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Summary

Objective: The mechanical properties of chondrocytes influence maintenance of the articular cartilage extracellular matrix. To differentiate the
mechanical properties of chondrocytes between a young, normal modulus and an old, osteoarthritic (OA) modulus, we used an atomic force
microscope (AFM) to probe the surface ultrastructure and to measure their adhesion force and stiffness.

Methods: We directly visualized a single chondrocyte cell by using AFM and quantitatively measured the dimensions of the cells.

Results: Profiles displayed heights of 1026� 203 and 1668� 352 nm for old and young cells, respectively. Contour maps revealed differ-
ences in the sizes and structures of the two groups. Mean calculated adhesion forces differed between normal and OA chondrocytes
(7.06� 3.35 and 2.97� 1.82 nN, respectively), as did calculated stiffness values (0.0960� 0.009 and 0.0347� 0.005 N/m, respectively).

Conclusion: These findings suggested that the mechanical properties of normal chondrocytes substantially differed from those of OA chon-
drocytes. We believe this study represents the first direct characterization of the surface ultrastructure and mechanical measurements of
human chondrocytes between normal and OA stages. This new approach could be a useful technique for investigating age-related changes
in the properties of human chondrocytes.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

The articular cartilage is a unique, tough, and elastic
connective tissue in joints that withstands and distributes
mechanical forces. It is an avascular tissue composed of
chondrocytes embedded in a highly organized extracellular
matrix (ECM) of collagens, proteoglycans, and glycopro-
teins1. Chondrocytes in the cartilage detect different loading
conditions, respond to mechanical signals, and thereby
maintain homeostasis of the cartilaginous tissue2e5. They
regulate the metabolic activity by means of complex biologic
and biophysical interactions with the ECM that affect the de-
velopment of cartilage and the progression of joint diseases
and aging6e9.

Damage to the articular cartilage causes joint dysfunc-
tion, arthritis-related disability, a limited capacity for self-
repair, inflammatory arthropathy, and osteoarthritis (OA).
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Physiologic levels of joint loading do cause joint injury.
However, impact loading of the articular cartilage, which
is greater than joint loading during walking or activity but
lower than damaging loading, alters the cartilaginous ma-
trix and damages chondrocytes10. Experimental evidence
shows that loss of proteoglycans or alteration of their orga-
nization occurs first after impact loading. The loss of pro-
teoglycans may be due to increased degradation or
decreased synthesis. Substantial loss of matrix proteogly-
cans decreases the stiffness of cartilage and increases
its permeability. These deviations may intensify loading
of the remaining macromolecular framework and collagen
fibrils. Thus, the vulnerability of the tissue is increased.
Moreover, these injuries may cause other matrix abnormal-
ities other than the loss of proteoglycans, such as distor-
tions of the collagen fibril meshwork, disruptions of
collagen fibrileproteoglycan relationships, or swelling of
the matrix11. Those conditions may hurt or kill chondro-
cytes as well12,13.

Integrins, heterodimeric transmembrane glycoproteins,
are adhesion-related proteins that play transmitting informa-
tion from ECM to the cell through activation of cell signaling
pathways14,15. There are at least 16 a and 9 b subunits,
combining to form more than 20 specific integrin receptors.
The integrin b1 was expressed abundant in the chondro-
cytes and mediated the adhesion14,16.
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Type II collagen is the major protein in the ECM, whereas
the minor proteins are type VI, IX, X, and XI collagens2,5,17.
Type II collagen fibers consist of many covalently cross-
linked, triple-helical polypeptides that interact with the minor
collagens18. The collagens provide the tensile strength in
articular cartilage19.

Chondrocytes can sense changes in the composition of
the ECM and in response to such changes, react to main-
tain cartilage homeostasis20,21. However, the articular carti-
lage lacks the ability to self-heal22. Aging of the cartilage is
characterized by its internal remodeling, as defined by con-
stant replacement of the matrix macromolecules with new
chondrocytes, which in turn causes thinning of the cartilage.
Meanwhile, new chondrocytes have a decreased capability
to maintain and restore articular cartilage. This lost capabil-
ity, with thinning of the ECM, results in stiffness and poor
biomechanical properties of the joints47. In the articular car-
tilage, aging processes that may lead to cartilaginous de-
generation include fraying and softening of the articular
surface, decreased size and aggregation of proteoglycan
aggrecans, impaired tissue repair manifesting as decreased
mitotic and synthetic activity, decreased responsiveness to
anabolic growth factors, reduced synthesis of small and
nonuniform aggrecans, and a reduction in functional link
proteins23.

