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Abstract
The responses of articular chondrocytes to physicochemical stimuli are intimately linked to processes that can lead to both
degenerative and regenerative processes. Toward understanding this link, we examined the biomechanical behavior of single
chondrocytes in response to growth factors (IGF-I and TGF-b1) and a range of compressive strains. The results indicate that the growth
factors alter the biomechanics of the cells in terms of their stiffness coefﬁcient (two-fold increase over control) and compressibility, as
measured by an apparent Poisson’s ratio (two-fold increase over control also). Interestingly, the compressibility decreased signiﬁcantly
with respect to the applied strain. Moreover, we have again detected a critical strain threshold in chondrocytes at 30% strain in all
treatments. Overall, these ﬁndings demonstrate that cellular biomechanics change in response to both biochemical and biomechanical
perturbations. Understanding the underlying biomechanics of chondrocytes in response to such stimuli may be useful in understanding
various aspects of cartilage, including the study of osteoarthritis and the development of tissue-engineering strategies.
r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
The biological responses of articular cartilage to
mechanical forces play important roles in its normal
physiology and disease (Buckwalter et al., 2006). This
phenomenon, known as mechanotransduction, may have
important ramiﬁcations toward understanding and treating
debilitating musculoskeletal ailments, including osteoarthritis. For example, researchers have shown both beneﬁcial and detrimental effects of mechanical forces on tissue
explants and engineered tissues, using modalities such as
direct compression (Aufderheide and Athanasiou, 2006;
Ng et al., 2006; Lima et al., 2007), shear (Smith et al., 1995,
2004), and hydrostatic pressure (Smith et al., 2004; Hu and
Athanasiou, 2006). Currently, the understanding of what
elicits these different responses remains incomplete.
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Particularly, vexing is the connection between the
cellular biomechanics and biological processes. Toward
understanding this vital interplay, it is important to
characterize the biomechanics of the chondrocyte and
how they change in response to physicochemical stimuli,
such as growth factors and mechanical perturbations, as
previously discussed (Guilak and Mow, 2000; Guilak et al.,
2002, 2006; Shieh and Athanasiou, 2002, 2005; Koay et al.,
2003; Leipzig and Athanasiou, 2005; Leipzig et al., 2006;
Shieh et al., 2006). Establishing a basic understanding of
the mechanical nature of the chondrocyte aids theoretical
models of cartilage that consider the cell (Guilak and Mow,
2000) and helps the development of new methodologies to
study chondrocyte mechanobiology, such as a ‘single-cell’
approach (Shieh et al., 2006). This approach entails the use
of instruments that can apply discreet forces to single
adherent chondrocytes, such as the cytoindenter (Shin and
Athanasiou, 1999; Koay et al., 2003), as well as the
assessment of a cellular response, such as cartilage-relevant
gene expression (Shieh and Athanasiou, 2006). Studies of
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single-cell biomechanics help to direct these efforts by
providing information on the cellular characteristics of
time constants for recovery, compressibility, and mechanical thresholds.
For example, when a possible change in chondrocyte
mechanical behavior was identiﬁed between 25% and 30%
compressive strain (termed the critical strain region), it was
postulated that this represented a threshold akin to yield
strain. The signiﬁcance of this critical region remains unclear.
However, it is possible that permanent damage may be
incurred by the chondrocyte beyond this region. This
damage may occur due to high strains or strain accumulation
after repeated loading (Shieh et al., 2006), suggesting that
this critical region would have important implications in
directing appropriate in vitro mechanical stimulation regimens as well as for studies of mechanical damage to
cartilage. While the cause of this critical region also remains
uncertain, it is possible that cytoskeletal components, such as
F-actin, rearrange or break down at high strains.
Considering that TGF-b1 and IGF-I increase F-actin
levels and thereby increase cell stiffness to two-fold over
control (Leipzig et al., 2006), in this study, we tested the
hypothesis that these same growth factors would alter the
critical strain region. We were also motivated to investigate
how these growth factors and mechanical strains affected
the compressibility of the cell, as measured by an apparent
Poisson’s ratio, since current computational models
of cartilage assume this characteristic to be constant.
Although we have previously observed that the apparent
Poisson’s ratio does not change with respect to increasing
strains (Shieh et al., 2006), we hypothesized that the growth
factors, due to their ability to reorganize the cytoskeleton
(Gagelin et al., 1995; Boland et al., 1996; Berﬁeld et al.,
1997) and alter cellular mechanics (Leipzig et al., 2006),
would increase the average apparent Poisson’s ratio of the
cells compared with control. We also expected that the
growth factors would increase cell volume due to these
effects on the cytoskeleton. Cell volume and shape are of
interest since they are intimately tied to cell function
(Urban et al., 1993; Bush and Hall, 2001; Guilak et al.,
2002; Kerrigan et al., 2006). To test these hypotheses, single
chondrocytes were exposed to IGF-I, TGF-b1, or no
growth factors, and cells in each group were subjected to a
range of compressive strains from 5% to 60% and their
morphology, compressibility, stiffness, and recovery behavior were analyzed.
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Company, Santa Fe, TX, USA; Kasper’s Meat Market, Weimar, TX,
USA). Chondrocytes from 13 joints derived from 12 different
animals were isolated from the middle/deep region of the tissue as
previously described (Shieh et al., 2006). The primary chondrocytes
were counted, centrifuged, and resuspended in supplemented DMEM
(0.1 mM NEAA, 100 U/ml penicillin/streptomycin, 0.25 mg/ml fungizone)
at a concentration of 200,000 cells/ml with either TGF-b1 (10 ng/ml),
IGF-I (100 ng/ml), or no growth factor. The chondrocytes were
then seeded on 15 mm  2 mm glass slides, which were placed inside a
six-well plate, and incubated for 3 h at 37 1C and 10% CO2. The 3 h
seeding was previously established as a minimal time point that could
achieve stable cell adhesion for cellular compression testing (Leipzig et al.,
2006).

