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Summary

Objective: Articular chondrocytes respond to chemical and mechanical signals depending on their zone of origin with respect to distance from
the tissue surface. However, little is known of the zonal variations in cellular mechanical properties in cartilage. The goal of this study was to
determine the zonal variations in the elastic and viscoelastic properties of porcine chondrocytes using atomic force microscopy (AFM), and to
validate this method against micropipette aspiration.

Methods: A theoretical solution for stress relaxation of a viscoelastic, incompressible, isotropic surface indented with a hard, spherical indenter
(5 um diameter) was derived and fit to experimental stress-relaxation data for AFM indentation of chondrocytes isolated from the superficial or
middle/deep zones of cartilage.

Results: The instantaneous moduli of chondrocytes were 0.55 + 0.23 kPa for superficial cells (S) and 0.29 + 0.14 kPa for middle/deep cells
(M/D) (P < 0.0001), and the relaxed moduli were 0.31 +0.15 kPa (S) and 0.17 4+ 0.09 kPa (M/D) (P < 0.0001). The apparent viscosities were
1.15+0.66 kPa s (S) and 0.61 & 0.69 kPa-s (M/D) (P < 0.0001). Results from the micropipette aspiration test showed similar cell moduli but
higher apparent viscosities, indicating that mechanical properties measured by these two techniques are similar.

Conclusion: Our findings suggest that chondrocyte biomechanical properties differ significantly with the zone of origin, consistent with previ-
ous studies showing zonal differences in chondrocyte biosynthetic activity and gene expression. Given the versatility and dynamic testing ca-
pabilities of AFM, the ability to conduct stress-relaxation measurements using this technique may provide further insight into the viscoelastic
properties of isolated cells.

© 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction and cytokine sensitivity of cells from the superficial zone of
. , . L . the tissue as compared to those from the middle/deep
Articular cartilage is the connective tissue that lines the ends zones® 1T, Furthermore, as the local mechanical environ-
of bones in diarthrodial joints, providing a low-friction bearing ment of the cell is highly dependent on the relative properties
surface for the transmission and distribution of mechanical of the cell, its pericellular matrix and the extracellular matrix
loads in the skeleton. The tissue is maintained in a constant in these regions'2, it would be expected that site-specific dif-
state of turnover through the anabolic aqd cat_abollc activities ferences in these properties would significantly influence the
of the chondrocytes, the sole cell type in articular cartilage. cellular microenvironment'®. While these variations have
As cartilage is avascular, alymphatic, and aneural, chondro- been studied in the pericellular matrix'®~'® and the extracel-
cyte activity is believed to be regulated predominantly by lular matrix'®~'8, little information is available on the site-
local factors in the cellular microenvironment, including solu- specific differences in the mechanical properties of articular
ble mediators, matrix composition, and biophysical factors chondrocytes.
such as mechanical stress (reviewed in Refs. [1,2]). The re- Several techniques have been used to determine the me-
sponse of chondrocytes to these factors depends on their chanical properties of single cells, including micropipette
site of origin in the tissue, and previous studies have shown aspiration, compression within a gel matrix, unconfined
significant differences in the phenotype, gene expression, compression, or various forms of cellular indentation, in-

cluding cell poking, cytoindentation, or atomic force micro-
scopy (AFM). Micropipette aspiration has been used
extensively to study the biomechanical properties of articu-
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viscoelastic properties can be determined®*25. An alterna-
tive method for monitoring the deformation behavior of sin-
gle cells is to encapsulate them in a uniform matrix and
apply an external strain®®2”. To estimate cell stiffness, its
deformation can be measured optically and compared to re-
sults obtained from theoretical models of the testing config-
uration. The “cell poker”, another optical-based approach,
was the first indentation-based technique for determining
cellular mechanical properties that involves rapid indention
of a cell?® 3, “Cytoindentation” is a similar procedure but
can be used to apply a variety of loading conditions®'%2.
Based on cantilever beam theory, the procedure involves
indenting a cell with a small tip attached to a long cantilever.
The amount of indentation is determined using laser light re-
flected off the cantilever and can be controlled so that creep
indentation and stress-relaxation tests are possible. Uncon-
fined compression is a recent variation on the cell indenta-
tion procedure, in which the tip size has been increased so
that it is much larger than the cell. Using the same method-
ology, elastic and viscoelastic properties of single cells can
be extracted®®,