Physical factors, such as mechanical stress, soluble me-
diators, and matrix composition, modulate interactions
between chondrocytes and the ECM to maintain homeosta-
sis of the articular cartilage. However, details of how these
factors affect the property of chondrocytes remain unclear.

Because the atomic force microscope (AFM) permits
the characterization of biologic samples ranging from
a single molecule to whole cells (nanometers to microm-
eters), it is a powerful tool for exploring the shape of a
single cell, the properties of a cellular membrane, or the
interaction of intermolecular forces24e29. A new approach
involving the AFM could be useful for investigating
changes in the properties of human chondrocytes that oc-
cur with aging. The goal of this study is to use an AFM
technique to differentiate the mechanical behavior of the
chondrocyte between the young modulus (normal) and
the old modulus (OA). The primary objective of this study
was to quantitatively analyze differences in appearances
and mechanical properties (e.g., stiffness, topography, and
interacting forces) between a normal, young modulus and
an OA, old modulus of articular chondrocytes. This new
approach could be a useful technique for investigating
changes in the properties of human chondrocytes with
aging.
Materials and methods
CHEMICALS
Type II collagenase (Sigma, St. Louis, MO) and Dulbecco modified
Eagle’s medium, penicillin, and streptomycin (Life Technologies Inc.,
Gaithersburg, MD) were used to isolate chondrocytes. Unless specified
otherwise, all chemicals are analytical grade or the best grade available.
We used 10% glutaraldehyde solution (Sigma) for cell immobilization. For
all experiments, ultrapure distilled water was used (18 MU/cm; Millipore,
Bedford, MA).
ISOLATION OF HUMAN CHONDROCYTES AND CELL

IMMOBILIZATION
Human articular chondrocytes were prepared from surgical specimens of
patients with sports-related injury or patients with OA who needed artificial
knee replacement at the ages between 21 and 81 years. Transfer of the
surgical materials has been approved by the research ethics committee.
The specimens were divided into two groups: normal, young (patient age,
21e45 years) and OA, old (patient age, older than 65 years).

The cartilage was cut into small pieces of 1e3 mm3, washed with phos-
phate-buffered saline (PBS), and treated with 2 mg of type II collagenase
per milliliter in a 37�C water bath for 4 h. The cells were washed three times
with PBS and cultured in T75 flasks containing 12 ml of Dulbecco modified
Eagle’s medium plus 10% fetal calf serum and 1% penicillin (100 IU/ml)/
streptomycin (100 mg/ml) at 37�C with 5% humidified CO2. Human articular
chondrocytes were cultured for 24 h. Before AFM measurements, the cells
were covered under the glass substrate. Then, 10% of the glutaraldehyde
solution was applied. The sample was incubated for 30 min at room temper-
ature, washed with distilled water for five times (50 ml per wash), and dried in
air to immobilize the cells.
ATOMIC FORCE MICROSCOPY
AFM is an important tool for studying biologic samples. With this tech-
nique, a minute tip is used as a sensor, and a cantilever serves as a trans-
ducer to measure surface and force interactions between the tip of the AFM
and the sample by means of cantilever-deflection signals. This optical signal
can be converted to an electric signal by using a photodiode detector with
quadrants phases and then recorded on a computer. When the AFM cantile-
ver is bent by an applied force during scanning topography or force measure-
ment, the angle of the reflected laser beam changes and is reflected onto
a photodiode detector. The position of laser spot moves on a photo-detector,
inducing voltaic signal changes. These signal changes can be read out to
quantitatively estimate cantilever bending. This technique allowed us to in-
vestigate differences between young and old chondrocytes using images
and force measurements.

