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Abstract
The extracellular matrix (ECM) of articular cartilage is structurally and mechanically
inhomogeneous and anisotropic, exhibiting variations in composition, collagen fiber architecture,
and pericellular matrix (PCM) morphology among the different zones (superficial, middle, and
deep). Joint loading exposes chondrocytes to a complex biomechanical environment, as the
microscale mechanical environment of the chondrocyte depends on the relative properties of its
PCM and local ECM. ECM anisotropy and chondrocyte deformation are influenced by the split-
line direction, the preferred collagen fiber orientation parallel to the articular surface. While
previous studies have demonstrated that cartilage macroscale properties vary with depth and the
direction of loading relative to the split-line direction, the potential anisotropic behavior of the
ECM and PCM at the microscale has yet to be examined. The goal of this study was to
characterize the depth and directional dependence of the microscale biomechanical properties of
porcine cartilage ECM and PCM in situ. Cartilage was cryosectioned to generate samples oriented
parallel and perpendicular to the split-line direction and normal to the articular surface. Atomic
force microscopy (AFM)-based stiffness mapping was utilized to measure ECM and PCM
microscale elastic properties in all three directions within each zone. Distinct anisotropy in ECM
elastic moduli was observed in the superficial and deep zones, while the middle zone exhibited
subtle anisotropy. PCM elastic moduli exhibited zonal uniformity with depth and directional
dependence when pooled across the zones. These findings provide new evidence for mechanical
inhomogeneity and anisotropy at the microscale in articular cartilage.
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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 [reviewed in (Mow et al., 1992)], 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 (Bachrach et al., 1998; Lai et al., 2002; Mow et al., 1994; Mow and
Guo, 2002; Wang et al., 2002a; 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 (Guilak, 2011; Jurvelin et al., 1997; Williams et al., 2010)].

Cartilage derives its 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 (Hwang et al., 1992; Jeffery et al., 1991;
Vanden Berg-Foels et al., 2012; Yin et al., 2011). Split-lines are indicative of the preferred
collagen fiber orientation parallel to the articular surface (Below et al., 2002; Meachim et
al., 1974) and provide an additional component of structural anisotropy. Variations in
composition and ultrastructure contribute to the depth- (Chen et al., 2001; Jurvelin et al.,
1997; Kempson et al., 1973; Schinagl et al., 1997; Wang et al., 2002a; Wang et al., 2002b;
Wu and Herzog, 2002) and directional-dependent (Chahine et al., 2004; Huang et al., 2005;
Jurvelin et al., 2003; Mizrahi et al., 1986; Wang et al., 2003) 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 has not been examined at the
microscale.

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 (Hunziker et al., 2002; Poole et al., 1992; Poole et al., 1997; Wang et al.,
2008), structure (Hunziker et al., 1997; Poole et al., 1987; Vanden Berg-Foels et al., 2012),
and mechanical properties (Alexopoulos et al., 2003; Alexopoulos et al., 2005; Darling et
al., 2010; Guilak et al., 2005; Kim et al., 2010; Wilusz et al., in press). In normal cartilage,
the PCM is generally defined by the exclusive presence of type VI collagen (Poole et al.,
1988) and has a higher concentration of PGs than the ECM (Hunziker et al., 2002; Poole et
al., 1984). 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
(Choi et al., 2007; Guilak and Mow, 2000; Julkunen et al., 2009; Korhonen et al., 2006;
Korhonen et al., 2008; Wu and Herzog, 2002). 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., 2005; Guilak et al., 2005; Wilusz
et al., in press). 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
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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 on cell deformation under load (Korhonen et al., 2008; Wu and
Herzog, 2002), suggesting that the existence of PCM anisotropy could 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 (Darling et al., 2010) was
used to measure the elastic properties of ECM and PCM regions in three mutually-
perpendicular directions based on to the split-line orientation.

METHODS
Tissue Sample Preparation

Full thickness cartilage samples were collected from the medial condyles of 2 – 3 year old,
skeletally mature, female pigs with no macroscopic signs of cartilage degradation (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 1A). Each explant was cut in half either parallel to or perpendicular
to the local split-line direction, removed from 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, Inc., Torrance, CA) and sectioned in 5 μm-thick slices
using a cryostat microtome (Leica CM1850; Leica Microsystems, Inc., Buffalo Grove, IL).
Cartilage samples were cut in the transverse plane to generate full thickness samples
orientated 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 1B).
The cartilage zones were defined such that the superficial zone consisted of the region
between 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 each explant (Figure 1C).
These designations were made based on cell morphology and tissue architecture described
previously in the literature (Hunziker et al., 1997; Hwang et al., 1992; 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.

