in 50 mM 

Tris-HCl (Sigma-Aldrich) containing 150 mM sodium chloride (EM Science), 5 mM 

calcium chloride (EM Science), pH 7.5 at 37°C for 60 minutes. Undigested control 

sections from the same cartilage specimens were incubated at 37°C for 60 minutes in 

ADAMTS-4 enzyme buffer. 
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7.2.3 Specific enzymatic digestion of chondroitin/dermatan sulfate 
with chondroitinase ABC 

Chondroitinase ABC (C-ABC) (from Proteus vulgaris, EC 4.2.2.4; Sigma-Aldrich) 

has demonstrated activity toward chondroitin-4-sulfate (C-4-S, chondroitin A), DS 

(chondroitin B), and chondroitin-6-sulfate (C-6-S, chondroitin C) (Yamagata et al. 1968). 

Cartilage sections were incubated in 50 μL of 0.25 U/mL C-ABC solution in 50 mM Tris 

(Sigma-Aldrich) containing 60 mM sodium acetate (Sigma-Aldrich) and 0.02% bovine 

serum albumin (BSA; Invitrogen), pH 8.0 at 37°C for 30 minutes. At this higher pH, C-

ABC demonstrates little activity toward HA (optimal pH 6.8) (Yamagata et al. 1968). 

Undigested control sections from the same cartilage specimens were incubated at 37°C 

for 30 minutes in C-ABC enzyme buffer. 

7.2.4 Specific enzymatic digestion of hyaluronan with bacterial 
hyaluronidase 

Hyaluronidase (HA-ase) (from Streptomyces hyalurolyticus; EC 4.2.2.1; Sigma-

Aldrich) is specific for HA and is distinct from other hyaluronidases in that it is inactive 

toward unsulfated chondroitin and CS/DS (Ohya and Kaneko 1970). Cartilage sections 

were incubated in 50 μL of 60 U/mL HA-ase solution in 20 mM phosphate buffer 

containing 77 mM sodium chloride (EM Science) and 0.01% BSA (Invitrogen), pH 6.0 at 

37°C for 30 minutes. Undigested control sections from the same cartilage specimens 

were incubated at 37°C for 30 minutes in HA-ase enzyme buffer.  
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7.2.5 Broad spectrum enzymatic digestion with elastase 

Cartilage sections were incubated in 50 μL of 1 U/mL human leukocyte elastase 

(EC 3.4.21.37; Sigma-Aldrich) solution in 20 mM Tris (Sigma-Aldrich) containing 10 mM 

calcium chloride (EM Science), pH 8.0 at 37°C for 30 minutes. Undigested control 

sections from the same cartilage specimens were incubated at 37°C for 30 minutes in 

elastase enzyme buffer. 

7.2.6 Histological staining 

To visualize global loss of GAGs/PGs with each enzymatic digestion, histological 

staining was performed using Accustain Safranin-O solution (Sigma-Aldrich) and 0.02% 

aqueous fast green (Sigma-Aldrich). Control experiments confirmed that no significant 

loss of staining was observed between sections stained immediately after collection and 

undigested control sections incubated as described in each enzyme buffer (data not 

shown). 

7.2.7 Immunofluorescence for type VI collagen 

Following digestion, cartilage sections were labeled for type VI collagen using a 

modified IF protocol (Youn et al. 2006). Sections were blocked in 10% normal donkey 

serum (Lot #: S10011325; Fitzgerald) diluted in assay buffer (0.1% BSA (Invitrogen) in 0.1 

M TBS, pH 7.3) for 20 minutes at room temperature. Samples were incubated with 

primary antibody for type VI collagen (anti-collagen type VI raised in rabbit, 70R-

CR009X; Fitzgerald) at a 1:300 dilution in 10% donkey serum for 20 minutes at room 
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temperature. After two TBS washes of 5 minutes each, samples were incubated with 

secondary antibody (FITC-conjugated donkey anti-rabbit IgG, 43R-ID061FT; Fitzgerald) 

at a 1:200 dilution in 10% donkey serum for 20 minutes in the dark at room temperature. 

Sections were rinsed twice in TBS for 5 minutes each and remained in TBS at room 

temperature during AFM testing. No significant alteration in type VI collagen labeling 

was observed with any enzyme treatment (Figures 7-2, 3, 4, 5). 

7.2.8 Mechanical characterization via AFM stiffness mapping 

Simultaneous force measurements and fluorescence imaging were performed 

using an AFM system (MFP-3DBio; Asylum Research) integrated with an inverted 

fluorescence microscope (AxioObserver A1; Zeiss) as outlined in Chapter 5 (Wilusz et al. 

2012). For microscale indentation, borosilicate glass spheres (5 μm diameter) were 

attached to tip-less AFM cantilevers (k = 4.5 N/m; Novascan). Indentations were applied 

with a force trigger of 300 nN and curves were sampled at 7.5 kHz. For evaluation of 

PCM elastic properties, 1600 indentations (15 μm/s indentation velocity) were 

sequentially applied over a 20 μm x 20 μm region of interest defined by microscopic 

examination with phase contrast imaging and positive IF-labeling for type VI collagen 

around cell-sized voids. Elastic properties of the adjacent ECM were evaluated using a 

similar approach over 20 μm x 20 μm visually devoid of PCM and type VI collagen (16 

indentations per region, 15 μm/s indentation velocity). For all samples, AFM testing was 

completed within 4 hours of initial sectioning. 
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PCM and ECM micromechanical properties were evaluated in paired PCM/ECM 

scan regions in the middle/deep zone (200 – 400 μm from the articular surface) of 

cartilage sections digested with ADAMTS-4 (N = 3 pigs, n = 9 total regions per 

treatment), C-ABC (N = 6 pigs, n = 24 total regions per treatment), HA-ase (N = 6 pigs,    

n = 24 total regions per treatment), or elastase (N = 3 pigs, n = 12 total regions per 

treatment).  