2.2. Cytocompression
Individual chondrocytes were subjected to a range of strains
(0.05–0.60) using a 50.8-mm diameter tungsten probe (Advanced Probing
Systems Inc., Boulder, CO, USA) attached to a modiﬁed cytodetacher
device, as described previously (Shieh et al., 2006). Glass slides
were transferred from a six-well plate to a Petri dish such that the cells
could be viewed perpendicular to the original seeding plane using an
IMT-2 inverted microscope (Olympus America, Melville, NY, USA) at
400  (Fig. 1). Supplemented DMEM (as above) with 30 mM HEPES
and the appropriate growth factor or blank control was added to
the dish. Individual cells were brought in close contact (5–10 mm away)
with the probe, and a piezoelectric motor drove the probe, a prescribed distance (12–16 mm) toward the cells at a rate of 4 mm/s. The
probe was held at its position for 30 s and then removed from
the cell. Chondrocyte recovery was recorded up to 90 s to capture
equilibrium.

2.3. Video capture and image analysis
The compression and recovery of each cell were captured on an AVCD7 CCD camera (Sony Corp., New York, NY, USA) and analyzed, as
before (Shieh et al., 2006), using a pixel-to-micron ratio of 7.0.

2. Methods
The basic protocols for this experiment were based on our previous
work (Shieh et al., 2006). These methods and a few improvements are
brieﬂy explained below. Cell culture supplies were obtained from
Invitrogen (Carlsbad, CA, USA) unless speciﬁed otherwise.