AFM provides a high resolution form of the cell indenta-
tion procedure that enables measurin4g and imaging sam-
ples at the nanometer length scale®* 38, This technique
has been used previously to measure the mechanical prop-
erties of cartilaginous tissues®*~*2, but only preliminary
studies have been reported on its use to evaluate the prop-
erties of single chondrocytes**~*°. Furthermore, few AFM
studies have examined the viscoelastic properties of cells
or tissues. One approach applied a dynamic loading profile
to determine the frequencg-dependent viscoelastic behav-
ior of a biological material*®~*8. Standard viscoelastic tests,
such as creep indentation and stress-relaxation, have been
more difficult to implement using AFM due to control issues;
however, new advances in AFM technology allow the pro-
gramming of custom load or displacement profiles, which
can be used to perform standard creep or stress-relaxation
tests. To obtain intrinsic mechanical material properties,

A AFM detects contact, initiates step displacement

Cantilever

. Base
Probe tip .

Closed-loop control holds constant displacement

Iz

a mathematical model must be developed that accurately
describes the testing configuration and must be based on
an appropriate constitutive model®.

The goal of this study was to develop a novel, AFM based
stress-relaxation measurement approach to determine the
viscoelastic properties of living cells and to test the hypothesis
that the viscoelastic properties of chondrocytes vary with their
zone of origin. Chondrocytes were isolated from the superfi-
cial or middle/deep zones of articular cartilage and tested
using a novel stress-relaxation method to determine the
instantaneous and equilibrium moduli and apparent viscosity
of a cell based on a theoretical solution for small indentations
of an isotropic, incompressible, viscoelastic surface with a
hard, spherical indenter. Additionally, the viscoelastic proper-
ties of chondrocytes from the middle/deep zone were deter-
mined using a micropipette aspiration test, described
previously®', as a comparison to the AFM indentation method.

Materials and method
CHONDROCYTE HARVEST AND CULTURE CONDITIONS

Superficial and middle/deep zone articular chondrocytes
were harvested from the femoral condyles of 2—3-year-
old, skeletally mature pigs (N=8) shortly after sacrifice.
The superficial zone (~100 um) was carefully removed
from the surface of the cartilage using the zonal abrasion
procedure®. After removing several more layers, the mid-
dle/deep zone (~500 um) was harvested for subsequent
digestion. Zonal tissues were placed in separate tubes of
wash media containing high glucose Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, Carlsbad, CA), 1x genta-
mycin (Gibco), 1x kanamycin (Sigma, St. Louis, MO), and
1x fungizone (Gibco). Cells were released from their sur-
rounding matrix using standard digestion techniques®°.
Briefly, the harvested tissue was incubated in 1% (wt/vol)
pronase (Calbiochem, San Diego, CA) with 5% (wt/vol) fetal
bovine serum (Gibco) for 1 h at 37°C and 5% (vol/vol) CO..
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Fig. 1. Closed-loop control during stress-relaxation tests. A spherical probe indented the cell using an approximate step displacement, which
was maintained by the AFM’s closed-loop control software (A). Plots of the cantilever base movement and measured force visually described
the elastic (B, Phase ) and viscoelastic (B, Phase Il) responses of the cell.
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Samples were then rinsed in wash media and placed in
0.4% (wt/vol) type Il collagenase (Worthington, Lakewood,
NJ) with 5% (wt/vol) fetal bovine serum for <2 h at 37°C
and 5% CO.,. Following complete digestion, the cell solu-
tions were centrifuged and rinsed in wash media. Final
cell populations were resuspended in DMEM and seeded
onto poly-L-lysine (PLL) coated slides (Wescor, Logan,
UT). Chondrocytes placed on the PLL surface formed
a strong attachment while retaining a rounded morphology.
Biomechanical testing was performed at room temperature
within 1—2 h of seeding.