7.2.9 Data analysis 

Raw data for z-piezo movement and cantilever deflection were collected and 

analyzed using a custom Matlab script (The Mathworks). Elastic moduli, E, were 

determined by fitting a modified Hertz model to force-indentation curves as described 

previously (Darling et al. 2006; Guo and Akhremitchev 2006). For articular cartilage, the 

local Poisson’s ratio, ν, was assumed to be 0.04 for both the ECM (Mow et al. 1980; Chen 

et al. 2001; Choi et al. 2007) and PCM (Alexopoulos et al. 2005b) in control and digested 

samples. Hertzian contact mechanics provided excellent fits to the experimental data for 

all force-indentation curves (R2 > 0.90). Two dimensional contour maps were generated 

of the spatial distribution of calculated elastic moduli in each region. For clarity of 

comparisons, contour maps presented for each enzyme treatment are plotted on the 

same color scales.  

The cartilage PCM was defined based on positive IF-labeling for type VI collagen 

around cell-sized voids and data were included for all indentations that fell within 
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labeled regions as described in Chapter 5 (Wilusz et al. 2012). To quantitatively evaluate 

the spatial distribution of moduli in the chondrocyte microenvironment, the stiffness 

progression of elastic moduli from the PCM outer edge to the ECM was evaluated in 

radial increments of 0.5 μm (Appendix D).  

7.2.10 Statistical analysis 

For each enzyme treatment, the effect of digestion on ECM and PCM elastic 

moduli was evaluated using a two-way ANOVA (region, digestion; α = 0.05) and 

Fisher’s least significant difference (LSD) post-hoc test. When required, data were log-

transformed for normality. All data presented as mean ± standard error.  

7.3 Results 

7.3.1 Histological staining of porcine articular cartilage following 
enzymatic digestion 

Histological staining of porcine articular cartilage confirmed a loss of GAG/PG 

staining with all enzyme treatments (Figure 7-1). In the ECM, ADAMTS-4 digestion 

resulted in a more moderate loss of staining as compared to the complete loss observed 

following digestion with C-ABC, HA-ase, or elastase. In the PCM, GAG/PG staining 

remained in the chondrocyte microenvironment throughout the tissue depth following 

ADAMTS-4 and HA-ase digestion. In contrast, C-ABC and elastase digestion resulted in 

a complete loss of PCM GAG/PG staining.  
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Figure 7-1: Histological staining of porcine articular cartilage following 

enzymatic digestion. Safranin-O (red, GAG/PG) and fast green (blue, collagen) 

staining of cartilage sections from paired undigested control (A, C, E, G) and digested 

(B, D, F, H) cartilage sections for ADAMTS-4, C-ABC, HA-ase, and elastase digestion. 

Loss of GAG/PG staining was observed with all digestions. Scale bar = 250 μm. 

 

7.3.2 Effect of ADAMTS-4 digestion on PCM and ECM 
micromechanical properties 

In ADAMTS-4 samples, no difference was observed between PCM elastic moduli 

in undigested controls (44 ± 3 kPa) and digested samples (38 ± 3 kPa; p = 0.30; Figure 7-

2). In contrast, ECM elastic moduli (77 ± 8 kPa) were reduced by 30% following 

ADAMTS-4 digestion (54 ± 7 kPa; p < 0.01). ECM moduli were significantly greater than 

PCM moduli in both control and digested samples (p < 0.05).  
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Figure 7-2: Stiffness mapping of ADAMTS-4 digested porcine articular 

cartilage. Representative PCM scan regions are shown for control and ADAMTS-4 

digested sections. (A, B) IF-labeling for type VI collagen illustrated the distribution of 

type VI collagen around cell-sized voids. Scale bar = 5 μm. (C, D) Contour maps of 

calculated elastic moduli of the PCM scan regions shown. To highlight differences 

with digestion, contour maps are plotted on the same color scale. (E) Elastic moduli of 

ECM and PCM regions measured in undigested control (black) and ADMATS-4 

digested (white) cartilage sections. a: p < 0.01 for control ECM moduli as compared to 

ADAMTS-4 digested ECM moduli. b: p < 0.05 for ECM moduli as compared to 

respective PCM moduli. PCM moduli were unaffected by ADAMTS-4 digestion (p = 

0.30). Moduli presented as mean + standard error (N = 3 pigs, n = 9 regions per 

treatment).  
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7.3.3 Effect of chondroitinase ABC digestion on PCM and ECM 
micromechanical properties 

In C-ABC samples, no difference was observed between PCM elastic moduli in 

undigested controls (58 ± 3 kPa) and digested samples (54 ± 4 kPa; p = 0.68; Figure 7-3). 

In contrast, ECM elastic moduli (95 ± 9 kPa) were reduced by 37% following C-ABC 

digestion (60 ± 7 kPa p < 0.0005). ECM elastic moduli were significantly greater than 

PCM moduli in undigested controls only (p < 0.0001).  

 

Figure 7-3: Stiffness mapping of chondroitinase ABC digested porcine 

articular cartilage. Representative PCM scan regions are shown for control and C-ABC 

digested sections. (A, B) IF-labeling for type VI collagen illustrated the distribution of 

type VI collagen around cell-sized voids. Scale bar = 5 μm. (C, D) Contour maps of 

calculated elastic moduli of the PCM scan regions shown. To highlight differences 

with digestion, contour maps are plotted on the same color scale. (E) Elastic moduli of 

ECM and PCM regions measured in undigested control (black) and C-ABC digested 

(white) cartilage sections. a: p < 0.0005 for control ECM moduli as compared to C-ABC 

digested ECM moduli. b: p < 0.0001 for control ECM moduli as compared to control 

PCM moduli. PCM moduli were unaffected by C-ABC digestion (p = 0.68). Moduli 

presented as mean + standard error (N = 6 pigs, n = 24 regions per treatment). 
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7.3.4 Effect of hyaluronidase digestion on PCM and ECM 
micromechanical properties 

In HA-ase samples, no difference in PCM elastic moduli was observed between 

undigested controls (52 ± 3 kPa) and digested samples (46 ± 2 kPa; p = 0.43; Figure 7-4). 

