
J. R. Soc. Interface (2012) 9, 2997–3007
*Author for c

Electronic sup
10.1098/rsif.2

doi:10.1098/rsif.2012.0314
Published online 6 June 2012

Received 16 A
Accepted 14 M
Immunofluorescence-guided atomic
force microscopy to measure the

micromechanical properties of the
pericellular matrix of porcine

articular cartilage
Rebecca E. Wilusz1,2, Louis E. DeFrate1,2 and Farshid Guilak1,2,*

1Department of Orthopaedic Surgery, Duke University Medical Center, Box 3093,
Durham, NC 27710, USA

2Department of Biomedical Engineering, Duke University, Durham, NC 27708-0281, USA

The pericellular matrix (PCM) is a narrow region that is rich in type VI collagen that sur-
rounds each chondrocyte within the extracellular matrix (ECM) of articular cartilage.
Previous studies have demonstrated that the chondrocyte micromechanical environment
depends on the relative properties of the chondrocyte, its PCM and the ECM. The objective
of this study was to measure the influence of type VI collagen on site-specific micromechanical
properties of cartilage in situ by combining atomic force microscopy stiffness mapping with
immunofluorescence imaging of PCM and ECM regions in cryo-sectioned tissue samples.
This method was used to test the hypotheses that PCM biomechanical properties correlate
with the presence of type VI collagen and are uniform with depth from the articular surface.
Control experiments verified that immunolabelling did not affect the properties of the ECM
or PCM. PCM biomechanical properties correlated with the presence of type VI collagen, and
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 were similar
in all three zones. Our findings provide further support for type VI collagen in defining the
chondrocyte PCM and contributing to its biological and biomechanical properties.
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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 extra-
cellular 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 tem-
poral and spatial variations in stress and strain,
hydrostatic pressure, streaming potentials and osmotic
pressure [1–3]. This mechanical environment has been
shown to significantly impact the balance of chondro-
cyte anabolic and catabolic activities, and in turn,
influence the overall health of the joint (reviewed in
earlier studies [4–6]).
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Within the ECM, chondrocytes are surrounded by a
narrow region called the pericellular matrix (PCM),
which together with the enclosed cell(s), is termed the
chondron [7]. In normal cartilage, the PCM is often
defined by the exclusive presence and localization of
type VI collagen around the chondrocytes [8–11] and
is characterized by an elevated concentration of proteo-
glycans and glycoproteins relative to the surrounding
ECM [12–14]. 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 on the basis of a unique set of dynamic mech-
anical forces at its position within the matrix [8],
suggesting that the PCM serves to protect the chondro-
cyte during compressive loading [7] and to act as a
transducer of mechanical and biochemical signals in
the cellular microenvironment [15]. 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 [16–19] and experimen-
tal studies [20–24] have demonstrated a functional
This journal is q 2012 The Royal Society
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biomechanical role for the PCM. In particular, the
stress–strain environment of the chondrocyte heavily
depends on the relative mechanical properties of the
chondrocyte, its PCM, and the local ECM [16,17,23].
Cartilage is subdivided into three zones (superficial,
middle and deep) based on the depth from the articular
surface that are characterized by differences in ECM
composition and ultrastructure [14,25–27] and chon-
drocyte morphology and arrangement [12,28]. Zonal
variations in matrix composition and structure contrib-
ute to a depth-dependent increase in compressive
properties of the cartilage ECM [29–31]. Isolated chon-
drocytes also demonstrate zonal differences in their
mechanical properties, with superficial zone cells exhi-
biting higher moduli than do middle/deep zone cells
[32,33]. While the three-dimensional morphology and
thickness of the PCM varies among the cartilage
zones [11,14], micropipette aspiration of mechanically
isolated chondrons from canine [34] and human
[35,36] cartilage revealed zonal uniformity in the mech-
anical properties of the PCM, despite significant zonal
differences in ECM properties. Although recent studies
have evaluated the biomechanical properties of the car-
tilage PCM in situ indirectly using an inverse boundary
element analysis coupled with three-dimensional confo-
cal microscopy [37] and directly by atomic force
microscopy (AFM) [38], the existence (or lack) of
zonal variation in PCM properties in situ has yet to
be determined.