ATOMIC FORCE MICROSCOPY

The biomechanical properties of superficial and middle/
deep chondrocytes were measured using an atomic force
microscope (MFP-3D, Asylum Research, Santa Barbara,
CA). This instrument allows programming of custom force—
displacement profiles, using the Igor Pro software
(WaveMetrics, Inc., Portland, OR). Here we implemented
closed-loop feedback control of the Zz-axis movement
through a piezoelectric motor to maintain constant indenta-
tion displacement while conducting a stress-relaxation test
on single cells (Fig. 1). To determine the indentation force
applied to the cell, the deflection of the cantilever tip was
measured optically from the position of a laser beam re-
flected off the cantilever tip onto a photosensitive detector.
The applied force was determined by multiplying the canti-
lever stiffness by its deflection via Hooke’s law (F = kx).

Gold-coated, 5 um diameter, borosilicate, spherical tip
cantilevers (Novascan Technologies, Inc., Ames, IA) were
used for the AFM stress-relaxation experiments (Fig. 2).
Cantilever spring constants (typically 0.065 N/m) were de-
termined from the power spectral density of the thermal
noise fluctuations®' prior to experimentation. Stress-relaxa-
tion tests were performed on the central region of a cell
using a 6.25 um/s approach velocity and 60 s relaxation
time [Fig. 3(A)]. The cantilever descended towards the cell
until a trigger force of 2.5 nN was reached, at which point
its displacement was stopped and held at a constant dis-
placement for the stress-relaxation portion of the testing.
For most cells, this was equivalent to a 1.3—2.1 pym inden-
tation, which corresponds to less than ~15% of the total
cell height for an average cell diameter of 12—15 um. Probe
contact with the cell was indicated by a sharp increase in
the cantilever deflection.

The data were analyzed using both elastic and viscoelas-
tic models. The indentation approach curve [Fig. 3(B)] was
fit with a modified Hertz equation (Eq. 1) to determine the
elastic modulus, Egjasic- The equilibrium modulus, Egqui,

Fig. 2. Single cell indentation using AFM. Individual chondrocytes
were tested using a spherical-tipped cantilever (A). Indentation
was performed near the center of the cell and any cells that were
not round or showed abnormal morphologies were excluded (B).
Cell diameters ranged from 7 um to 15 um, with the superficial
zone chondrocytes being smaller than the middle/deep.
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Fig. 3. AFM measurements and curve fitting. Biomechanical testing
consisted of rapid indentation of the cell followed by a 60 s stress-
relaxation phase (A). The elastic modulus of a cell was extracted
from the initial indentation (B). The viscoelastic properties were ex-
tracted by fitting the relaxation portion of the curve (C).

was calculated using the same equation and the force mea-
surement after 60 s. Data from the relaxation phase of the
test [Fig. 3(C)] were fit with the derived viscoelastic equation
(Eqg. 10) to determine Eg, 7,, and 7. Eq, u, Ey, ki, and ko
were calculated using Eqgs. 11—15, which are described in
the following section. The Poisson’s ratio, », was assumed
to be 0.38 based on previous studies2?21:32

STRESS-RELAXATION MODEL FOR AFM

Monitoring the stress-relaxation response to a prescribed
displacement is a common method of determining the vis-
coelastic characteristics of a material. In this AFM-based
study, we indented a cell with a step displacement and
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recorded the resulting force response over time [Fig. 1(B)].
The force—displacement data were then fitted with an in-
dentation model, which assumes an infinitely hard sphere
indenting a flat, deformable substrate and can be described
by a modified Hertz equation®

4E,R'/? 3/2

3(1 - 1/2)(S ’ (1)
where Fis the applied force, Ey is the Young’'s modulus, R
is the relative radius, v is the Poisson’s ratio, and ¢ is the inden-
tation. The relative radius describes contact between two
spheres® % such as the probe tipand a cell, and is defined as:

R—(1 + ! )1 (2)
B Rtip Rcell '

For this study, Ry, =2.5 pm and Age = 5.9 pm (superficial)
or 7.05 um (middle/deep), dimensions that were measured
using the micropipette aspiration setup. The modified Hertz
equation (Eq. 1), when used with the initial indentation phase
of the data, describes the elastic response of a cell [Fig. 1(B)].