ECM elastic moduli (107 ± 9 kPa) were reduced by 32% following HA-ase digestion (73 ± 

6 kPa; p < 0.00005). In contrast to C-ABC digestion, ECM elastic moduli were 

significantly greater than PCM moduli in both control and HA-ase digested samples (p < 

0.005).  

 

Figure 7-4: Stiffness mapping of hyaluronidase digested porcine articular 

cartilage. Representative PCM scan regions are shown for control and HA-ase 

digested sections. (A, B) IF-labeling for type VI collagen illustrated the distribution of 

type VI collagen around cell-sized voids. Scale bar = 5 μm. (C, D) Contour maps of 

calculated elastic moduli of the PCM scan regions shown. To highlight differences 

with digestion, contour maps are plotted on the same color scale. (E) Elastic moduli of 

ECM and PCM regions measured in undigested control (black) and HA-ase digested 

(white) cartilage sections. a: p < 0.00005 for control ECM moduli as compared to HA-

ase digested ECM moduli. b: p < 0.005 for ECM moduli as compared respective PCM 

moduli. PCM moduli were unaffected by HA-ase digestion (p = 0.43). Moduli 

presented as mean + standard error (N = 6 pigs, n = 24 regions per treatment). 
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7.3.5 Effect of elastase digestion on PCM and ECM micromechanical 
properties 

In elastase samples, PCM elastic moduli were reduced by 24% following 

digestion (39 ± 3 kPa) as compared to undigested controls (51 ± 3 kPa; p < 0.05; Figure 7-

5). Similar results were observed in the ECM where elastase digestion resulted in a 57% 

reduction in elastic moduli (43 ± 3 kPa) as compared to controls (99 ± 13 kPa; p < 

0.000001). ECM moduli were significantly greater than PCM moduli only in undigested 

controls (p < 0.00005).  

 

Figure 7-5: Stiffness mapping of elastase digested porcine articular cartilage. 

Representative PCM scan regions are shown for control and elastase digested 

sections. (A, B) IF-labeling for type VI collagen illustrated the distribution of type VI 

collagen around cell-sized voids. Scale bar = 5 μm. (C, D) Contour maps of calculated 

elastic moduli of the PCM scan regions shown. To highlight differences with 

digestion, contour maps are plotted on the same color scale. (E) Elastic moduli of ECM 

and PCM regions measured in undigested control (black) and elastase digested 

(white) cartilage sections. a: p < 0.000001 for control ECM moduli as compared to 

elastase digested ECM moduli. b: p < 0.00005 for control ECM moduli as compared 

control PCM moduli. c: p < 0.05 for control PCM moduli as compared to elastase 

digested PCM moduli. Moduli presented as mean + standard error (N = 3 pigs, n = 12 

regions per treatment). 



 

160 

7.4 Discussion 

Contrary to our initial hypothesis, our results demonstrate high resistance of the 

cartilage PCM to enzymatic degradation of aggrecan, CS/DS, and HA. Guided by IF-

labeling of type VI collagen to mark the boundaries of the PCM, AFM stiffness mapping 

revealed no change in PCM elastic moduli following digestion with ADAMTS-4, C-ABC, 

or HA-ase despite significant reductions in ECM moduli. On the other hand, significant 

decreases in both PCM and ECM moduli were observed following broad spectrum 

digestion with leukocyte elastase. 

Our results suggest that the micromechanical properties of the PCM exhibit high 

resistance to enzymatic degradation of aggrecan, CS/DS, and HA. The lack of alteration 

in PCM properties was not due to global inactivity of the enzyme preparations, as 

demonstrated by the concurrent decrease in ECM moduli and loss of Safranin-O staining 

in digested cartilage sections. In support of our findings, Lark and colleagues 

demonstrated a lack of aggrecanase-generated aggrecan G1 fragments in the PCM and 

territorial matrix regions in normal articular cartilage from central, weight-bearing 

regions of the femoral condyle despite abundant epitope staining in the ECM (Lark et al. 

1997). Furthermore, Wiberg and colleagues demonstrated that while PG forms of 

biglycan facilitate assembly of type VI collagen networks in vitro, C-ABC digestion fails 

to disrupt networks formed in the presence of intact biglycan (Wiberg et al. 2002). If a 

similar mechanism governs PCM assembly in situ, removal of the CS/DS chains of 
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biglycan would have no effect on the structural integrity of the type VI collagen network 

and in turn, would not alter PCM mechanical integrity. With regard to HA, in 

agreement with our results, Poole and colleagues demonstrated no discernible change in 

PCM PG content or morphology following up to 10 hours of digestion with ovine 

testicular hyaluronidase (Poole et al. 1985). Overall, our study suggests that aggrecan, 

CS/DS, and HA have distinct mechanical roles in the PCM as compared to the ECM. 

In agreement with previous studies that demonstrate a loss of cartilage 

macroscale properties following GAG depletion with C-ABC (Zhu et al. 1993; Lyyra et 

al. 1999; Korhonen et al. 2003; Laasanen et al. 2003) and various hyaluronidases (Broom 

and Poole 1983; Zhu et al. 1993), porcine cartilage in the current study exhibited a 30% - 

37% reduction in ECM microscale elastic moduli following digestion with ADAMTS-4, 

C-ABC, and HA-ase. Since a recent study showed no effect of specific digestion of DS on 

cartilage GAG content or macroscale indentation properties (Hall et al. 2009), the 

observed effects of C-ABC digestion in the current study are likely dominated by the 

loss of CS chains from aggrecan rather than DS chains from decorin. Interestingly, all 

three enzymes exhibited similar effects on ECM mechanical properties despite their 

different mechanisms of aggrecan disruption. ADAMTS-4 cleavage of the aggrecan core 

protein has been mapped to six sites (Sandy et al. 1991; Tortorella et al. 2000; Nagase and 

Kashiwagi 2003), though the enzyme most efficiently cleaves within the CS GAG 

attachment domain near the C-terminal end of the core protein (Tortorella et al. 2000). C-
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ABC acts directly on the CS GAG chains, reducing their length through cleavage of the 

bonds between adjacent disaccharide units (Ernst et al. 1995), leaving the PG core 

protein intact. HA-ase digestion disrupts aggrecan macromolecular aggregates via 

cleavage of the HA backbone releasing aggrecan monomers, link protein, and HA 

fragments from the tissue in the absence of aggrecan proteolysis (Durigova et al. 2011). 