AFM has emerged as a powerful tool for biomecha-
nics applications because it provides a means for
precisely controlling nano- and microindentation in
aqueous environments. Using a force spectroscopy tech-
nique 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 [39–41]. In this regard, AFM
indentation has been used to investigate the mechanical
properties of local features in multiple cartilaginous tis-
sues, including intervertebral disc [42], fibrocartilage
[43], growth plate [44,45] and articular cartilage
[31,38,46–49]. More recently, AFM has been combined
with a number of optical microscopy techniques, includ-
ing phase contrast and fluorescence [50,51], allowing for
simultaneous stiffness mapping and high-resolution
imaging, thereby providing a means for direct corre-
lation 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 by 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 cryosections of full-
thickness articular cartilage samples from porcine
knees were identified using fluorescence immunolabel-
ling for type VI collagen. Guided by this biochemical
definition of the PCM, we used AFM stiffness mapping
[38] 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.
J. R. Soc. Interface (2012)
2. METHODS

2.1. Tissue sample preparation

Full-thickness articular cartilage samples were collected
from central regions of the medial femoral condyle of
2- to 3-year-old, skeletally mature, female pig knee
joints with no macroscopic signs of joint degeneration.
Cartilage samples were wrapped in phosphate-buffered
saline-soaked gauze and frozen at 2208C for intermedi-
ate storage. Samples were embedded in water-soluble
embedding medium (Tissue-Tek O.C.T. Compound;
Sakura Finetek USA, Inc., Torrance, CA, USA) and
sectioned perpendicular to the articular surface in
5-mm-thick slices using a cryostat microtome (Leica
CM1850; Leica Microsystems, Inc., Buffalo Grove, IL,
USA). Cartilage slices were collected on negatively
charged 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 immuno-
fluorescence (IF) labelling and AFM testing.
2.2. Immunofluorescence for type VI collagen

Unfixed cartilage sections were labelled for type VI col-
lagen, using a modified IF protocol [11]. At room
temperature, sections were blocked for 20 min in 10
per cent normal donkey serum (lot no. S10011325;
Fitzgerald Industries International Inc., Acton, MA,
USA) diluted in assay buffer (0.1% bovine albumin sol-
ution, BSA; Invitrogen, Carlsbad, CA, USA) in 0.1 M
TBS, pH 7.3). 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 per cent donkey serum for 20 min at
room temperature. After two TBS washes of 5 min
each, samples were incubated in a dark room, using sec-
ondary antibody (FITC-conjugated donkey anti-rabbit
IgG, 43R-ID061FT; Fitzgerald) at a 1 : 200 dilution in
10 per cent donkey serum for 20 min at room tempera-
ture. During AFM testing, sections were rinsed twice in
TBS for 5 min each and allowed to remain in TBS at
room temperature.
2.3. Mechanical characterization via atomic
force microscopy

Simultaneous force measurements and fluorescence ima-
ging were carried out using an AFM system (MFP-
3DBio; Asylum Research, Santa Barbara, CA, USA)
integrated with an inverted fluorescence microscope
(AxioObserver A1; Carl Zeiss, Inc., Thornwood, NY,
USA). For microscale indentation, borosilicate glass
spheres (diameter 5 mm) were attached to tip-less AFM
cantilevers (k � 4.5 N m21; Novascan Technologies,
Inc., Ames, IA, USA). Indentations were applied with a
force trigger of 300 nN, and curves were sampled at
7.5 kHz. For evaluation of PCM elastic properties, inden-
tations (1600 sites per region, 15 mm s21 indentation
velocity) were sequentially applied over a 20 � 20 mm
region of interest defined by a microscopic examination
with phase contrast imaging (figure 1a) and positive IF
labelling for type VI collagen around cell-sized voids
(figure 1b). Topographical maps of relative height were
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Figure 1. (a) Phase contrast and (b) fluorescence images illustrating the selection of PCM and ECM testing regions in the deep
zone of porcine cartilage as seen during AFM testing. Localization of type VI collagen immediately surrounding cell-sized voids
was used to identify the PCM in IF-labelled samples. The AFM cantilever is shown in (a) and outlined in (b), with the red circle
indicating the approximate location of the spherical tip. Scale bars, (a,b) 20 mm. (Online version in colour.)
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collected simultaneously during stiffness mapping of each
PCM scan region. Elastic properties of the adjacent ECM
were evaluated using the same approach over 20 � 20 mm
regions visually devoid of PCM and type VI collagen ([16]
indentations per region, 15 mm s21 indentation velocity).