The experiments were performed by using a scanning probe microscope
controlled by a probe station unit (SPA-300HV and SPI 3800N, respectively;
SII Nano Technology Inc. Tokyo, Japan). Commercial silicone cantilevers
(Pointprobe CONT; Nanoworld, Matterhorn, Switzerland) with a spring con-
stant of 0.21 N/m were used to measure force strength and to obtain surface
images with the contact modes of the AFM in air. The spring constant was
calibrated by using the thermal resonance method in which the relationship
between geometric parameters and the frequency response of the cantilever
was described.
SINGLE-CELL AFM MEASUREMENT
The AFM was operated in contact mode to obtain images and measure
the mechanical properties of single chondrocyte. In the scanning process,
the instrument was set to apply a constant force on the cell. On each horizon-
tal line scan, both height data and the position of the probe (deflection data)
were recorded by using analysis software (SPI 3800N; Seiko Instruments
Inc.) to yield complementary information. The maximum scanned image
was 100� 100 mm with a scanning speed about 20 mm/s. Acquisition time
was about 50 min for one image. Then, the image was zoomed in small scale
for further measurements.

Single-cell imaging experiments were repeated for three cells, and each
cell was measured three times. After images were recorded, they were ana-
lyzed by offline section analysis to gain information on the topography of the
sample. The valley-to-peak value Rmax defined the difference between the
maximum and minimum values of the z coordinate on the surface in the an-
alytical area (height drop) as follows: Rmax¼ zmax� zmin. The mean height
Rmean defined the mean z-coordinate value on the sample surface in the
analytical area as follows:

Rmean ¼ Zmean ¼
1

Nx Ny

XNx

i¼1

XNy

j¼1

Zij ; ð1Þ

and z¼ zij�Rmean. The surface roughness value Ra was analyzed for each
sample. This value defined the mean value of the surface roughness in the
area being analyzed as shown in Eqs. (2) and (3):

Ra ¼
1

Nx Ny

XNx

i¼1

XNy

j¼1

jzði ; jÞ � zmeanj; ð2Þ

and

Zmean ¼
1

Nx Ny

XNx

i¼1

XNy

j¼1

Zij : ð3Þ

The surface root-mean-square value Rq was calculated as the standard
deviation for the z coordinate on the sample surface in the area being ana-
lyzed by using Eq. (4):
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ADHESION FORCE AND STIFFNESS MEASUREMENTS
The AFM was changed to the force-curve console after image scan-
ning. In this force mode, the piezo-transducer was set to drive the canti-
lever to touch and retract over a predefined distance on the z axis as
shown in Fig. 1. The z-axis movement of the piezo-transducer and the de-
flection signal from the cantilever were recorded on a force curve. When
the cell-fixed substrate moved and contacted the tip of the AFM while the
piezo-electric scanner was extended (point 1), a cell-contact point was
established (point 2). Thereafter, an applied force deformed the cell
surface.

During this approach process, the slope of the force vs the piezo-electric
scanner involved the cantilever and the stiffness of the sample. Therefore, it
was essential to estimate the spring constant of the cantilever to obtain the
mechanical properties of cell. To estimate the stiffness of cell, the theory of
equivalent force constant was applied as follows: 1/ktotal¼ 1/kcantileverþ
1/kcell, where ktotal is the total force constant, kcantilever is the spring constant
of the cantilever, and kcell is the stiffness of cell. On the force curve, the ktotal

could be directly measured from the slope of noncontact region as the piezo-
scanner approached the tip of the AFM, and kcantilever could be obtained from
the thermal-frequency response.