2.1. Cell isolation and seeding
Articular cartilage was harvested from the fetlock joint of mature
steers obtained from the local abattoirs (Doreck and Sons Packing

Fig. 1. Experimental setup. Articular chondrocytes were seeded onto a
glass slide and exposed to IGF-I, TGF-b1, or no growth factor for 3 h.
Individual cells from each group were subsequently compressed by a probe
at 4 mm/s to a prescribed distance (12–16 mm). Measurements of the cell
were taken before, during, and after the probe was released to provide
information regarding cell morphology, biomechanics, compressibility,
and recovery behavior. The ﬁgure is not drawn to scale.
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2.4. Biomechanical properties and characteristics
Cells were approximated as ellipsoids, with rotational symmetry about
the x-axis (perpendicular to the plane of seeding). The basic shape of the
cell was assumed to remain unchanged through the duration of the
compression and recovery events, as we have done before (Shieh et al.,
2006). Cell volume was therefore calculated using the equation for an
ellipsoid with two identical axes, and the volume of the cell was measured
before compression (V0), immediately after compression (V1), and at
equilibrium recovery (Vr). A normalized volume fraction ((V0V1)/V0)
and recovered volume fraction (Vr/V0) were calculated with these values.
In contrast to our previous experiment (Shieh et al., 2006), we assessed
applied axial strain (vs. apparent strain) by measuring the difference in
probe positions between the initial cell contact and at peak compression,
divided by the initial cell height.
The reaction force of the cell onto the probe at peak compression was
calculated with cantilever beam theory, using the known properties of the
tungsten probe and the deﬂection of the cantilever (Koay et al., 2003),
which was determined by comparing the true displacement of the probe
(via subsequent video analysis) with the prescribed piezoelectric displacement. The compressibility (as measured by an apparent Poisson’s ratio, n)
of the cell, residual strain after compression (er), and characteristic
recovery time constant (t) were determined as described previously (Shieh
and Athanasiou, 2005).

2.5. Statistics
Statistical analysis was performed using JMP IN 5.1 (SAS Institute
Inc., Cary, NC, USA). Linear regression was used to determine whether
the apparent Poisson’s ratio, equilibrium stress, normalized volume
fraction, recovered volume fraction, and residual strain varied as functions
of applied strain, as well as to test the effects of growth factors on these
functions. Change point analysis was used to determine if critical levels of
the applied strain existed where biomechanical behavior changed, as
before (Shieh et al., 2006). Brieﬂy, this entailed performing a series of
linear regressions on overlapping segments of data, where the resulting
slopes were plotted against the applied strain to look for possible
discontinuities. If a discontinuity was apparent, the original data were
separated into two subsets, each of which was analyzed with linear
regression. An effect was considered signiﬁcant if po0.05.

3. Results
In this section, treatments will be referred to as control,
IGF-I, and TGF-b1. A total of 83 cells were tested
and analyzed for this study (26 for control, 26 for IGF-I,
and 31 for TGF-b1). Fig. 2 demonstrates how cells were
analyzed.
3.1. Chondrocyte size
The different growth factor treatments had signiﬁcant
effects on the morphological measurements of the cell
heights (h, p ¼ 0.04), diameters (dia, p ¼ 0.01), and
volumes (vol, p ¼ 0.005). Speciﬁcally, TGF-b1 cells (h ¼
11.471.7 mm, dia ¼ 11.271.8 mm, vol ¼ 7957325 mm3)
had signiﬁcantly greater dimensions (po0.05) in all
three measurements compared with IGF-I cells (h ¼
10.571.2 mm, dia ¼ 10.270.8 mm, vol ¼ 6007162 mm3),
while control cells (h ¼ 10.771.2 mm, dia ¼ 10.670.8 mm,
vol ¼ 6387137 mm3) were not different from either group,
with the exception of having less volume than TGF-b1 cells
(po0.05).

Fig. 2. Cytocompression and cellular recovery behavior. The compression and
recovery events were analyzed through video recording. For demonstration,
TGF-b1 cells are shown experiencing small (19%) strains (A–F), medium
(29%) strains (G–L), and high (52%) strains (M–R). The initial frame (A, G,
M), ﬁrst probe contact (B, H, N), and equilibrium contact (C, I, O) provide
information on the applied strain and stress by tracking the movement of the
probe and measuring the initial dimensions of the cell. Immediately upon release of the probe (D, J, P), cell dimensions are measured to provide an apparent Poisson’s ratio. Additionally, the recovery behavior of the cell is tracked.
Shown are cells at 4 s after probe release (E, K, Q) and at equilibrium (F, L, R).