Using the Hertz equation and work by Theret et al.>*, we
derived a viscoelastic solution for small indentations of an
isotropic, incompressible surface with a hard, spherical in-
denter. Variables and constants used in the derivation are
defined at the end of this article. To determine the visco-
elastic response for this system, the basic elastic (Eq. 3)
and viscoelastic (Eq. 4) solutions are first transformed into
the Laplace domain [Egs. 3(a) and 4(a)] and solved for their
stress/strain ratios [Egs. 3(b) and 4(b)]:

F=

o =2G(t)e, (3)

7=2G(s)z, (3a)

g —2G(s), (3b)

and

(1 —FTE%)O’:ER (1 —O—T,,%)e, (4)

(1 4+ 7e5)7 = ER(1 + 749)%, (4a)
Er(1 + 749)

ag

I (4b)
Using the correspondence principle, the general elastic [Eq.
3(b)] and viscoelastic [Eq. 4(b)] solutions can be combined
in the Laplace domain to obtain an equation describing the
modulus of rigidity, G:

Gls)= % E?1(1+t:;; . ®)

Since the modulus of rigidity is related to the Young’s mod-
ulus, Ey, through:

Ey
2l ©
the Young’'s modulus can be represented by:
/N =N ER(I + TUS)
E(s) =2(1+»)G(s) = (1 + 1/)[ ) } (7)
Under stress-relaxation conditions (constant deformation),

the indentation response of Eq. (1) can be approximated
by using the Heaviside step function, H(?):

. 4E(l‘)RI/2 3/2
K1) = mﬁo H(1). (8)
After transforming this equation into the Laplace domain,
= _4E(s)R"2 53
F9) =30 o 5 )

and substituting for E(s) with Eq. 7,

=, . _ARV253%Eq (1+1,8)
T 3(1-») s(1+7s)

(10)

the viscoelastic solution can be obtained by transforming
the equation back to the time domain:

4RV25Y%en (. Ti—Te

F(t)= 31— (1 - e )7 (11)
where 7, and 7, are the relaxation times under constant
load and deformation, respectively. Fitting Eq. 11 to a
force—displacement curve provides three parameters that
describe a cell’s viscoelastic response as a standard linear
solid (a spring-dashpot in parallel with another spring):

ki = Eg, (12)

ko= Ea T (13)
Tl’f

and

,U':EH(TU_TS)a (14)

where k; and k, are Kelvin spring elements and u is the ap-
parent viscosity. The instantaneous and Young’s moduli
can then be calculated as follows:

E, - ER(1 +”‘”) (15)
Te
and
3
Ev = En. (16)

For this study, AFM data were fit to Egs. 1 and 11 to
determine the elastic and viscoelastic properties of single
cells.

MICROPIPETTE ASPIRATION

The viscoelastic properties of middle/deep chondroc%/tes
were also measured using micropipette aspiration?
a separate set of specimens (N = 5) to verify the results ob-
tained by AFM (Fig. 4). Briefly, harvested cells were placed in
amicroscope chamber that allowed side access with a micro-
pipette. The micropipettes and bottom coverslip of the cham-
ber were coated with Sigmacote (Sigma) to prevent cell
adhesion. Pressures were applied to the surface of a chon-
drocyte through the micropipette (5.5 um diameter) with
a custom-built adjustable water reservoir and measured
with an in-line pressure transducer having a resolution of
1 Pa (Model no. DP15-28, Validyne Engineering Corp.,
Northridge, CA). Video images of cell deformation during as-
piration were recorded on an S-VHS videotape recorder at
60 fields/s with a CCD camera (COHU, San Diego, CA)
through a bright-field microscope (Diaphot 300, Nikon Inc.,
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Fig. 4. Micropipette aspiration. Creep response tests were con-

ducted on single chondrocytes in suspension. Zonal cells were

equilibrated at a tare pressure (A) before applying a step, negative

pressure to induce creep (B). Video measurements of the aspira-

tion length over time were used to determine the viscoelastic
properties of the cells.