Since interstitial fluid load support is minimal during AFM microindentation, 

approximately 10% based on the Peclet number (Bonnevie et al. 2012), the mechanical 

consequences of aggrecan disruption are not likely the result of biphasic and/or triphasic 

effects associated with the loss GAG-associated fixed charge density. Rather, our results 

suggest that disruption of aggrecan, regardless of the mechanism, significantly decreases 

the intrinsic properties of the solid matrix.  

The loss of PCM and ECM mechanical integrity following digestion with 

leukocyte elastase provides additional support for elastase as an important contributor 

to cartilage degeneration. Elevated levels of elastase have been measured in synovial 

fluid from patients with RA (Momohara et al. 1997; Ishiguro et al. 2001; Elsaid et al. 

2003), OA (Momohara et al. 1997; Elsaid et al. 2003), and joint injury (Elsaid et al. 2003; 

Elsaid et al. 2008). In addition to binding to the articular surface (Janoff et al. 1976; 

Kawabata et al. 1996), elastase is capable of diffusing through the cartilage matrix (Janoff 

et al. 1976) and binding to chondrocytes (Menninger et al. 1981; Bartholomew and 

Lowther 1987), providing a means and potential mechanism for enzyme localization to 
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the PCM. Elastase-based degradation of the PCM is likely driven by disruption of the 

type VI collagen network either through direct cleavage of type VI collagen 

microfilaments (Kielty et al. 1993) or disruption of biglycan-mediated interactions 

(Wiberg et al. 2001; Wiberg et al. 2002; Wiberg et al. 2003) through cleavage of the core 

protein (Owen and Campbell 1999). Beyond type VI collagen and biglycan, elastase is 

capable of degrading a wide range of substrates, including aggrecan (Mok et al. 1992), 

link protein (Mok et al. 1992), small PG core proteins (Owen and Campbell 1999), type 

IX and XI collagen (Gadher et al. 1988), and type II collagen cross-links (Starkey et al. 

1977; Gadher et al. 1988; Barrett 1994), but not triple-helical type II collagen (Starkey et 

al. 1977; Gadher et al. 1988). This broad range of substrates likely contributed to the 

larger reduction in ECM moduli observed following elastase digestion (57%) as 

compared to ADAMTS-4 (-30%), C-ABC (-37%), or HA-ase (-32%). The observed 57% 

reduction in ECM microscale moduli is comparable to previous studies at the macro- 

(Menninger et al. 1981; Bader and Kempson 1994) and microscales (Stolz et al. 2004). 

Overall, our results suggest that treatment strategies targeting leukocyte elastase activity 

could be effective in reducing inflammation-mediated cartilage degeneration.  

Digestion protocols used in this study were optimized on cryosections of porcine 

cartilage to achieve measureable changes in ECM biomechanical properties and a clear 

loss of Safranin-O staining, which has been shown previously to exhibit a linear 

relationship with GAG content as measured by DMMB for articular cartilage (Martin et 
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al. 1999; LeRoux et al. 2000; Flahiff et al. 2002). In our digestion protocols, incubation for 

30 minutes to one hour was sufficient for significant and in some cases complete loss of 

Safranin-O staining in cartilage sections. The loss of GAG/PG staining was more 

moderate in ADAMTS-4 digested samples as compared to the other digestions. 

ADAMTS-4 cleaves faster within the CS GAG attachment domains than within the IGD, 

with detectable CS domain epitopes present after as little as 5 minutes of digestion as 

compared to IGD epitopes which are detectable after 30 to 60 minutes (Tortorella et al. 

2000). These site-to-site differences in efficiency likely contributed to the moderate loss 

of staining observed in the current work as aggrecan monomers may have lost only a 

fraction of their CS chains as opposed to their entire GAG attachment domain.  

A number of proteolytic enzymes have been implicated in cartilage turnover and 

degeneration. In the present study, we focused on ADAMTS-4, C-ABC, Streptomyces 

HA-ase, and leukocyte elastase because of their prevalence in previously published 

work characterizing the macroscale mechanical properties of PG/GAG depleted cartilage 

and for the known roles of ADAMTS-4 and elastase in joint disease. ADAMTS-5 

(aggrecanase-2) is another aggrecanase that has been implicated in cartilage 

degeneration (Song et al. 2007; Verma and Dalal 2011), has aggrecanase activity 1000-

fold greater than ADAMTS-4 (Gendron et al. 2007), and has been shown to have a 

dominant role in aggrecan degradation in mice (Glasson et al. 2005). ADAMTS-5 is 

constitutively expressed by chondrocytes (Bau et al. 2002) and co-localizes with HA in 
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the PCM in normal and OA cartilage (Plaas et al. 2007). MMPs have a well-characterized 

role in cartilage degeneration and are known to cleave aggrecan (Flannery et al. 1992; 

Little et al. 2002) and small PGs (Monfort et al. 2006; Zhen et al. 2008) in addition to type 

II collagen (reviewed in (Bramono et al. 2004)). Other proteases associated with 

inflammation, including high temperature requirement A1 (HtrA1) and cathespin B and 

L, are elevated in synovial fluid of patients with RA, OA, and following joint injury 

(Lang et al. 2000; Solau-Gervais et al. 2007; Polur et al. 2010). These enzymes provide 

interesting targets for future studies to ascertain which, if any, alter the mechanical 

integrity of the PCM. 