3.2. Compressibility, as measured by an apparent
Poisson’s ratio
The cells in each group exhibited characteristics of
compressible materials, as volume changes were noted as a
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function of increasing strain. Plotting the normalized
volume fraction (Vnorm) against the applied strain (e)
showed signiﬁcant linear correlations for each treatment
(Vnorm ¼ 0.54e0.05 with R2 ¼ 0.41 and p ¼ 0.0004 for
control, Vnorm ¼ 0.30e0.02 with R2 ¼ 0.71 and po0.0001
for IGF-I, and Vnorm ¼ 0.31e0.04 with R2 ¼ 0.45 and
po0.0001 for TGF-b1).
The apparent Poisson’s ratio was signiﬁcantly higher
(p ¼ 0.0001) in the growth factor groups compared with
control (0.1870.11 for control, 0.3170.13 for IGF-I, and
0.3070.11 for TGF-b1). Additionally, the apparent
Poisson’s ratio decreased signiﬁcantly with applied strain
for all treatments (Fig. 3, p ¼ 0.001 for control, p ¼ 0.003
for IGF-I, and p ¼ 0.003 for TGF-b1). The rate of decrease
in the Poisson’s ratio with the applied strain was not
statistically different for growth factors and control, but
the intercept of the control regression line was signiﬁcantly
less than the growth factors (po0.05), in line with the
ﬁnding that the mean Poisson’s ratio was less for control.

3.3. Stiffness coefficient
Plotting the equilibrium stress data against the applied
strain yielded a stiffness coefﬁcient for each group (Fig. 4).
Both growth factor treatments resulted in statistically
signiﬁcant linear correlations between stress and strain
(p ¼ 0.002 for IGF-I and po0.0001 for TGF-b1). In
contrast, the control cells did not have a signiﬁcant linear
correlation between stress and strain (p ¼ 0.1). The linear
ﬁts for each group indicated that the growth factor
treatments had stiffened the cells compared with control
(1.77-fold for IGF-I and 2.03-fold for TGF-b1).
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3.4. Recovery behavior
The recovery behavior of the single chondrocytes
depended on the applied axial strain for all treatments.
Fig. 2 illustrates how the cells recovered over time at
different levels of strain. Generally, under all treatments,
cells recovered fully and quickly to their original
dimensions at low strains. As strains increased, however,
the cells in all treatments exhibited a slower recovery
response that was not complete, having less height
(residual strain) and a lower recovered volume compared
with initial values. A general exponential decay function
(Shieh et al., 2006) approximated the recovery behavior
of the cells in all treatments well with R2 values between
0.63 and 0.99. Residual strains from the exponential ﬁt
agreed well with the measured residual strains from the
digital image analysis, with linear coefﬁcients of
0.99570.005 for control (R2 ¼ 0.99), 1.0770.007 for
IGF-I (R2 ¼ 0.97), and 1.0470.002 for TGF-b1
(R2 ¼ 0.99). Each line had a signiﬁcance level of
po0.0001. The time constants (t) for recovery increased
with applied strain (e) (t ¼ 28.58e+3.32 with R2 ¼ 0.14
and p ¼ 0.03 for control, t ¼ 41.04e+6.00 with R2 ¼ 0.25
and p ¼ 0.009 for IGF-I, t ¼ 48.00e2.61 with R2 ¼ 0.36
and p ¼ 0.0004 for TGF-b1).
Figs. 5 and 6A–C illustrate how the recovery characteristics of residual strain and recovered volume fraction
varied with the applied strain. The residual strain increased
with the applied strain in all groups (po0.0001 for
control, po0.0001 for IGF-I, p=0.0006 for TGF-b1),
while the recovered volume fraction changed inversely
with the applied strain in all groups (po0.0001 for all
groups).