Melville, NY), using a 60x oil immersion objective (numerical
aperture = 1.40) (Nikon) and a 10x wide field eyepiece (Ed-
mund Scientific Co., Barrington, NJ). The applied pressures
and time were displayed on a video monitor using a digital
multiplexer (Vista Electronics, Ramona, CA) and recorded
to videotape. The length of cell aspiration was measured
with a video caliper system (resolution + 0.2 um). For creep
testing of individual chondrocytes, a tare pressure (0.01 kPa)
was applied to the cells which were allowed to equilibrate
for 60s. At equilibrium, a step increase in pressure
(0.03—0.68 kPa, dependent on cell) was applied and data
were collected for 300 s. The aspiration length, time, and ap-
plied pressure were recorded for use in determining the cell’s
viscoelastic properties. The horizontal and vertical diameters
of each cell were also measured, and the average of these
measurements was reported as the cell diameter.

The viscoelastic properties of the cell were calculated
based on an analytical solution of the micropipette aspiration
experiment®®. This model assumes that the cell is a homoge-
neous, isotropic, linear, viscoelastic, three-parameter, solid
half-space and provides a closed form solution for the length
of aspiration, L, in terms of the time, ¢, the applied pressure,
Ap, the inner micropipette radius, a, and the wall parameter,
@ (based on the ratio of the thickness to the radius of the mi-
cropipette, equal to 2.1 in this case). Previous numerical sim-
ulations of the experimental geometry have shown that the
measured properties are relatively insensitive to the sizes
of the cells and micropipette for most configurations®®->”.
Values for k4, ko, and u were calculated by fitting the exper-
imental data to the following equation:

STATISTICAL ANALYSIS

A sample size of n= 49 cells for the superficial zone and
n=72cells for the middle/deep zone from eight animals
was used for testing zonal chondrocytes with AFM stress-
relaxation. An additional five animals were used for compar-
ison tests with micropipette aspiration (n= 38 middle/deep
cells). Single-factor analysis of variance (ANOVA) was con-
ducted to determine whether significant differences existed,
with statistical significance reported at the 95% confidence
level (P < 0.05), between the biomechanical properties of
superficial and middle/deep zone cells and between results
for the AFM and micropipette aspiration methods.

Results
AFM

Using the closed-loop control system, a near-step dis-
placement was applied to single cells using the spherical-
tipped cantilevers. The 2.5 nN trigger force resulted in an
average indentation of 1.65 & 0.53 um, which was approxi-
mately 15% of the cell height. All cells exhibited stress-
relaxation behavior consistent with a viscoelastic solid
material, reaching an equilibrium reaction force in approxi-
mately 30 s. Excellent agreement between the theoretical
model fits and the experimental data for both elastic
(R?=0.994 +0.012) and viscoelastic (R*> =0.857 + 0.081)
models were obtained. Zonal comparisons indicated that
superficial cells (S) had significantly higher values for all
measured properties, Egjastic; Eequis Er, Eo, and u, when
measured with AFM (Table ). Superficial chondrocytes
had a 108% higher elastic modulus, 75% higher elastic
equilibrium modulus, 82% higher relaxed modulus, 90%
higher instantaneous modulus, and 89% higher apparent
viscosity than middle/deep chondrocytes (P < 0.0001 for
all comparisons).

MICROPIPETTE ASPIRATION

In response to a step increase in pressure, chondrocytes
exhibited a rapid jump in displacement, followed by creep to
equilibrium. The moduli obtained by micropipette aspiration
were slightly different than those measured by AFM
(Table I). Middle/deep chondrocytes measured by micropi-
pette aspiration showed a 35% lower relaxed modulus
(P<0.0001) and 21% higher instantaneous modulus
(P < 0.0001). The apparent viscosity showed a major differ-
ence between the two testing methods, with micropipette
aspiration resulting in a 320% higher apparent viscosity
measurement than AFM (P < 0.0001). A significant differ-
ence was also measured between the average diameter
of Sand M/D (11.8 £ 0.9 pm vs 14.1 + 1.0 um, P < 0.0001).