Because of the stiffness of the cell, further probe extension caused an op-
posing force of increasing magnitude to be generated along with increasing
strain in the cell surface (points 2 and 3). Therefore, the stiffness of the cell
was obtained from the part of force curve. The upward deflection of the can-
tilever as it bent in response to this force resulted in an increasing deflection
signal. The stiffness measurement was based on the relation between the
stress and strain determined under various loading modes below the stress
level that caused permanent deformation30. The resulting slope obtained
from the approach region (points 2e3) provided the local stiffness of the
chondrocytes at only a few cell-surface locations. When the probe was
Fig. 1. Schematic shows a typical cycle for force measurement. Arrowhead
respect to the tip of the AFM. For the approach (solid line), as the piezo-s
point 1 to point 2, the attractive force pulls down the cantilever, which jump
sample, it bends upward until it reaches point 3. For retraction (dotted lin
from the tip, and the cantilever begins to retract. As it does so, it bends d
break from point 4. A sharp, adhesive pull-off of approximately 150 pN,

Finally, the cantilever returned to its or
retracted from the cell (points 3e4), the force between the probe and the
sample gradually decreased until the cantilever rapidly returned to its original
position. At this point, the deflection signal also returned to the original value.
Adhesion occurred between the probe and the cell surface; the adhesion
force caused the cantilever to bend downward, and the deflection signal
fell below the original value. When the adhesion was broken (point 4), the
cantilever returned to its original position (point 1), and the deflection signal
of the cantilever (i.e., adhesion force) was recorded on the retraction-force
curve.

All force measurements were obtained at a position on the cell surface in
the 10� 10-mm2 area. The time necessary to acquire one set of approach
and retraction-force curves was 5 s.
FLOW CYTOMETRY ASSAY
Surface marker expression on chondrocytes was quantified by flow cy-
tometric analysis according to a previously described protocol31. In sum-
mary, chondrocytes were isolated from surgical specimens of patients
with normal or OA groups as described above. The chondrocytes were ex-
panded in vitro for three passages to ensure viability and consistency of
each batch of the cells. Cells (106/sample) were washed three times in
cold PBS and collected by brief centrifugation. After centrifugation, the cells
were blocked by incubating with 2% fetal bovine serum (FBS)/PBS for
20 min. After three washes by PBS and centrifugation, the cells were incu-
bated with 5 ml of the fluorescein isothiocynate (FITC)-conjugated anti-type II
collagen mAb (CHEMICON International Inc.) and the phycoerythrin (PE)-
conjugated anti-beta I integrin mAb (Clone 4B4, Beckman Coulter) for
20 min in the dark at 4�C. Control samples were incubated with mouse
IgG1-FITC or IgG2-PE alone. Dead cells and debris were excluded by gat-
ing live chondrocytes on forward and 90� light scatter. Because alteration
of cell membrane permeability occurs in viable cells before apoptosis takes
place, we did not use propidium iodide (PI) to gate out dead cells. The dou-
ble stained cells were performed in a fluorescence-activated cell sorter and
analyzed using a Cell-Quest flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA).
s indicate the relative position of the surface of the chondrocyte with
canner is moved toward the tip of the AFM at constant velocity from
s to contact the surface at point 2. As the cantilever approaches the
e), when the tip reaches point 3, the piezo-scanner is moved away
ownward until it reaches point 4. The tipesample complex starts to
a specific tipesample interaction, is observed in the retract trace.

iginal equilibrium state at point 1.



Fig. 2. Observations with AFM. A chondrocyte is isolated from OA cartilage. Square indicates the isolation area (A). A single chondrocyte is
displayed on the height image (B), phase image (C), and contour map (D). Scale bar¼ 10 mm.
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Results
AFM IMAGING OF CHONDROCYTES
Figure 2(A) shows cartilage from a patient with OA. Chon-
drocytes were isolated from the square area. The single
chondrocyte was observed directly under the AFM and pre-
sented on a height image [Fig. 2(B)], phase image
[Fig. 2(C)], and contour map [Fig. 2(D)]. Figure 2 shows dif-
ferences observed between normal and OA chondrocytes
after cell immobilization under the AFM in the contact mode.