Fig. 3. Changes in apparent Poisson’s ratio due to physicochemical stimuli. (A) The apparent Poisson’s ratio was measured by measuring the changes in
height and diameter of each compressed cell. The growth factors increased the apparent Poisson’s ratio compared to control (p ¼ 0.0001). For
demonstration, superimposed outlines of one cell from each group are shown at a strain of 0.5 before (light gray) and after (black) compression. The cell
outlines illustrate the signiﬁcant effect that the growth factors had on cellular compressibility. (B) The apparent Poisson’s ratio (n) decreased as a function
of applied strain (e) for all treatments, with the intercept of the linear ﬁt for the control cells (n ¼ 0.66e+0.40, R2 ¼ 0.37 and p ¼ 0.001) being
signiﬁcantly different (po0.05) from both growth factor treatments (n ¼ 0.43e+0.45, R2 ¼ 0.31 and p ¼ 0.003 for IGF-I; and n ¼ 0.41e+0.45,
R2 ¼ 0.27 and p ¼ 0.003 for TGF-b1).
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Fig. 4. Cellular stiffness in response to growth factors. Control cells did
not have a signiﬁcant linear correlation between stress and strain. In
contrast, equilibrium stress increased signiﬁcantly with strain when either
growth factor was applied, indicating about a two-fold increase in the
stiffness coefﬁcient (i.e., the slope) over control.

3.5. Biomechanical behavior changes at eE0.30–0.35
The change point analyses for residual strain
(Fig. 5D–F) and recovered volume fraction (Fig. 6D–F)
each as functions of applied strain revealed a discontinuity
at an applied strain of 0.30–0.35 for all groups. The linear
ﬁts for the data indicated no signiﬁcant effects of strains
less than 0.30 on the recovery behavior of the single
chondrocytes in all groups. However, above strains of 0.30,
the residual strains and recovered volume fractions
exhibited signiﬁcant linear correlations with the applied
strains for all groups (po0.05, Figs. 5 and 6).
4. Discussion
TGF-b1 and IGF-I are widely studied in cartilage
research; understanding their effects on the biomechanics
and recovery behavior of the chondrocytes can help to