7.5 Summary 

This study provides new evidence for high resistance of PCM micromechanical 

properties to specific degradation of aggrecan and aggrecan-associated GAGs but 

vulnerability to leukocyte elastase digestion. This resistance may be an important 

intrinsic property of the chondrocyte microenvironment, allowing for enzyme transport 

from the chondrocyte to the ECM during normal matrix turnover without mechanical 

disruption of the PCM and suggesting that aggrecan and aggrecan-associated GAGs 

have distinct structural and mechanical roles in the PCM as compared to the ECM. In 

joint disease, our results suggest that the PCM is susceptible to proteolytic degradation 

by inflammatory cell-derived enzymes, like leukocyte elastase, that have wide substrate 

specificity. These inflammatory enzymes may be associated with degradative changes 
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observed in the chondrocyte micromechanical environment in OA (Chapter 4; 

(Alexopoulos et al. 2003; Alexopoulos et al. 2005b)).
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8. Summary and Conclusions 

This work developed and applied new techniques for evaluation of the 

mechanical properties of the extracellular (ECM) and pericellular matrices (PCM) of 

articular cartilage in situ and, by extension, correlation of site-specific mechanical 

properties with local biochemical composition. All techniques were applications of 

atomic force microscopy (AFM), taking advantage of its capabilities as a high resolution 

microindentation device and its ability to be directly integrated with traditional optical 

microscopy. Our first research goal, to evaluate the biomechanical properties of the 

cartilage PCM and ECM in situ, was accomplished through AFM-based stiffness 

mapping of articular cartilage from multiple species, in multiple loading directions, and 

in healthy and degenerative tissue.  Our second research goal, to correlate site-specific 

mechanical properties with local biochemical composition, was accomplished by 

combining AFM stiffness mapping with immunofluorescence (IF) for type VI collagen, 

dual IF for type VI collagen and perlecan, and selective enzymatic digestion of 

proteoglycans (PGs) and glycosaminoglycans (GAGs). 

In Chapter 2, we presented experimental validation of an AFM-based stiffness 

mapping technique and demonstrate its ability accurately obtain site-specific mechanical 

properties of soft substrates, capture the spatial arrangement of different materials based 

on their elastic moduli, and yield elastic moduli comparable to other micro- and 

macroscale techniques. Application of AFM stiffness mapping to cryosections of 
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articular cartilage from human, porcine, and murine knee joints demonstrated that PCM 

elastic moduli were significantly lower than local ECM elastic moduli in all species. This 

initial study demonstrates that AFM-based measurements are a viable means for direct, 

detailed investigation of the chondrocyte microenvironment in situ.  

In Chapter 3, we provided new evidence for mechanical inhomogeneity and 

anisotropy at the microscale in articular cartilage by performing AFM stiffness mapping 

on cryosections of porcine articular cartilage generated in three mutually-perpendicular 

directions relative to the split-line orientation. PCM elastic moduli exhibited zonal 

uniformity and mechanical isotropy despite distinct, depth-dependent anisotropy in the 

ECM in the superficial and deep zones along the direction of local type II collagen fiber 

alignment. Unexpectedly, ECM microscale moduli decreased with depth in all three 

tested directions. Overall, our results provide further support for local collagen fiber 

orientation and matrix composition as defining factors in cartilage mechanical behavior. 

In Chapter 4, we supported the hypothesis that significant degradative changes 

occur in articular cartilage at the microscale with the onset of osteoarthritis (OA). AFM 

stiffness mapping of human articular cartilage from the medial condyle of joints 

exhibiting early signs of OA revealed radial expansion of the biomechanical footprint of 

the PCM in addition to a loss of PCM and ECM mechanical integrity as compared to 

macroscopically normal joints. No significant changes were observed in either ECM or 

PCM mechanical properties in lateral condyle cartilage from the same joints. Our studies 
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provide a direct measure of and new insights into PCM degeneration within the context 

of local ECM degeneration in OA.  

In Chapter 5, we developed a novel IF-guided AFM stiffness mapping technique 

for the direct correlation of type VI collagen localization and PCM biomechanical 

properties in situ. Control experiments confirmed that IF-labeling of cryosections of 

porcine articular cartilage did not alter the microscale elastic properties of the PCM or 

ECM. PCM elastic moduli correlated with the presence of type VI collagen. Matrix 

regions lacking type VI collagen immediately adjacent to the PCM exhibited higher 

elastic moduli than regions positive for type VI collagen, suggesting that the territorial 

matrix (TM) serves as a mechanical as well as structural transition region between the 

PCM and ECM. PCM properties were similar throughout the tissue depth. Our findings 

provide further support for type VI collagen as a defining factor of the chondrocyte 

PCM and an important contributor to its biomechanical properties. 

In Chapter 6, we extended the applicability of our IF-guided AFM stiffness 

mapping technique by using dual IF to correlate site-specific differences in mechanical 

properties with spatial variations in composition within the PCM. Dual IF-labeling for 

type VI collagen and the heparan sulfate (HS) PG perlecan in cryosections of porcine 

articular cartilage demonstrated co-localization of these components to the PCM. While 

there was no difference in overall PCM moduli between type VI collagen- and perlecan-

based definitions of the PCM, within the PCM, interior regions rich in both type VI 
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collagen and perlecan exhibited lower elastic moduli than more peripheral regions 

containing type VI collagen alone. Enzymatic removal of HS chains from perlecan with 

heparinase III resulted in increased elastic moduli in the PCM, specifically in interior 

regions positive for both perlecan and type VI collagen. As expected, heparinase III 

digestion had no effect on ECM elastic moduli. Our study supports a new role for 

perlecan as a defining factor in both the biochemical and biomechanical boundaries of 

the PCM and suggests that the HS chains generate an environment conducive for 

mechanotransduction by softening the PCM in the immediate vicinity of the 

chondrocyte.  

