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ABSTRACT Many cell types alter their morphology and gene expression profile when grown on chemically equivalent surfaces
with different rigidities. One expectation of this change in morphology and composition is that the cell’s internal stiffness, governed
by cytoskeletal assembly and production of internal stresses, will change as a function of substrate stiffness. Atomic force microscopy
was used to measure the stiffness of fibroblasts grown on fibronectin-coated polyacrylamide gels of shear moduli varying between
500 and 40,000 Pa. Indentation measurements show that the cells’ elastic moduli were equal to, or slightly lower than, those of their
substrates for a range of soft gels and reached a saturating value at a substrate rigidity of 20 kPa. The amount of cross-linked
F-actin sedimenting at low centrifugal force also increased with substrate stiffness. Together with enhanced actin polymerization
and cross-linking, active contraction of the cytoskeleton can also modulate stiffness by exploiting the nonlinear elasticity of
semiflexible biopolymer networks. These results suggest that within a range of stiffness spanning that of soft tissues, fibroblasts
tune their internal stiffness to match that of their substrate, and modulation of cellular stiffness by the rigidity of the environment may
be a mechanism used to direct cell migration and wound repair.

INTRODUCTION

Most cells in multicellular organisms are embedded in tis-
sues composed of other cells or extracellular matrices with
well-defined elastic moduli that span a range from ~100 Pa
for very soft tissues such as fat or brain to >10,000 Pa for
muscle, and even greater stiffnesses for cartilage and bone
(1). In contrast, cells grown on glass or plastic surfaces, or in
many synthetic matrices, generally attach and pull on mate-
rials with elastic moduli on the order of gigapascals. Recent
experiments have shown that the mechanical properties of a
cell’s microenvironment can have as great an impact on cell
structure and function as soluble stimuli and cell-cell con-
tacts (2—4). Cells grown on stiff substrates assemble actin
stress fibers (5), exhibit a more spread phenotype (3), up-
regulate the expression of integrins (6), modify the properties
and composition of their substrate adhesions (3,7,8), and
activate signaling pathways characteristic of contractility
(7,9,10). Stimulated contractility leads to an increase in the
stress applied to cellular substrates (7,11), which has been
shown to regulate the activity of small GTPases and the
formation of focal adhesions (10,12). These responses are
cell-type dependent in that the effective range of substrate
rigidity depends on the tissue type from which the cells are
derived (4). For example, fibroblasts achieve maximal spread-
ing at substrate stiffness of ~10 kPa (6), whereas neurons
branch more avidly on softer surfaces (<0.5 kPa) (13), and
chondrocytes only begin to spread at 10 kPa (14). Similarly,
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differentiation of myoblasts into myotubes occurs only on
substrate compliances mimicking those of differentiated
muscle (~10 kPa) (15). Motility of cultured myocytes also
depends on substrate stiffness, with a maximal rate of
motility found at intermediate stiffness between 21 kPa and
52 kPa depending on the density of adhesive ligand (16).
Matrix stiffness also affects cell proliferation (17) and dif-
ferentiation. For example, mesenchymal stem cells can be
differentiated into neurogenic, myogenic, or osteogenic cell
types by varying the magnitude of matrix stiffness to mimic
that of the native tissue (2).

Not all cell types appear to be sensitive to substrate
stiffness, and not all mechanosensitive cell types respond
similarly to changes in stiffness. However, of the cell types
studied thus far, most spread more and adhere better to
harder matrices, and some cannot grow at all on very soft
(<50 Pa) surfaces (3,5,15,17-19). A current hypothesis to
explain increased spreading on stiffer adhesive surfaces is
that by pulling on the matrix at focal adhesions, the cell
creates tension within its membrane and in the underlying
cortical actin mesh (20). The magnitude of the tension de-
pends on the material properties of the matrix: a relatively
stiff matrix will resist cellular force more than a soft one. In
cell types that grow preferentially on hard matrices, the ten-
sion will stimulate such a cell to extend about its periphery
(21). Micromechanical stimulation experiments with optical
tweezers and magnetic bead cytometry have shown that
integrin-mediated linkage between the cytoskeleton and
extracellular matrix is reinforced on application of force
(9,22,23). Focal adhesions, the loci of interaction between
the cytoskeleton and adhesion proteins, are highly dynamic
and mechanosensitive, changing their size, shape, and
number in response to substrate stiffness and applied stress
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(7,8,12,24), and these changes in turn can alter the assembly
state of the cytoskeleton and the tension imposed on it by
activated myosins or other motors. Because of the nonlinear
elasticity of many biopolymer networks, imposition of internal
tension can lead to changes in stiffness even in the absence
of changes in assembly (25,26).

In this article, we report the influence of substrate stiffness
on the mechanical properties of fibroblasts, specifically on
cell size, cytoskeleton organization, and cell stiffness. To
probe cell stiffness, we employed atomic force microscopy
(AFM), both as an imaging modality and as a microindenter/
force transducer. By varying substrate stiffness using a well-
established polyacrylamide (PA) gel method (27) and mea-
suring cell stiffness, we have observed that cells not only
change their size and cytoskeletal organization but also adapt
their stiffness to match the compliance of their substrate.