A single-cell AFM image (scanning area 50� 50 mm2)
provided topographic information about OA [Fig. 3(A)] and
normal [Fig. 3(B)] cells. Coverage areas of the OA and nor-
mal cells were 630.5� 28.1 and 505.6� 25.6 mm2, respec-
tively. The maximum-height image allowed for accurate
measurements of single-cell dimensions from the corre-
sponding cursor profiles A and B, as indicated in Fig. 2.
Measured heights of the old and young cells were
1026� 203 nm and 1668� 352 nm, respectively. The con-
tour map indicated the ultrastructure of the chondrocyte and
revealed differences in the sizes and structures between
the old and young groups. Zooming the scale to
10� 10 mm2 for every cell permitted further analysis.
Table I shows parameters of the surface structure of the
old and young groups.
FORCE-CURVE ANALYSIS OF CHONDROCYTES
Figure 4 shows representative examples of the
forceedistance curves acquired with the systems used to
investigate the surface properties of the groups and the
loadedisplacement curves recorded with different cantile-
ver deflections. No noticeable pull-off event was observed
with the tip-glass system [Fig. 4(A)]. This control experi-
ment was used to calibrate the tip with the same cantilever
on a glass surface, which acted as a rigid body to
compare the low-stiffness cell sample. With the tip-OA
[Fig. 4(B)] and tip-normal [Fig. 4(C)] chondrocyte systems,
clear force curves were present and demonstrated relative
stiffness of the cell surface (approach region) and an
adhesion force between the tip of the AFM and the cell
surface (retraction region).

When we analyzed the retraction trace of the force curves,
we were able to determine the number of adhesion events
and the forces required to break each adhesion. The load
distances were measured from 300 to �50 and �80 nm for



Fig. 3. Topographic AFM images of single old (A, C, and E) and young (B, D, and E) chondrocytes. Images were acquired by zooming to the
maximum 100� 100-mm scanned area (A and B, two-dimensional) and contour maps (C and D). Bar¼ 10 mm.
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the old and young groups, respectively. Mean adhesion
forces and stiffness forces calculated from the 80 and 250
sets of data are shown in Table II.
MECHANICAL PROPERTIES OF CHONDROCYTES
Figure 5 shows histograms and corresponding Gaussian
distribution curves for adhesion force in the old and young
groups. Each measurement was based on a 10� 10-mm
scanned area, and each adhesion that ruptured as a result
of retraction of the tip from the cell surface was character-
ized by using the force curve. The two distribution curves
on the histograms were wider for the normal chondrocytes
than for the OA chondrocytes, and the peak of the old group
was slightly higher than that of the young group.

Figure 6 shows histograms and corresponding Gaussian
distribution curves for the stiffness of old and young chon-
drocytes. Peaks of the distribution curves for the old and
young groups were 0.045 and 0.102, respectively. The
peak widths were nearly the same.
Table I
Statistical analysis of cellular surface topographies of old and

young chondrocytes

Old chondrocytes Young chondrocytes

Scanning area (mm2) 630.5� 28.1 505.6� 25.6
Maximum height 1026� 203 1668� 352
Surface roughness (Ra) 788.6� 223.2 279.5� 49.7
Valley to peak (Rmax) 105.5� 46.0 1401.7� 210.4
Root mean square (Rq) 135.6� 58.0 343.0� 50.3
Mean height (Rmean) 246.3� 40.2 631.7� 171.7
THE CELL-ASSOCIATED MATRIX OF CHONDROCYTES
Flow cytometric analysis of cell-associated matrix: integ-
rin b1 and type II collagen in the OA chondrocytes (65, 68,
76, 79 and 81 year-old-patients) and in the normal chondro-
cytes (21, 24, 26, 31 and 35 year-old-patients). The chon-
drocytes were expanded in vitro for three passages to
ensure viability and consistency of each batch of the cells.
As shown in Fig. 7, surface expressions of integrin b1 and
type II collagen were higher in the normal chondrocytes
than that in the OA chondrocytes.

Discussion

Chondrocytes can produce and maintain the ECM of car-
tilage. They secrete the triple helix form of type II collagen.
The globular ends are cleaved off, and the resulting linear,
insoluble molecules are assembled into collagen fibers.
Topographic AFM flash images of single chondrocyte
show that the triple-helical components are distributed
around the chondrocyte. The components were not clear
in this work, but the components seem like the collagens
secreted by chondrocyte.

The ability to image and then study the surface of living
cells is one of the important advantages of using the AFM
for biologic investigation. Our results revealed three obvious
differences.