Mechanical Characterization via AFM-based Stiffness Mapping
Elastic moduli were mapped quantitatively using an AFM system (MFP-3D Bio AFM,
Asylum Research, Santa Barbara, CA) integrated with an optical microscope (AxioObserver
A1; Carl Zeiss, Inc., Thornwood, NY) 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 Technologies, Inc.) for microscale mechanical measurements.
Indentations were applied with a force trigger of 200 nN and an indentation velocity of 15
μm/s, based on our previous work showing little or no rate-dependence of moduli collected
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at velocities ranging from 5 μm/s – 25 μm/s (Wilusz et al., in press). 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 2A, B, C) and ECM
properties were evaluated by performing 16 indentations applied over each 20 μm × 20 μm
region (n ≥ 91 per zone, per direction). PCM scan regions were placed along the edge of
cell-sized voids in the tissue section (Figure 2D) and 400 indentations were applied over
each 10 μm × 10 μm region (n ≥ 28 per zone, per direction).

Data Evaluation
Raw data for cantilever deflection and z-piezo movement were analyzed using a custom
Matlab script (The MathWorks, Natick, MA). A Hertzian contact model was used calculate
tissue modulus (Darling et al., 2006) and provided excellent fits to the experimental data for
all force-indentation curves (R2 > 0.90). For ECM regions, the Poisson’s ratio was assumed
to be 0.03 in the superficial zone and 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 0.04 in all zones (Alexopoulos et al., 2005). 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 a distance-based definition of the PCM
(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.

Histological Staining
For histological staining of collagen and proteoglycans, unfixed cartilage sections were
rinsed with PBS to remove the water-soluble embedding medium. Sections were stained
with 0.02% aqueous fast green (Sigma-Aldrich, St. Louis, MO) 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 orientated parallel to the split-line orientation.
Sections were rinsed with PBS to remove the water-soluble embedding medium and
digested in 50 μL of 0.25 IU/mL chondroitinase-ABC solution (Sigma-Aldrich) in 50 mM
Tris buffer containing 60 mM sodium acetate and 0.02% bovine serum albumin (BSA), 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).
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Statistical Analyses
ECM and PCM data were evaluated separately for differences among cartilages zones and
loading direction using a two-way ANOVA and Fisher’s LSD post-hoc test (α = 0.05). All
data are presented as mean + standard error.

RESULTS
Picrosirius red staining viewed with polarized light revealed distinct ECM collagen
alignment through the tissue depth (Figure 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 3B).

Stiffness mapping revealed that ECM elastic moduli within each zone exhibit distinct
directional dependence relative to the split-line orientation (Figure 4). In the superficial
zone, 1-dir moduli were 20% greater than 2- and 3-dir moduli (p < 0.0005; Figure 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 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).

In PCM scan regions, stiffness mapping revealed lower modulus regions immediately
surrounding cell-sized voids (Figure 5A). 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 tissue depth (p = 0.38; Figure 5B). When
pooled across zones, 1-dir PCM moduli were 16% greater than 2- and 3-dir moduli (p <
0.05).

DISCUSSION
Our results present new evidence that, at the microscale, articular cartilage mechanical
properties exhibit inhomogeneity and anisotropy relative to the split-line orientation.
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 (Chahine et al., 2004;
Huang et al., 2005; Wang et al., 2003), 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 (Hwang et al., 1992; Jeffery et al., 1991).
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 the split-lines (1-
dir) were significantly greater than those measured perpendicular to split-line orientation (2-
and 3-dir). In the deep zone, collagen fibers are oriented perpendicular to the articular

McLeod et al. Page 5

J Biomech. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



surface and elastic moduli measured normal to the articular surface (3-dir) were significantly
greater than 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. Since previous studies have shown the collagen fiber alignment at the
articular surface carries through to the middle zone (Jeffery et al., 1991), this in-plane
alignment of collagen fibrils likely contributes to the observed anisotropy in the middle
zone.