In order to investigate the potential influence of IF
labelling on measured microscale elastic properties, site-
matched PCM/ECM regions (total regions, n ¼ 17)
were evaluated in the middle/deep zone (200–400 mm
from articular surface) of paired unlabelled and
IF-labelled cartilage sections (n ¼ 3 pigs). Unlabelled
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 h of initial sectioning. Preliminary studies showed no
significant changes in the mechanical properties or Safra-
nin-O staining of proteoglycans in IF-labelled cartilage
sections over the time course of AFM testing (113+
18 kPa versus 94+11 kPa, p ¼ 0.39, Student’s t-test).

To evaluate zonal variations in PCM elastic properties
in situ, paired PCM/ECM regions (n ¼ 5 pigs, n ¼ 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 mm from the articular
surface, the middle zone as 200–300 mm from the articu-
lar 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 archi-
tecture outlined in the literature [26,27]. The order of
testing among the three zones was varied among the
cartilage samples. All AFM testing was conducted in
TBS at room temperature and completed within 4 h of
initial sectioning.
2.4. Data evaluation

Raw data for cantilever deflection and z-piezo move-
ment were collected and analysed using a custom
MATLAB script (The MathWorks, Natick, MA, USA).
The elastic modulus, E, was determined by fitting a
J. R. Soc. Interface (2012)
modified Hertz model to force–indentation curves, as
described previously [32]. For articular cartilage, the
local Poisson’s ratio, n, was assumed to be 0.04 for
both the ECM [23,30,52] and PCM [36] based on
previous experimental reports in the literature. From
the Hertz model, the presented modulus values can be
converted from n ¼ 0.04 to a different assumed value
of n by multiplying by the conversion factor (1 2 n2)/
(1 – 0.042). Probe–surface contact was identified
using contact point extrapolation, a method that uses
the indentation portion of the approach curve to deter-
mine the probe–surface contact point on soft substrates
on the basis of an applied mathematical model [53].
Hertzian contact mechanics provided excellent fits to
the experimental data for all force–indentation curves
(r2 . 0.90). Two-dimensional contour maps were gener-
ated of the spatial distribution of calculated elastic
moduli in each region.

To compare the elastic moduli of unlabelled and IF-
labelled PCM, a distance-based definition of the PCM
was used as described previously [38]. 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 mm 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 labelling.

For IF-labelled sections, the cartilage PCM was
identified by positive type VI collagen staining around
cell-sized voids, and data were included for all indenta-
tions that fell within labelled 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 location was approximated to be within 2–3 mm
(figure 1), and an image analysis algorithm was
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Figure 2. An image analysis was performed in MATHEMATICA to align stiffness maps and IF images for PCM data analysis. The
inner edge of cell-sized voids was detected in (a) topographical maps and (b) IF images using (c,d) edge detection. The topogra-
phical map was translated in the x- and y-directions to minimize the distance between it and the IF image (e). Stiffness 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-labelling (g). IF-positive masks and elastic moduli contour maps were analysed
in MATLAB to extract PCM moduli from each scan region (h). Scale bars, 5mm. (Online version in colour.)
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developed in MATHEMATICA (Wolfram Research, Inc.,
Champaign, IL, USA) 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 1b) and produce
an IF image of each PCM scan region (figure 2b;
256� 256 pixels) that was imported into MATHEMATICA.
The corresponding topographical (figure 2a) and elas-
tic moduli contours maps (not shown) were resized
from 40� 40 pixels to 256� 256 pixels using bilinear
interpolation. The topographical map was used for align-
ment of stiffness maps owing to its clear depiction of the
cell-sized void associated with each PCM. Because inden-
tation 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 2a–d).
Using an iterative closest-point technique [54], the topo-
graphical 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 con-
tour maps were cropped as necessary to align the images
(figure 2e,f). Once aligned, IF images were converted to
binary masks to indicate regions of positive IF labelling
using an optimal threshold value determined from a
range of images (figure 2g). IF-positive masks and elastic
moduli contour maps were analysed in MATLAB to extract
PCM data from each scan region (figure 2h). To
quantitatively evaluate the spatial distribution of
moduli in the chondrocyte microenvironment, the
J. R. Soc. Interface (2012)
stiffness progression from the PCM outer edge to the
ECM was evaluated in radial increments of 0.5 mm.