First, the mean maximum height differed between
OA (1026� 203 nm) and normal chondrocytes (1668�
352 nm). This finding also represented low and high expres-
sions of surface protein to interact with the ECM.

Second, differences were smaller between the highest
and the lowest heights of OA chondrocytes compared



Fig. 4. Forceedistance curves acquired with three systems. With
the tip-glass (A), no clear pull-off event was observed. The tip-OA
(B) and tip-normal (C) chondrocyte systems demonstrated the rel-
ative stiffness of the cell surface (approach curve), with a noticeable
adhesion force between the tip of the AFM and the cell surface

(retraction curve).

Table II
Comparison of adhesion forces and stiffness measurements of old

and young chondrocytes

Sample Adhesion force (nN) Stiffness (N/m)

OA 2.972� 1.82 0.0347� 0.005
Normal 7.061� 3.35 0.0960� 0.009
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Fig. 5. Histograms and Gaussian distribution curves show differ-
ences in the adhesion forces of OA and normal chondrocytes;
counts were 80 and 250, respectively. Measurements were based

on a 10� 10-mm scanned area.
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with normal chondrocytes. The peak-to-valley values were
1401.7� 210.4 and 105.5� 46.0 nm in normal and OA
chondrocytes, respectively.

Third, the three-dimensional morphologies emphasized
the main features of chondrocyte cells. The roominess of
OA chondrocytes smoothed their roll, and they had a round
nucleus surrounded by cytoplasm [Fig. 3(A), (C), and (E)].
Contrary to the OA chondrocytes, normal chondrocytes
had a violent roll, which indicated a rigid cell structure in
the corresponding cursor profile [Fig. 3(B), (D), and (F)].
Comparing the topography on AFM images, we found that
the structural parameters of the small, young modulus
(cell coverage area, 505.6� 25.6 mm2) were integrated
with the macromolecules under the cellular membrane
and that the old modulus (cell coverage area, 630.5�
28.1 mm2) was relatively incohesive. Surface proteins, in-
cluding proteoglycan, lip-protein, and glycoprotein, could
serve as receptors and co-receptors of important cytokines,
growth factors, and ECM components. The apparent
difference in roughness between OA (mean roughness,
246.3� 40.2 nm) and normal (mean roughness, 631.7�
171.7 nm) chondrocytes was strong evidence of cartilagi-
nous degeneration resulting from decreased amounts of
surface protein or macromolecules. In addition, small trihel-
ical structures were observed around the edge of the cell
[Fig. 2(B) and (C)]; this could be an evidence of matrix
released from the OA chondrocytes to form ECM.

Aging is reported to cause changes in the mechanical
properties of articular cartilage32; in the molecular composi-
tion, structure, and organization of the cartilaginous
matrix33e35; in the synthetic and metabolic activity of chon-
drocytes36,37; and in their responsiveness to growth
factor38,39.

AFM has been used not only to image nanometer-scaled
biologic samples but also to measure their mechanical
properties by using the force-curve mode of the instrument.
The attachment of cells to other cells or to an ECM plays
a key role in many biologic and pathologic processes,
such as embryogenesis, mitosis, and motility. Force
changes in the adhesion and stiffness of cell surfaces
have been measured for cellecell and celleECM interaction
with AFM27,40e42. Adhesion proteins distributed among the
cellular membrane, especially as chondrocytes, mediate
the capacity of the cell to make specific contact with the
ECM.
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Fig. 6. Histograms and Gaussian distribution curves show stiffness
measurements of OA and normal chondrocytes; counts were 80
and 250, respectively. Measurements were calculated from the