Discussion

The findings of this study, aimed at determining the me-
chanical properties of isolated chondrocytes, suggest that
the mechanical properties of chondrocytes from different

Table |
Biomechanical properties of zonal, articular chondrocytes using
AFM and verification by micropipette aspiration

AFM Micropipette
aspiration
Superficial Middle/deep Middle/deep
Eg (Pa) 310+ 150 170 +90%, # 140 + 50#
74 (S) 9.6+6.0 9.0 +6.2# 37 + 26#
7. (S) 50+28 5.2 £ 3.5# 18 + 15#
kq (Pa) 310+ 150 170 £ 90%, # 140 + 504
k> (Pa) 250 + 120" 120 £ 70, # 170 + 70#
ki + ko (Pa) 550 + 230 290 + 140" 300 +90
u (Pas) 1150 + 660 610 +690*, # 2570 + 1830#
Eo (Pa) 550 + 230 290 + 140%, # 450 + 140#
Ey (Pa) 460 + 220 260 + 140%, # 200 + 70#
Eelastic (Pa) 1270 £ 610" 610 + 340* -
Eequil (Pa) 420 +210* 240 +130* -

*Significant difference between zones (P < 0.05). #Significant
difference between methods (P < 0.05).
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zones of the tissue differ significantly. Importantly, results ob-
tained using two different micromechanical testing methods,
AFM stress-relaxation and micropipette aspiration creep,
yielded generally similar values for the mechanical proper-
ties. Although micropipette aspiration provides a reliable
method for measuring the mechanical properties of cells in
suspension, the method may be limited in certain testing
configurations, such as for cells in a monolayer. AFM is an
attractive option for measuring cell properties in these situa-
tions since an indentation can be performed on attached
cells using a relatively small tip compression. Given the re-
spective advantages and disadvantages of these tech-
niques, our findings support the utility of both these
methods for determining the intrinsic mechanical behavior
of single cells.

While the mechanical properties of chondrocytes mea-
sured by AFM and micropipette aspiration were on the
same order of magnitude, the Young’s modulus was 35%
lower and the instantaneous modulus was 21% higher
when measured by micropipette aspiration. Given the large
disparities in such properties reported by other techniques
such as cytoindentation and unconfined compression
(Table 1), our findings suggest that the differences between
AFM and micropipette aspiration measurements, while
statistically significant, are relativelby small. Previous AFM
studies of cell mechanics®* 38404258 typically used pyrami-
dal, AFM probe tips with an approximate radius of curvature
of 20—45 nm. In this study, we use a 5 um diameter sphere
as the probe tip to decrease the local strains at the point
of contact. Furthermore, since the micropipette diameter is
similar to the size of the microsphere, the two methods
test a similar area of the cell. Nonetheless, significant differ-
ences exist in the testing configurations that must be taken
into account in the interpretation of the data. The micropi-
pette aspiration method applies a suction pressure to the
cell surface, while AFM indentation applies a compressive
force. However, shear deformation is likely the primary
deformation mechanism in both techniques®®*°, as chon-
drocytes have been shown to be fairly incompressible
(v ~ 0.4)*%€°_ Although chondrocytes maintain a spherical
shape in both testing configurations, one important differ-
ence between the two techniques is the fact that cells are
attached to a PLL-coated substrate for AFM experiments,
while they are in free suspension for micropipette aspira-
tion. As cell adhesion can induce changes in cytoskeletal
structure that arise from various integrin and cell-surface
receptor mediated interactions®', it is possible that the lower
apparent viscosity measured by AFM can be attributed to
this difference between the two configurations.

An important consideration in the interpretation of this data
is the assumption of infinitesimal strain used to determine the
stress-relaxation solution. In our study, nominal strains

during indentation were 10—15%, suggesting that some er-
ror may be introduced into the measured properties by this
assumption. However, such second-order effects represent
errors of a few percent and would be expected to be similar
between the superficial and middle/deep sample groups.
Furthermore, subsequent analysis with a thin-layer model®®
that accounts for potential geometric considerations showed
that there was typically less than 5% variation between the
two models, which indicated that a 15% strain in our case still
resulted in properties similar to those measured by micropi-
pette aspiration.