develop mechanical stimulation regimens of cartilage and
may be relevant to the health and disease of cartilage.
Additionally, it is important to understand how cellular
biomechanics change with direct compressive strains, since
this modality of mechanical stimulation inﬂuences cellular
processes (Shieh et al., 2006). This study offers several new
ﬁndings relevant to chondrocyte mechanobiology. First, we
show that, with all treatments, the apparent Poisson’s ratio
decreases with applied strain. Second, TGF-b1 and IGF-I
alter the measured Poisson’s ratio of the cells compared
with control. Finally, we offer evidence that these growth
factors do not alter the critical strain of chondrocytes.
The ﬁnding that compressibility changes with applied
strain (Fig. 3) is a new and important ﬁnding, though it was
surprising considering previous work (Shieh et al., 2006).
Key differences in the methods may account for this
discrepancy, which are discussed in detail later. Our new
ﬁnding suggests that with increasing strains, cells have an
impaired ability to translate axial strain to transverse
strain. Mechanistically, this change in compressibility may
be related to both the greater ﬂuid exudation and
cytoskeletal breakdown as applied strains increase. However, the apparent Poisson’s ratio measured in this study
represents a bulk measurement of the cellular compressibility, whereby changes in individual components of the
cell, such as the actin cytoskeleton, can have profound
effects on its structural properties. It is well documented
that the growth factors in this study cause reorganization
of the actin cytoskeleton (Gagelin et al., 1995; Boland
et al., 1996; Berﬁeld et al., 1997) through speciﬁc signaling
molecules, such as focal adhesion kinase and several others
(Kim and Feldman, 1998; Edlund et al., 2002; Maddala
et al., 2003), that likely relate to enhanced adhesion
processes (Loeser, 1997; Shakibaei et al., 1999). These
growth factors also increase chondrocyte stiffness (Leipzig
et al., 2006). Thus, these changes in cellular structure likely
improved the ability of the cell to translate axial to
transverse strains, resulting in a higher Poisson’s ratio for
TGF-b1 and IGF-I cells compared with control (Fig. 3).
Theoretical models of cartilage may need to consider the
biochemical and biomechanical milieu of the tissue and
take into account the observed changes in cellular
compressibility. Additionally, this effect on cellular compressibility may be related to the observed detrimental
effects on the chondrocyte viability and matrix synthesis
due to high-magnitude mechanical stimuli (up to 50%
compressive strain) on cartilage explants (Loening et al.,
2000; Kurz et al., 2001), as these may reduce cellular
volume beyond the point of recovery.
In this study, we also identiﬁed a possible change in the
recovery behavior of chondrocytes at approximately
30–35% applied compressive strain (Figs. 5 and 6). This
critical region is slightly higher than our previous work,
which suggested a change in behavior between 25%
and 30% apparent strain (discussed below). Physiological
strains in femoral head cartilage have been measured to be
2–10% (Armstrong et al., 1979), with native chondrocytes
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Fig. 5. Residual strain behavior with applied strain. Residual strain (er) signiﬁcantly increased in control (A), IGF-I (B), and TGF-b1 (C) groups. Change
point analysis for each group (D–F) revealed possible discontinuities in all groups at approximately 30% applied strain (e). Linear ﬁts for each data set
above and below this discontinuity are shown. The overall linear ﬁt for control cells was er ¼ 0.41e0.06 (R2 ¼ 0.61, po0.0001). IGF-I cells had an overall
ﬁt of er ¼ 0.24e0.02 (R2 ¼ 0.61, po0.0001). The overall ﬁt for TGF-b1 cells was er ¼ 0.27e0.05 (R2 ¼ 0.34, p ¼ 0.0006).

likely experiencing a two-fold increase in strain compared
with the macroscopic tissue (Guilak and Mow, 2000).
Though there are differences between species and joints
(Athanasiou et al., 1994, 1995, 1998), it is interesting that
these estimates of physiological levels of cellular strain fall
below the observed critical strain for chondrocytes.
A direct link may exist between this critical strain and
the determination of chondrocyte behavior toward either
degenerative or regenerative/homeostatic processes.
We have previously observed a two-fold stiffening effect
of the growth factors with a concurrent increase in F-actin
levels (Leipzig et al., 2006). Though we again detected a
two-fold stiffening effect of the growth factors, the data
show that IGF-I and TGF-b1 did not substantially alter
the critical region of strain. Taken together, these results
question the role of F-actin in determining the critical
region. Future work involving the direct disruption or
stimulation of other speciﬁc cytoskeletal components
should help to elucidate the underlying basis of the critical
region. The role of other physical phenomena such as

active volume regulation should also be examined since
these mechanisms are minimized by the ambient conditions
(Bush and Hall, 2001; Guilak et al., 2002) of these
experiments. Establishing a fundamental understanding
of chondrocyte biomechanics may be relevant to various
cartilage processes. For example, changes in chondrocyte
volume may be linked to matrix synthesis (Urban et al.,
1993).
Improvements to our technique compared with previous
work (Shieh et al., 2006) may account for the discrepancy
in ﬁndings for the compressibility and slight increase in the
critical strain, as well as other observations. Serum, which
contains a variety of growth factors at unknown concentrations, was judiciously excluded from these experiments
so that the effects of the individual growth factors would
be isolated. It appears that the media components
(i.e., presence or absence of serum and growth factors)
affect the biomechanics of the cells, as the stiffness
coefﬁcients for the groups was about 50% less than the
analogous relaxed moduli measured in our previous work
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Fig. 6. Recovered volume fraction behavior with applied strain. Recovered volume fraction (Vr) signiﬁcantly decreased in control (A), IGF-I (B), and
TGF-b1 (C) groups. Change point analysis for each group (D–F) revealed possible discontinuities in all groups at approximately 30% applied strain (e).
Linear ﬁts for each data set above and below this discontinuity are shown. The overall linear ﬁt for control cells was Vr ¼ 0.64e+1.11 (R2 ¼ 0.65,
po0.0001). IGF-I cells had an overall ﬁt of Vr ¼ 0.38e+1.04 (R2 ¼ 0.79, po0.0001). The overall ﬁt for TGF-b1 cells was Vr ¼ 0.24e+1.04 (R2 ¼ 0.42,
po0.0001).