2.5. Statistical analyses

Differences in ECM and PCM elastic moduli between
unlabelled and IF-labelled cartilage sections were
evaluated using a two-way ANOVA (region, label; a ¼
0.05), and Fisher’s least significant difference (LSD)
post hoc test. Differences between ECM and PCM
elastic moduli among the three zones were evaluated
using a two-way ANOVA (region, zone; a ¼ 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 (a ¼ 0.05). Stiffness progres-
sion data were evaluated separately within each zone
using a one-way ANOVA (distance, a ¼ 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.
3. RESULTS

Immunolabelling 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 3a). In
the middle zone, the PCM and cell voids exhibited a
more rounded morphology (figure 3b). In the deep zone,
cell-sized voids and their associated PCM were elongated
perpendicular to the articular surface (figure 3c).

The influence of IF labelling on the observed micro-
scale mechanical properties was evaluated in the
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Figure 3. Stiffness mapping of the PCM in the (a,d) superficial, (b,e) middle and (c,f) deep zones of articular cartilage. (a–c) Repre-
sentative IF images showing the distribution of type VI collagen around cell-sized voids in each zone. (d– 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 bars, 5mm. (Online version in colour.)
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Figure 4. Elastic moduli of ECM and PCM regions measured
in the middle/deep zone of unlabelled (black) and IF-labelled
(white) cartilage sections. No difference in moduli was
observed with IF-labelling in either region (p ¼ 0.39 for
ECM, p ¼ 0.97 for PCM). ECM elastic moduli were signifi-
cantly greater than PCM moduli in both unlabelled and IF-
labelled cartilage sections (a: p , 0.001). Moduli presented
as mean+ s.e. (N ¼ 3, n ¼ 17).
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middle/deep zone of unlabelled and IF-labelled carti-
lage sections. No significant difference was observed
in the measured elastic moduli in either the predefi-
ned 1 mm PCM region or the ECM with IF labelling
( p ¼ 0.97 for PCM, p ¼ 0.39 for ECM; figure 4).
ECM elastic moduli were significantly greater than
PCM elastic moduli in both unlabelled and labelled
sections ( p , 0.001).

Stiffness mapping revealed that type VI collagen and
lower elastic moduli co-localized in the pericellular
space around cell-sized voids (figure 3). Regions exhibit-
ing higher fluorescence intensity had lower elastic
moduli (figure 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 (PCM þ ECM) when compared with
PCM points or ECM points alone (figure 6). Overall,
the weakest relationships were observed in deep zone
scan regions.

PCM elastic moduli exhibited no significant differ-
ences among the superficial (68+ 5 kPa), middle
(56+ 4 kPa) and deep (58+ 6 kPa) zones ( p ¼ 0.21,
figure 7). In the superficial zone, PCM regions exhibited
lower elastic moduli than immediately adjacent regions
lacking type VI collagen (figure 8, p , 0.05). Elastic
moduli reached values comparable to the ECM
2.5 mm from the PCM outer edge. In the middle zone,
PCM elastic moduli were lower than those in regions
greater than 1 mm from the PCM outer edge ( p ,

0.05). Middle zone elastic moduli reached ECM
moduli 1.5 mm from the PCM outer edge. In the deep
zone, PCM moduli exhibited lower values than regions
greater than 1.5 mm 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 (figure 7, p , 0.05). The superficial zone
J. R. Soc. Interface (2012)
exhibited higher ECM moduli when compared with
the middle and deep zones (figure 7, p , 0.05).
4. DISCUSSION

Our results demonstrate that the biomechanical proper-
ties of the cartilage PCM correlate with the presence of
type VI collagen in the chondrocyte microenvironment.
Control experiments verified that immunolabelling had
no effect on micromechanical properties of either the
cartilage PCM or ECM. Immunolabelling in combi-
nation with AFM-based stiffness mapping revealed co-
localization of type VI collagen and lower elastic
moduli in the PCM. Matrix regions lacking type VI col-
lagen immediately adjacent to the PCM exhibited
higher elastic moduli than regions positive for type VI
collagen. PCM elastic moduli measured in situ
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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 micro-
mechanical environment of the chondrocyte in situ.
Stiffness mapping demonstrated that type VI collagen
is a defining factor for both the biochemical and bio-
mechanical 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
J. R. Soc. Interface (2012)
the PCM and ECM. This result suggests that the terri-
torial matrix, located between the PCM and ECM [12],
may serve as a mechanical as well as a structural tran-
sition region in articular cartilage. In addition,
fluorescence intensity of type VI collagen IF labelling
was found to be a significant predictor of elastic mod-
ulus. The strongest relationships, based on r2 values,
were observed when evaluated over the full scan
region, with fluorescence intensity contributing to 48
per cent, 51 per cent and 23 per cent of the observed
variation in elastic modulus in the superficial, middle
and deep zones, respectively. Not surprising, the weak-
est relationships were observed in the deep zone