The zonal structure of articular cartilage is often defined
by variations in the composition and structure of the tissue
as well as differences in cell shape and arrangement with
depth from the tissue surface®®. Although the tissue is typ-
ically classified into superficial, middle, and deep zones,
previous studies suggest few gene expression and protein
synthesis differences between cells of the middle and
deep zones, and thus recent studies have examined these
groups together. However, several studies have shown sig-
nificant disparities in the expression of proteins and genes,
as well as the overall phenotype, between S and M/D®~'".
The present study showed that these zonal differences ap-
ply to the cells’ biomechanical properties as well, with su-
perficial zone cells having significantly higher moduli and
apparent viscosities. These findings are consistent with
a study that used single cell, unconfined compression to
show biomechanical differences existed between zonal
chondrocytes®. Other recent studies have shown that
chondrocyte mechanical properties are primarily dependent
on the structure of F-actin in the cell, and that factors asso-
ciated with altered F-actin organization such as cytochala-
sin treatment®?, osmotic stress'®, or osteoarthritic disease
state®' influence the apparent viscosity of the cell. These
findings are supported by a previous study showing higher
actin content in superficial zone chondrocytes in bovine
articular cartilage®®. It is expected that increased F-actin
organization would also be reflected in an increased cell
modulus, which was also shown by this study’s results.

The mechanical microenvironment of the chondrocyte has
been shown to depend on the relative properties of the cell,
its pericellular matrix and the extracellular matrix'2'3. While
the extracellular matrix shows differences in compressive
properties of more than an order of magnitude from the su-
perficial to the deep zones'®~ '8, micropipette analysis of
the pericellular matrix showed no zonal dependency’®®®.
Taken together with the findings of the current study, numer-
ical models of cell-matrix interactions suggest that the rela-
tive properties of the pericellular and extracellular matrices
will play a more dominant role in defining the biomechanical
microenvironment of the chondrocyte. However, previous
studies have shown that F-actin may play a role in the

Table Il
Comparison of viscoelastic properties for single chondrocytes (middle/deep zone) using AFM, micropipette aspiration, indentation, and uncon-
fined compression

AFM Micropipette Micropipette Cytoindentation31i Unconfined
(current study)* aspiration aspiration®'t compression®*;
(current study)*
Egr (Pa) 170 +£90 140 + 50 240+ 110 1090 + 400 640 + 310
E, (Pa) 290 + 140 450 + 140 410+£170 8000 + 4410 780 + 380
u (Pas) 610 + 690 2570 + 1830 3000 + 1800 1500 + 920 3180 + 7330
*Porcine.
tHuman.

iBovine.
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transmission of mechanical signals intracellularly to the nu-
cleus and potentially to other organelles®”. Thus any zonal
differences in cellular properties may still influence intracellu-
lar signaling processes that are responsible for the observed
zonal dependency of chondrocyte response to mechanical
stress''. It is also important to note that in addition to matrix
structure composition, significant differences may exist in the
physicochemical environment of the tissue with depth from
the surface. Because the primary nutrient supply for cartilage
is through diffusion from the synovial fluid at the tissue sur-
face, it is likely that gradients in oxygen, nutrients, metabo-
lites, pH, osmotic pressure, etc. exist from the superficial to
the deep zones, potentially influencing cellular properties
and behavior®®7°,

In summary, our findings show that the viscoelastic me-
chanical properties of isolated chondrocytes can be mea-
sured accurately using AFM stress-relaxation. Zonal
differences have been reported previously in chondrocyte
biosynthetic activity and gene expression, and our findings
suggest that chondrocyte biomechanical properties also
vary based on the zone of origin. Given the versatility and dy-
namic testing capabilities of the AFM, the ability to conduct
stress-relaxation measurements using this technique may
provide further new techniques for studying the viscoelastic
properties of cells under a variety of testing configurations.

Acknowledgments

This work was supported in part by NIH grants EB01630,
AG15768, AR48182, and AR50245. We would like to thank
Frank Moutos and John Tedrow for their assistance in early
aspects of this study. We would also like to thank Nehal
Abu-Lail for her assistance in the Nanomechanics AFM
Laboratory and Asylum Research for their help and guid-
ance in developing the stress-relaxation procedure for the
MFP-3D AFM.

Definitions of variables and constants used
in this paper

Eeiastic  Elastic modulus (from Hertz model)
Eequil Equilibrium modulus (from Hertz model
at equilibrium)

F Force

0 Indentation

Eo Instantaneous modulus

ki, ko Kelvin spring elements

I Kelvin viscous element, apparent viscosity

G Modulus of rigidity

v Poisson’s ratio

R Radius of probe tip

Er Relaxed modulus

e Strain

o Stress

Ty Time of relaxation of deformation under
constant load

Te Time of relaxation of load under
constant deformation

Ey Young’s modulus
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