In Chapter 7, we found that the micromechanical properties of the PCM exhibit 

high resistance to specific enzymatic degradation of aggrecan and aggrecan-associated 

GAGs but are vulnerable to degradation by leukocyte elastase. Unexpectedly, PCM 

elastic moduli were not altered following enzymatic digestion of cryosections of porcine 

articular cartilage with aggrecanase (ADAMTS-4), chondroitinase ABC (C-ABC), and 

bacterial hyaluronidase (HA-ase) despite significant decreases in ECM moduli with each 

enzyme. On the other hand, both PCM and ECM moduli were significantly decreased 

following enzymatic digestion with leukocyte elastase, presumably due to its wide 

substrate specificity. Overall, our findings suggest that resistance to enzymatic 

degradation is an intrinsic property of the chondrocyte PCM that would allow enzyme 
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transport from the PCM to the ECM during normal matrix turnover without disruption 

of the PCM and a role for elastase in cartilage degeneration.  

Overall, our work demonstrates that the PCM is much more complex than the 

simple, uniform region with a sharp discontinuity in properties at its interface with the 

ECM presented in many theoretical models. Rather, the PCM exhibits spatial-variations 

in mechanical properties tied to local biochemical composition and, via the TM, exhibits 

a smooth mechanical transition to the local ECM. Unlike the depth-dependent moduli 

and anisotropy of the local ECM, PCM moduli demonstrate zonal uniformity and 

mechanical isotropy. This detailed zone-by-zone characterization of the cell 

microenvironment can be applied in computational modeling of cell-PCM-ECM 

interactions (Guilak and Mow 2000; Alexopoulos et al. 2005a; Korhonen and Herzog 

2008; Julkunen et al. 2009) to further our understanding of the specific mechanical 

stresses experienced by the chondrocyte under normal loading conditions and advance 

our knowledge of mechanotransduction mechanisms in articular cartilage. Furthermore, 

this microscale approach can be readily adapted for mechanical assessment of neo-

matrix deposition and evaluation of PCM and ECM development and maturation over 

time in tissue-engineered cartilage constructs (Fraser et al. 2006; Diekman et al. 2012).  

In addition, our studies provide new insights into cartilage matrix turnover in 

healthy and diseased joints. Our novel finding of PCM-specific resistance to aggrecan-

targeted digestion suggests that mechanical integrity of the PCM is maintained during 
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normal matrix turnover despite constitutive production of aggrecanases by 

chondrocytes. This surprising result provides many avenues for future work 

investigating the ability of specific PCM components to modulate local enzyme activity 

(Nakada and Wolfe 1961; Mio and Stern 2002) and the role of aggrecan in structural 

stability of the PCM. In OA cartilage, the PCM and ECM exhibit significant alterations in 

their microscale mechanical properties. Our demonstration of PCM and ECM 

susceptibility to leukocyte elastase digestion suggests treatment strategies targeting the 

activity of inflammatory cell-derived proteases could be effective in reducing cartilage 

degeneration in rheumatoid arthritis (RA), OA, and following joint injury (Momohara et 

al. 1997; Ishiguro et al. 2001; Elsaid et al. 2003). AFM stiffness mapping in combination 

with IF for specific enzymes and type II collagen or aggrecan epitopes would provide 

interesting insights into localized degradation patterns in cartilage throughout disease 

progression and distinguish between chondrocyte-mediated and inflammatory cell-

mediated degradation.  

Collectively, the work presented in this dissertation offers a more complete 

characterization of the chondrocyte micromechanical environment in articular cartilage. 

These studies provide the tools and framework for further studies to continue to 

elucidate the complicated structural, compositional, and functional relationships 

between the cartilage ECM and PCM and their importance in regulating chondrocyte 

physiology in health and disease.  
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Appendix A. Finite Thickness Correction for Hertz Model 

Dimitriadis and colleagues developed an approximate, polynomial-based 

solution to the Hertz model for finite thickness samples (Dimitriadis et al. 2002). The 

final relation between the applied force, F, and indentation, δ, is given by 
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where ν is the sample Poisson’s ratio.  

 To order to investigate the potential influence of finite sample thickness on our 

measurements of the microscale properties of porcine articular cartilage, ECM and PCM 

regions in porcine cartilage sections were mapped quantitatively using the protocol 

outlined in Chapter 2 with a force trigger of 300 nN at an indentation velocity of 15 

μm/s.  



 

174 

As expected, when the finite thickness correction was applied, calculated moduli 

were reduced (p < 0.05; repeated measures ANOVA; Figure A-1) with equivalent effects 

on ECM and PCM moduli. Corrected moduli fell within the site-to-site variability both 

within a single testing region, variability among porcine cartilage specimens and within 

the expected error associated with contact point estimation in soft samples (Dimitriadis 

et al. 2002). Since force triggers for all experiments were carefully selected from a tested 

range in order to limit indentation depths for each group of samples, finite thickness 

effects were indistinguishable from the other errors associated with our testing 

modality.  

 

Figure A-1: Effect of finite sample thickness on calculated micromechanical 

properties of articular cartilage. Force-indentation curves collected in the ECM and 

PCM of porcine cartilage were evaluated using the Hertz model (black) and finite 

thickness correction (white). Calculated ECM and PCM elastic moduli decreased with 

finite thickness correction (p < 0.05). Moduli presented as mean + standard deviation 

(N = 4 pigs, n = 16 regions).    



 

175 

Appendix B. Low Force Stiffness Mapping of Articular 
Cartilage 

A version of this appendix was published as supplemental material to the following: 

Darling, E.M.*, Wilusz, R.E.*, Bolognesi, M.P., Zauscher, S., Guilak, F. Spatial Mapping 

of the Biomechanical Properties of the Pericellular Matrix of Articular Cartilage 

Measured in situ via Atomic Force Microscopy. Biophysical Journal, 98(12):2848-56, 2010. 

 

Elastic moduli of articular cartilage PCM and ECM were mapped quantitatively 

using the protocol described in Chapter 2 with a force trigger of 50 nN (N = 6 cartilage 

samples, n ≥ 15 total regions per species). This lower threshold resulted in smaller 

indentation depths and reduced contact radii. With this low threshold, measured elastic 

moduli were approximately two- to five-fold lower than those observed using a force 

trigger of 750 nN (Figure B-1, Table B-1). ECM elastic moduli were greater than PCM 

elastic moduli for human, porcine, and murine cartilage (p < 0.001). Murine cartilage 

exhibited the highest ECM and PCM moduli (p < 0.001), while porcine and human 

cartilage possessed similar values for both ECM and PCM properties (p > 0.05).  