180
a,b

a
a

150

120

90

60

30

0
superficial

el
as

tic
 m

od
ul

us
 (

kP
a)

middle deep

Figure 7. Elastic moduli of ECM (black) and PCM (white)
regions measured in the superficial, middle and deep zones
of articular cartilage. PCM elastic moduli exhibited zonal uni-
formity ( p ¼ 0.21). ECM elastic moduli in all zones were
greater than their respective PCM moduli (a: p , 0.05).
Superficial zone ECM elastic moduli were greater than
middle and deep zone ECM moduli (b: p , 0.05). Moduli pre-
sented as mean+ s.e. (N ¼ 5, n ¼ 20 per zone).

180

150

120

90

60

30

0
PCM

b,c

a

&
#

*

0.5 1.0 1.5

distance from PCM outer edge (µm)

el
as

tic
 m

od
ul

us
 (

kP
a)

2.0 2.5 ECM

Figure 8. Outward stiffness progression of elastic moduli from
the PCM outer edge to the ECM in the superficial (open dia-
monds), middle (filled squares) and deep (open circles)
zones. In the superficial zone, PCM moduli were less than
moduli in all regions beyond the PCM outer edge (a: p ,

0.05) and elastic moduli reached ECM values 2.5 mm from
the PCM outer edge (*p . 0.05 when compared with
ECM). In the middle zone, PCM moduli were less than
moduli in regions greater than 1.0 mm from the PCM outer
edge (b: p , 0.05) and elastic moduli reached ECM values
1.5 mm from the PCM outer edge (#p . 0.05 when com-
pared with ECM). In the deep zone, PCM moduli were
less than moduli in regions greater than 1.5 mm from the
PCM outer edge (c: p , 0.05) and elastic moduli reached
ECM values at the PCM outer edge (&p . 0.05 when com-
pared with ECM). Moduli presented as mean+ s.e. (N ¼ 5,
n ¼ 20 per zone).

IF-guided AFM to evaluate cartilage PCM R. E. Wilusz et al. 3003
where the difference between PCM and ECM elastic
moduli was the smallest. This observation further sup-
ports the defining role of type VI collagen in the
biomechanical properties of the PCM.

The results of this study provide evidence for site-
specific variations of the elastic modulus within the
PCM. For example, the PCM elastic moduli in this
study (56–68 kPa) were approximately twice as stiff
as those measured in situ via AFM for porcine cartilage
(approx. 30 kPa) in our previous study [38]. This differ-
ence in moduli was not an effect of immunolabelling 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 1mm-thick, dis-
tance-based definition of the PCM was employed in the
current work, the measured values of PCM elastic
moduli (33–34 kPa) were in direct agreement with
those in 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 that type VI col-
lagen extends beyond the PCM and into the adjacent
territorial matrix, where it was reported to be interwoven
with type II collagen fibrils [55]. Inclusion of higher mod-
ulus territorial matrix regions may have contributed to
elevated PCM moduli. Furthermore, there are limit-
ations in lateral resolution associated with the use of
micrometer-sized indenters for AFM-based stiffness
mapping of soft substrates [56]. For spherical probes,
the contact radius scales with tip radius and indentation
depth. Because stiffness maps were collected using a
single force trigger (300 nN), indentation depths were
smaller in stiffer ECM regions (approx. 800 nm) than in
softer PCM regions (approx. 1.5 mm). As a result, con-
tact radii were larger in PCM regions (2.0–2.2 mm)
when compared with ECM regions (1.5–1.8 mm).
Indenter contact with adjacent territorial matrix and/
or ECM regions might contribute to artificial stiffening
of peripheral PCM regions.
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PCM elastic moduli measured in this current study
are in excellent agreement with those measured using
other techniques such as micropipette aspiration of
isolated chondrons [34–36]. 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 confo-
cal microscopy of compressed porcine cartilage.
This study estimated the Young modulus of the PCM
to be 24–59 kPa in the middle zone [37]. The consist-
ency in PCM properties among these different
measurement techniques suggests that the sample prep-
aration methods in this study (i.e. frozen sectioning and
immunolabelling) do not have significant effects on
PCM properties.