that used serum (Leipzig et al., 2006). Additionally, the
mean control Poisson’s ratio (0.18) was about 40% less
than the published values, while the growth factor groups
(0.30) were similar (Freeman et al., 1994; Shieh and
Athanasiou, 2005; Shieh et al., 2006; Trickey et al., 2006).
This result highlights the inﬂuence of growth factors, added
exogenously or through the addition of serum, on the
cytoskeleton and its role in determining these cellular
properties. These alterations in cellular biomechanics are
likely related to the higher recovery time constants
observed in this study compared with our previous work
(Shieh et al., 2006). It is important to note, however, that
we have again observed increases in recovery time
constants with applied strains (Shieh et al., 2006),
indicating that high-strain, high-frequency stimulation
regimens of cartilage may cause irreparable damage to
the cell. While relative changes due to growth factors or

other treatments within a study can be observed with or
without serum, the marked changes in the absolute values
of the cellular characteristics again emphasizes the need to
consider the environment of the cell when using these
values.
Another alteration in this methodology compared to our
previous work (Shieh et al., 2006) involved the image
analysis. All analysis in this study was based on the applied
strain to the cell at equilibrium deformation, as opposed to
an apparent strain that was recorded once the platen was
removed. The apparent strain would be less than the
applied strain and hence account for the differences in
critical strain ranges (Shieh et al., 2006). The apparent
strain in the previous study was also directly used in the
calculation of the apparent Poisson’s ratio, whereas our
calculations for apparent Poisson’s ratio and applied
strain in this study were independent. Other important
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comparisons include the cell morphologies. Cells in each
group largely retained a rounded shape, and the volume
measurements (700 mm3) are similar to previously
reported values (Bush and Hall, 2001). The ﬁnding that
TGF-b1 increased cell size (25% increase in volume over
control) agrees with our prior work, though IGF-I did not
alter the size as expected (Leipzig et al., 2006). It is possible
that the effects of growth factors on single cells may be
different when serum is present.
Our methodology has progressed in several important
respects, but has limitations. In particular, the removal of
the cell from its physiological environment alters cellular
processes (Darling and Athanasiou, 2005). Additionally,
two-dimensional recordings of the cell may not fully
capture its three-dimensional complexity (Guilak et al.,
1995). However, the results of this study are consistent with
much of the literature. Moreover, the use of in vitro
methods to study articular cartilage remains an important
tool so long that results are kept in context. It is clear that
the isolation of cells from their matrix retains at least some
characteristics, including differences in zonal chondrocyte
biomechanics (Shieh and Athanasiou, 2005) and osteoarthritic chondrocyte characteristics (Trickey et al., 2000).
In summary, this study examined the effects of TGF-b1
and IGF-I on single chondrocyte morphology, compressibility, biomechanics, and recovery behavior. The results
build upon our previous single-cell studies by allowing the
measurement of applied strain and the stiffness coefﬁcient
as well as the observation of chondrocyte-recovery
behavior. Using this methodology we have demonstrated
that cell compressibility changes with strain and with
growth factors. We have also shown that the critical region
of strain does not change with the administration of
these growth factors. Characterizing how chondrocytes
respond to these physicochemical stimuli and understanding their underlying biomechanics may help elucidate
etiologies for osteoarthritis and offer new directions for
tissue-engineering efforts.
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