Depth-dependent (Schinagl et al. 1997; Chen et al. 2001) and strain-dependent 

(Wang et al. 2003) behavior of articular cartilage under compression has been observed 

previously at the macroscale. A similar phenomenon was recently reported in 

microscale indentation of bovine articular cartilage. Park and colleagues observed a non-

linear increase in elastic moduli for indentation depths up to 600 nm (Park et al. 2009). 
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As in the current study, there was an order of magnitude difference between microscale 

and macroscale modulus values.  

This strain-dependent behavior suggests that larger indentations are required to 

obtain microscale mechanical properties that are more representative of measurements 

recorded at the macroscale. Since cartilage is inhomogeneous, local variability in type II 

collagen content (Rieppo et al. 2009) and proteoglycan concentration (Samosky et al. 

2005) likely affect the modulus measured via AFM indentation. Larger forces and 

indentation depths probe beyond microscale tissue swelling and allow for averaging of 

the mechanical contributions of the cartilage matrix components in a manner that is 

similar to that observed at the macroscale (Stolz et al. 2004). No consistent threshold 

indentation depth needed to achieve macroscale properties existed across tested 

samples. For example, some samples exhibited similar moduli for 500 nm and 1.5 μm 

indentations whereas other samples exhibited dramatically different moduli for the two 

depths. Prior to mapping, cartilage samples were probed with a range of indentations to 

determine a suitable depth for evaluating either the low-force or bulk mechanical 

properties of the tissue. 
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Table B-1: Elastic moduli of ECM and PCM regions from human, porcine, and 

murine articular cartilage using low force stiffness mapping. Stiffness mapping of 

sectioned cartilage samples showed clear differences between ECM and PCM regions 

for each species (p < 0.0001). Moduli shown as mean ± standard deviation. 

Sample 
ECM E  

(kPa) 

ECM E range 

(kPa) 

PCM E  

(kPa) 

PCM E range 

(kPa) 

Human (N = 6) 

n = 35, ECM 

n = 34, PCM 

58 ± 20 
23 – 114 

(511 sites) 
17 ± 14 

3 – 75 

(4876 sites) 

Porcine (N = 6) 

n = 20, ECM 

n = 20, PCM 

53 ± 25 
15 – 101 

(318 sites) 
16 ± 4 

11 – 25 

(2335 sites) 

Murine (N = 6) 

n = 26, ECM 

n = 29, PCM 

78 ± 30 
16 – 149 

(474 sites) 
40 ± 20 

4 – 89 

(3907 sites) 
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Figure B-1: Effect of indentation force on measured micromechanical 

properties of articular cartilage. ECM and PCM elastic moduli were measured using a 

force threshold of 750 nN (black) and 50 nN (white) for (A) human, (B) porcine, and 

(C) murine articular cartilage. *: p < 0.005 for 750 nN force threshold as compared to 50 

nN force threshold. Moduli presented as mean + standard deviation (N = 6 knees,        

n ≥ 15 regions). 
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Appendix C. Effect of Indentation Velocity on the 
Microscale Properties of Articular Cartilage 

A version of this appendix was published as supplemental material to the following: 

Wilusz, R.E., DeFrate, L.E. Guilak, F. Immunofluorescence-Guided Atomic Force 

Microscopy to Measure the Micromechanical Properties of the Pericellular Matrix of 

Porcine Articular Cartilage, Journal of the Royal Society Interface, 9(76):2997-3007, 2012.  

 

In order to investigate the potential influence of indentation rate on the 

microscale properties of articular cartilage, ECM regions were evaluated in the 

middle/deep zone (200 – 400 μm from the articular surface) of unlabeled cartilage 

sections (N = 3 pigs, n = 15 total regions). Indentations were applied with a force trigger 

of 300 nN at indentation velocities of 1 μm/s, 5 μm/s, 10 μm/s, 15 μm/s, 20 μm/s, and 25 

μm/s. The tissue was allowed to recover for 1 minute between successive scans. 

ECM elastic moduli increased with indentation rate over the tested range (p < 

0.05, repeated measures ANOVA; Figure C-1). Moduli observed at a 1 μm/s indentation 

velocity were 24% lower than those measured at 15 μm/s (used for data collection in all 

presented work). Moduli collected at velocities ranging from 5 – 25 μm/s were within 3 – 

12% of the values observed at 15 μm/s. The observed effect of indentation rate falls 

within the expected error associated with AFM indentation of soft substrates due to 

contact point estimation (Dimitriadis et al. 2002) and is small relative to the site-to-site 

variability observed both within and among ECM scan grids, where standard deviations 

were 15 – 30% of the mean. 
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Figure C-1: Effect of indentation velocity on ECM micromechanical properties. 

ECM elastic moduli increased with indentation rate over the tested range (p < 0.05; 

repeated measures ANOVA). Moduli presented as mean ± standard error (N = 3 pigs, 

n = 15 regions). 

 

Loading rate-dependent behavior of articular cartilage under compressive 

loading has been observed previously at the macroscale (Li et al. 2003; Silver et al. 2004). 