Previous studies investigating zonal variations in
PCM properties focused on mechanically extracting
chondrons from the superficial and middle/deep zones
of the tissue [34–36]. Results from these micropipette
aspiration studies and our in situ work agree that the
PCM exhibits zonal uniformity in its mechanical prop-
erties. Zonal uniformity in PCM properties coupled
with zonal differences in chondrocyte [32,33] and
ECM [29,30] properties generates depth-dependent
variations in the ratio of chondrocyte to PCM to
ECM properties, which in turn influence the local mech-
anical and physiochemical environments of the cell
[16,17]. 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 [23].
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While type VI collagen is often used as the primary
marker of the cartilage PCM, a recent study by Alexo-
poulos et al. [57] demonstrated that intact chondrons
could be isolated from Col6a1 knockout mice that lack
type VI collagen. A number of matrix molecules are
also found either exclusively or at higher concentrations
in the PCM when compared with the surrounding
ECM, including perlecan [58,59], hyaluronan [60,61],
biglycan [62], type IX collagen [63], fibronectin [64] and
laminin [65]. The fact that intact chondrons can be iso-
lated from Col6a1 null mice [57] 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 [46,66], ECM
modulus values observed in our study were lower than
macroscale values for healthy porcine articular cartilage
[67,68]. Measured ECM moduli were greater than those
previously reported for the superficial zone (154 kPa
versus 44 kPa) of porcine patellar cartilage [66] and
the middle/deep zone (90–106 kPa versus 81 kPa) of
porcine articular cartilage [38]. Furthermore, the
observed ECM microscale elastic properties decreased
with depth from the articular surface. This observation
is inconsistent with the depth-dependent increase in
ECM compressive properties observed in macroscale
studies [29,30]. These observations may be attributed
to the fact that the AFM measures highly localized
properties that may be dominated by individual mol-
ecular components of the tissue. Previous work by
Loparic et al. [49], on the nanostiffness of porcine
articular cartilage, demonstrated that proteoglycans
in situ are an order of magnitude softer than collagen
fibres. In the cartilage ECM, proteoglycan content
increases with depth from the articular surface [25].
Interstitial fluid pressurization in response to AFM
microindentation is minimal [46], with an estimated
relaxation time constant of approximately 60 ms on
the basis of moduli presented in our study. Consistent
with previous AFM nano- and microindentation studies
[69], ECM elastic moduli increased slightly with increas-
ing indentation velocity from 1 to 25 mm s21 (see the
electronic supplementary material, figure S1). The
fact that the effect of indentation rate was relatively
small over a large range of rates indicates that the relax-
ation time of tissue is significantly shorter than the
characteristic loading time of these experiments. This
suggests that the properties measured using this
AFM-based technique represent the intrinsic mechan-
ical 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
proteoglycans in the middle and deep zones.

Another important difference in these measurements
when compared with 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 [7,12,27] suggests
that the PCM is isotropic, distinct structural anisotropy
is present in the ECM owing to the arcade-like
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architecture of type II collagen fibres [26]. In the super-
ficial zone, collagen fibres are highly aligned parallel to
the articular surface. The middle zone is more structu-
rally isotropic with collagen fibres randomly oriented at
angles oblique to the articular surface. In the deep zone,
collagen fibres are oriented perpendicular to the articu-
lar surface. It is possible that the direction of loading
relative to the collagen fibre orientation in each zone
attributed to the depth-dependent decrease observed
in ECM elastic moduli. In addition, macroscale proper-
ties of cartilage ECM have been shown to depend on the
direction of loading relative to the split-line orientation
in the superficial zone [70]. Split-line direction was not
taken into account in this study, and the effect of load-
ing relative to the split-line direction on the
micromechanical properties of cartilage ECM and
PCM has yet to be determined.

In summary, our findings provide further support for
type VI collagen as a defining factor both in the bio-
chemical and biomechanical definitions of the PCM
and the biomechanical role of the PCM in articular car-
tilage. In addition, our findings provide a more
complete characterization of matrix mechanical proper-
ties in the cellular microenvironment and suggest that
the territorial matrix serves as a mechanical as well
as a structural transition between the cartilage PCM
and ECM. The combined approach of immunolabell-
ing and AFM stiffness mapping used in this study
provides a novel means for characterization of the
relationship between tissue biochemical composition
and biomechanical properties in situ.
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