MATERIAL AND METHODS
Bis-acrylamide-PA gel fabrication

Mixed acrylamide (7.5%) and bis-acrylamide (0.03-3%) solutions (Fisher,
Hampton, NH) were polymerized using ammonium persulfate and N,N,N',N'-
tetramethylethylenediamine, as described previously (6), following a method
developed by Pelham and Wang (3,27). A toluene solution saturated with
N-succinimidyl acrylate was layered between the unpolymerized aqueous
acrylamide solution and the top coverslip to allow covalent modification of
the gel with an extracellular matrix ligand. After polymerization of the cross-
linked acrylamide solution, the surface of the gel was reacted with a 0.2 mg/
ml solution of human fibronectin (Invitrogen, Carlsbad, CA) in phosphate-
buffered saline (PBS). The gels were then taped to petri dishes, sterilized
under ultraviolet light for 30 min, and incubated with fibroblast culture
medium for 1 h before plating of the cells. AFM experiments were per-
formed 24 h after plating to ensure complete spreading of the cells. Protein
concentration at the surface of the gel is independent of gel stiffness or bis-
acrylamide concentration with this method (28).

Cell culture and immunostaining

NIH-3T3 fibroblasts were cultured with DMEM (BioWhittaker, Walkers-
ville, MD) supplemented with 10% fetal bovine serum (Hyclone, Logan,
UT) at 37°C with 5% CO,. At 24 h after plating, cells were fixed with 4%
paraformaldehyde (Sigma-Aldrich) at 37°C for 30 min, and the fixation
reaction was quenched with 50 mM ammonium chloride (Sigma-Aldrich) for
5 min. The samples were blocked and permeabilized with 1% bovine serum
albumin (Sigma-Aldrich) and 0.2% Triton (Sigma-Aldrich) for 30 min.
F-actin was then specifically labeled with 1:40 rhodamine-phalloidin
(Invitrogen) in PBS for 30 min.

Western blot analysis and densitometry

After 24 h of plating on PA gels, cells were washed with ice-cold PBS,
followed by inversion of the coverslips (gel side down) into 250 uL of RIPA
buffer (Millipore, Billerica, MA) in a plastic dish for 5 min. The gels were
then rubbed against the plastic dish by scraping the top of the coverslip for
another 5 min, followed by gentle scraping of the gel surface. The cell lysate
was centrifuged for 10 min at 13,000 rpm and 4°C, supernatant was
discarded, and the pellet was washed with ice-cold PBS and centrifuged
again. This pellet contains insoluble intracellular proteins, including all of
the cross-linked actin filaments in the cell. The pellet was subjected to SDS-
PAGE and imaged using the ECL system according to the manufacturer’s
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instructions (primary—mouse anti-B-actin, Sigma-Aldrich; secondary—
sheep antimouse, Sigma-Aldrich). Densitometry was performed using
MultiGauge V3.0 from FujiFilm (Tokyo, Japan).

Atomic force microscopy and
epifluorescence microscopy

The AFM used was a Bioscope (DAFM-2X, Veeco, Woodbury, NY)
mounted on an epifluorescence microscope (Axiovert 100, Zeiss, Thorn-
wood, NY). The AFM was used to estimate the stiffness (elastic modulus) of
the cell and of the gel on which the cell adheres. Indentation was done with a
silicon nitride cantilever with a conical tip. The cantilever used for these
experiments was 196 um long, 23 um wide, and 600 nm thick, with a spring
constant of 0.06 N/m (DNP, Veeco). The gel and the cells were ‘‘force
volume’’ imaged, i.e., we obtained a height and stiffness map of both a cell
and the surrounding gel. The measured area was a 30 um X 30 wm map with
at least 32 points per direction (see Fig. 2, E and F). Cell stiffness was quantified
by indenting each measured cell at three distinct spots, with the average from
those three measurements defined as the cell stiffness. Additionally, the gel
immediately adjacent to the cell was probed. Repeated probing of the same
point on a cell yielded identical stiffness measurements, whereas the spot-
to-spot variation in stiffness was 10-20%.

To quantify the stiffness, the first 400 nm of tip deflection from the
horizontal (Ad) were fit with the Hertz model modified for a cone (29)

k 1 [(k\> KAz
Ad ="t Az+—[(5) +4°25 and
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2 E
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Wan(a)lf,}’

where k and Az are the bending rigidity and the vertical indentation of the
cantilever, E is the Young’s modulus, « is the cone tip angle, and v the
Poisson ratio. Young’s modulus is the ratio between the strain (6z/z) applied
to the material and the resulting stress. The Poisson ratio is defined as the
ratio of compression strain in the direction normal to the applied stress and
the extensional strain in the direction of the applied stress and is taken to be
0.5 for all samples. The outermost protrusions of the cell were usually 100—
200 nm thick, whereas the rest of the imaged area was up to 1.5 wm in
height.