Unlike previous macroscale studies which show a depth-dependent increase in ECM elastic
moduli (Chahine et al., 2004; Chen et al., 2001; Schinagl et al., 1997; Wang et al., 2003), 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
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 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 inverse 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). The lowest moduli were
observed in the deep zone, where PG content is highest and collagen content is lowest. The
highest moduli were found in the superficial zone, where PG content is lowest and collagen
fiber content is highest. As a result, the apparent softening of ECM properties with depth
observed in the present work 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
depth and directional dependence of PCM properties. Consistent with previous micropipette
aspiration (Alexopoulos et al., 2003; Alexopoulos et al., 2005; Guilak et al., 2005) and AFM
(Darling et al., 2010; Wilusz et al., in press) studies, 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 statistically higher parallel to the
split-line orientation (1-dir) as compared to the other two directions. This effect appears to
be dominated by the 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 collagen II fiber orientation in the plane of split-line orientation
(Jeffery et al., 1991) contributes to subtle, but measurable, alignment of collagen VI
microfilaments or other molecular components in the PCM. While picrosirius red staining is
useful for visualizing fibrillar collagens like type I, II, III (Junqueira et al., 1979), there is
little evidence suggesting that type VI collagen microfilaments can be visualized with this
stain. In addition, an edge effect was found to be associated with the circular cell-sized voids
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in stained sections. As a result, we were unable to confidently evaluate type II collagen
alignment within our 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, the 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., 1995).
The contact radius for spherical probes scales with tip radius and indentation depth. Using a
single force trigger of 200 nN to evaluate both the PCM and ECM leads 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) are larger than contact radii in the ECM
(1.3 – 1.5 μm). Contact with adjacent ECM regions during indentation may have contributed
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., 1992;
Poole et al., 1988; Wilusz et al., in press), would allow for a more complete characterization
of spatial variations in anisotropy within the chondrocyte microenvironment.

In 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 a new insight into the micromechanical
environment of the chondrocyte, demonstrating zonal uniformity and mechanical isotropy of
PCM elastic moduli despite the nonuniformity and anisotropy of the ECM. 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; Kim et al., 2008; Korhonen
et al., 2008; Wu and Herzog, 2002) to further our understanding of the specific mechanical
stresses experience by the chondrocyte in health and disease.
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Figure 1.
(A) Local split-line orientation near collected cartilage explants (circles) was visualized
using India ink. Scale bar = 10 mm. (B) Direction of applied loads relative to the split-line
orientation. (C) Histological staining of porcine cartilage for collagen (fast green) and PGs
(Safranin-O). 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). Scale bar = 100 μm.
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Figure 2.
Phase contrast images showing ECM scan regions (blue) in the (A) superficial, (B) middle,
and (C) deep zones based on microscopic examination of tissue sections. Cartilage section is
oriented for loading parallel to the split-line orientation (1-dir). Scale bar = 50 μm. (D) PCM
scan regions (red) were placed along the edge of cell-sized voids. An adjacent ECM scan
region (blue) is also shown. Scale bar = 20 μm.
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Figure 3.
Representative polarized light images of picrosirius red stained porcine articular cartilage
sections cut parallel to the local split-line orientation. 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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Figure 4.
(A) Representative elastic maps for 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- (white) and 3- (striped) directions. ECM moduli
exhibited distinct depth and directional dependence across the three zones. a: Superficial
zone 1-dir as compared to superficial zone 2- & 3-dir (p < 0.0005). b: Superficial zone 1-dir
as compared to middle and deep zone 1-dir (p < 0.000001). c: Superficial zone 2-dir as
compared to middle and deep zone 2-dir (p < 0.000005). d: Superficial zone 3-dir as
compared to deep zone 3-dir (p < 0.05). e: Middle zone 1-dir as compared to middle zone 2-
dir (p < 0.05). f: Middle zone 1-dir as compared to deep zone 1-dir (p < 0.00005). g: Middle
zone 2-dir as compared to deep zone 2-dir (p < 0.05). h: Deep zone 3-dir as compared to
deep zone 1- and 2-dir (p < 0.0005). Moduli presented as mean + standard error (N = 12, n ≥
91 per zone, per direction).
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Figure 5.
(A) Representative elastic maps for 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- (white), and 3- (striped) directions. There was no
significant interactive effect between cartilage zone and loading direction (p = 0.27) and
PCM moduli exhibited zonal uniformity (p = 0.38). When pooled across zones, PCM 1-dir
moduli were significantly greater than 2-dir and 3-dir moduli (p < 0.05). Moduli presented
as mean + standard error (N = 10, n ≥ 28 per zone, per direction).
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