A similar phenomenon was recently reported in microscale indentation of juvenile 

bovine cartilage (Han et al. 2011) where elastic moduli increased with z-piezo 

displacement rates of 0.1 – 10 μm/s. As observed in the current work, elastic moduli 

measured at 10 μm/s indentation velocity were approximately 20% higher than moduli 

observed at 1 μm/s (Han et al. 2011). Since interstitial fluid pressurization in response to 

AFM nano- and microindentation is minimal (Park et al. 2009; Bonnevie et al. 2012), the 
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observed rate dependence is likely due to intrinsic viscoelasticity of the solid matrix 

(Han et al. 2011), as opposed to a biphasic effect.  
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Appendix D. Spatial Mapping of Proteoglycan and 
Glycosaminoglycan Depleted Porcine Articular Cartilage 

As described in Chapter 7, cryosections of porcine articular cartilage (5 μm thick) 

underwent control incubation or enzymatic digestion with ADAMTS-4, chondroitinase 

ABC (C-ABC), hyaluronidase (HA-ase), or leukocyte elastase and mapped quantitatively 

using immunofluorescence (IF)-guided atomic force microscopy (AFM)-based stiffness 

mapping. To quantitatively evaluate the spatial distribution of moduli in the 

chondrocyte microenvironment, the stiffness progression of elastic moduli from the 

PCM outer edge to the ECM was evaluated in radial increments of 0.5 μm. Stiffness 

progression data were evaluated separately for control and digested samples using a 

one-way ANOVA (distance; α = 0.05) and Fisher’s LSD post-hoc test. Differences between 

control and digested elastic moduli were evaluated separately at each 0.5 μm increment 

in the stiffness progression using a Student’s t-test (α = 0.05). 

Overall, spatial mapping revealed distinct differences in the chondrocyte 

microenvironment following enzymatic digestion. In undigested control sections, spatial 

mapping revealed a trend or a significant effect of distance from the PCM outer edge in 

elastic moduli across all groups. In sections that underwent enzymatic digestion, a 

significant effect of distance from the PCM outer edge was observed only in moduli 

from HA-ase digested samples. 
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In ADAMTS-4 undigested controls, there was a trend toward a significant effect 

of distance from the PCM outer edge in elastic moduli (p = 0.07; Figure D-1). In digested 

samples, no variation in elastic moduli was observed with distance from the PCM outer 

edge (p = 0.48). Elastic moduli in ADAMTS-4 digested cartilage were less than 

undigested controls only in the ECM (p < 0.05).  

 

Figure D-1: Stiffness progression of elastic moduli in aggrecanase digested 

porcine articular cartilage. Stiffness progression of moduli from the PCM outer edge 

to the ECM in undigested control (black) and ADAMTS-4 digested (white) cartilage. 

*: p < 0.05 for control ECM as compared to digested ECM. Undigested controls 

demonstrated a trend toward an effect of distance (p = 0.07). ADAMTS-4 digested 

moduli demonstrated no variation with distance (p = 0.48). Moduli presented as mean 

± standard error (N = 3 pigs, n = 9 regions per treatment). 
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In C-ABC undigested controls, PCM moduli were lower than those observed in 

regions greater than 1 μm from the PCM outer edge (p < 0.05). Elastic moduli 

comparable to ECM values were observed adjacent to the PCM outer edge (Figure D-2). 

Following C-ABC digestion, no variation in elastic moduli was observed with distance 

from the PCM outer edge (p = 0.93). Digested moduli were significantly lower than 

undigested controls at all distances beyond the PCM outer edge (p < 0.05). 

 

Figure D-2: Stiffness progression of elastic moduli in chondroitinase ABC 

digested porcine articular cartilage. Stiffness progression of moduli from the PCM 

outer edge to the ECM in undigested control (black) and C-ABC digested (white) 

cartilage. a: p < 0.05 for control PCM moduli as compared to control regions greater 

than 1.0 μm from the PCM outer edge. *: p < 0.05 for control moduli as compared to C-

ABC digested moduli at each radial increment. #: Control moduli reached ECM values 

at the PCM outer edge. C-ABC digested moduli demonstrated no variation with 

distance (p = 0.93). Moduli presented as mean ± standard error (N = 6 pigs, n = 24 

regions per treatment).  
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In HA-ase undigested controls, PCM regions exhibited lower elastic moduli than 

immediately adjacent regions (p < 0.05) and ECM-like moduli were observed 2 μm from 

the PCM outer edge (Figure D-3). Following HA-ase digestion, PCM regions exhibited 

lower elastic moduli than immediately adjacent regions (p < 0.05) and ECM-like moduli 

were observed 1 μm from the PCM outer edge. 

 

Figure D-3: Stiffness progression of elastic moduli in hyaluronidase digested 

porcine articular cartilage. Stiffness progression of moduli from the PCM outer edge 

to the ECM in undigested control (black) and HA-ase digested (white) cartilage. a: p < 

0.05 for control PCM as compared to all control regions beyond the PCM. b: p < 0.05 

for HA-ase digested PCM as compared to all digested regions beyond the PCM. *: p < 

0.05 for control moduli as compared to HA-ase digested moduli at each radial 

increment. #: Control moduli reached ECM values 2.0 μm from the PCM outer edge. 

&: HA-ase digested moduli reached ECM values 1.0 μm from the PCM outer edge. 

Moduli presented as mean ± standard error (N = 6 pigs, n = 24 regions per treatment).  
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In elastase undigested controls, PCM regions exhibited lower moduli than 

regions greater than 1 μm from the PCM outer edge (p < 0.05) and ECM-like moduli 

were observed 1.5 μm from the PCM outer edge (Figure D-4). Following elastase 

digestion, no variation in moduli was observed with distance from the PCM outer edge 

(p = 0.32). Digested moduli were significantly lower than undigested controls in PCM 

regions and at all distances beyond the PCM outer edge (p < 0.05). 

 

Figure D-4: Stiffness progression of elastic moduli in elastase digested porcine 

articular cartilage. Stiffness progression of moduli from the PCM outer edge to the 

ECM in undigested control (black) and elastase digested (white) cartilage. a: p < 0.05 

for control PCM moduli as compared to control regions greater than 1.0 μm from the 

PCM outer edge. *: p < 0.05 for control moduli as compared to elastase digested 

moduli at each radial increment. #: Control moduli reached ECM values 1.5 μm from 

the PCM outer edge. Elastase digested moduli demonstrated no variation with 

distance (p = 0.32). Moduli presented as mean ± standard error (N = 3 pigs, n = 12 

regions per treatment).  
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