slope of the approach curve.
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In our research, OA chondrocytes had a low adhesion
force of 2.97� 1.82 nN, whereas normal chondrocytes
had a high adhesion force of 7.06� 3.35 nN. Adhesion
forces of OA chondrocytes were relatively low and distrib-
uted over a narrow range compared with normal chondro-
cytes. Because the cellular adhesion force involves the
collective behavior of individual proteins, the expression of
membrane proteins of OA chondrocytes that interact with
AFM probe is low. In addition, integrins are cell-surface
transmembrane glycoproteins that function as adhesion re-
ceptors in ECM interactions and link the matrix proteins to
Fig. 7. Fluorescence-activated cell-sorting (FACS) analysis of integrin b1
normal chondrocytes. Donor: OA chondrocytes from 81-year-old patient, a
the expression of integrin b1 (A and B) and type II collagen (C and D) in O
curves: mAb-FITC or mAb-PE labeled cells. Abscissa: cell fluorescence
the cytoskeleton. They play the functional role of adhesion
to induce intracellular signaling mechanisms that regulate
differentiation, cell polarity, proliferation, and apoptosis14,43.
Integrins are a family of heterodimeric adhesion-related pro-
tein. Expression of a1b1, a2b1, a5b1, a6b1, a10b1, avb3
and avb5 integrins in chondrocytes mediated the binding
to type II collagen, fibronectin, vitronectin and laminin in
the cartilage. The integrin b1 was expressed abundant in
the chondrocytes that might help to anchor the contracting
actin cytoskeleton to the cell membrane. In addition, the
integrin b1 mediated chondrocyteeECM interactions
decrease in OA cartilage suggesting that perturbations of
cellematrix signaling occur during OA process44. In our
results [Fig. 7(A) and (B)], the OA chondrocytes seemed
to express few of integrin b1 and normal chondrocytes
(young modulus) have increased expression of integrin b1.
The expression of integrin b1 fits in with measurement of
AFM. Normal chondrocytes were more stable than old
chondrocytes and highly adherent to the surface, which
seemed to indicate a healthy cellular status.

Forceedistance curves can provide information about an-
other mechanical property, namely, stiffness, which is the
mechanical parameter that describes the relation between
an applied and nondestructive load and the resultant defor-
mation of a chondrocyte. It can be determined at all scales
of the internal structure of the cell, such as collagens, proteo-
glycans, glycoproteins, lipoglycans, and various macromole-
cules distributed around the cellular membrane. These
macromolecules regulate number of important processes,
including cellular proliferation, cellular differentiation, cellular
migration, cellecell interaction, celleECM interaction, and
tissueeorgan morphogenesis.

Stiffness measurements were three-fold higher in normal
chondrocytes (0.0960� 0.009 N/m) than in old, OA chon-
drocytes (0.0347� 0.005 N/m), on average. When we
and type II collagen expression in the OA chondrocytes and in the
nd normal chondrocytes from 24-year-old female. Histograms show
A and normal chondrocytes. White curves: negative controls, gray

intensity. Ordinates: events (cells) observed by the flow cytometer.
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compared stiffness histograms (Fig. 6), findings for normal
chondrocytes revealed broadening of the distribution, with
increasing stiffness and increasing complexity (mean
roughness, 631.7� 171.7) of the sample surface. The low-
ered stiffness of OA chondrocytes (old modulus) was con-
sidered an effect of proteoglycan shortage due to
a decreased rate of proteoglycan synthesis23,45. In addition,
type II collagen forms the network of fibrils within which the
proteoglycans are contained. Type II collagen of the chon-
drocytes plays the functional role as tensile strength in the
cartilage19,46. In our data [Fig. 7(C) and (D)], the normal
chondrocytes (young modulus) have expressed type II col-
lagen higher than the OA chondrocytes (old modulus).
These seem to fit within AFM observation. The variety of
surface protein expression (integrin b1 and type II collagen)
might make adhesion force and the stiffness difference be-
tween OA and normal chondrocytes.

In summary, we described a useful method for assessing
the detailed structure of chondrocytes in old and young mod-
uli by using an AFM. We obtained images of chondrocytes
from single-cell measurements with AFM. The different
structural parameters were all measured to distinguish OA
and normal chondrocytes on a micrometer-to-nanometer
scale. This technique can provide important information for
engineering of cartilaginous tissue and for biologic research.
Moreover, mechanical properties, adhesion forces, and stiff-
ness were directly measured by using a mechanical probe at
the same time. Correlations between nano-scale structure
and mechanical properties were observed. We have shown
how we can obtain morphologic data about biologic samples
and compare mechanical changes in OA and normal chon-
drocytes related to disease of the articular cartilage.
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