There are significant limitations to using the Hertz model for indentations
of very thin elastic materials adhered to rigid surfaces, requiring more
complex analyses (30). For the measurements presented here, using only the
initial 400 nm of tip deflection as well as measuring only those parts of the
cells that were >700 nm (see Results) in height, avoided these complica-
tions, as confirmed by the agreement between elastic moduli of gels mea-
sured by AFM and macroscopic rheologic methods. Moreover, regardless of
the multiple factors that prevent assigning a precise numerical value of elas-
tic modulus for a complex, heterogeneous viscoelastic body such as a cell,
relative differences in stiffness between conditions can still be measured.

RESULTS

Characterization of the mechanical properties
of PA gels

Fibronectin-laminated PA gels present a smooth surface with
homogeneous stiffness as measured by AFM using force-
volume imaging to obtain a high-resolution topographic
image as well as a pixel-by-pixel map of the stiffness of the
gel. Fig. 1 A shows a typical deflection-indentation curve
used to calculate elastic moduli derived from indentations of
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FIGURE 1 Polyacrylamide gel characterization by AFM.
(A) Representative curve of cantilever deflection as a func-

A B dar

50 - 12
_ 10
E 40 | —~ a
=3 g s .
5 e
E 20 J O 4 ’,
S 2
210 Al R

0 . . . , o | |

0 250 500 750 1000 0 0.1 02 03 04 05 0.6

C Indentation (nm) " % bis-acrylamide

- 3um

1.5um|

Oum

<1500 nm into the surface of gels with an average thickness
of 50 wm. The small ratio of indentation depth to sample
thickness suggests that the simplifying assumptions used to
calculate elastic moduli are appropriate, and the good fit of
data to the Hertz formula confirms that these gels are well
approximated as semiinfinite elastic media.

The validity of using the Hertz model to infer Young’s
moduli from force-indentation curves was further tested by
comparing stiffness values obtained from AFM indentation
of the gels as a function of cross-linker concentration to values
of shear modulus determined by bulk rheology measure-
ments using methods described previously (6) (Fig. 1 B). The
close agreement between the two data sets confirms that the
cross-linked PA gels behave as linear elastic materials and that
AFM indentation provides accurate measurements of the
local elastic moduli of micrometer-scale-thickness solids with
moduli in the range of 200-10,000 Pa. Fig. 1 C shows a
height map of a 15-kPa gel measured by the AFM in imaging
mode. The variation in height is <10% over the 30-um scale
on which cells are typically imaged. The stiffness of the same
gel was measured using the force mode of the AFM. The
stiffness map in Fig. 1 D shows similar uniformity to the
height map with no sharp features that would present
substantially softer or stiffer regions to the cell.

Visualization of actin cytoskeleton structure

The actin cytoskeletons of fibroblasts adhering to gels of
varying elastic moduli were visualized by staining F-actin

. tion of tip indentation into a 5-kPa PA gel (circles) and the fit
to the data with the Hertz model (bold line). (B) PA gel
stiffness as a function of bis-acrylamide cross-linker con-
centration (open squares/dashed line, AFM 7.5% acrylam-
ide; solid squares/solid line, macroscopic rheology 7.5%
acrylamide; open circles/dashed line, AFM 5% acrylamide
(8); solid circles/solid line, macroscopic rheology 5%
acrylamide). (C) Topographical map of the surface of a
5-kPa PA gel. Scale, 30 wm X 30 um. (D) Stiffness map of
the surface of a 5-kPa PA gel. Scale, 30 um X 30 wm.

with phalloidin after fixation. In cells adherent to gels of
stiffness between 1 and 5 kPa, the actin structure is not
organized into stress fibers but instead shows diffuse cortical
actin distributed relatively evenly over the cell volume (see
Fig. 3 Al and A2). In contrast, on a 10-kPa gel, fibroblasts
begin to exhibit the more organized, bundled actin structures
typical of stress fibers (see Fig. 3 A3). Finally, on glass (E ~
1 GPa), the actin cytoskeleton is largely organized into stress
fibers that are both larger and more developed than those on
10-kPa gels. These data show that compliance of the
substrate significantly affects the organization of the actin
cytoskeleton and likely the mechanical properties of the cell.

Measurement of the mechanical properties
of fibroblasts

Using AFM, we force-volume imaged both cells and the
substrate around the cell on substrates of varying compli-
ances 24 h after plating. Fig. 2 A shows a representative trace
of cantilever deflection as a function of tip indentation and
retraction into the cell as well as the Hertz model fit to the
data (solid line, indentation; dashed line, retraction). Hys-
teresis on retraction of the cantilever at the rates used was
small enough to be impractical to quantify, confirming the
mainly elastic behavior of the cells under these conditions of
small strains on a subsecond time scale (Fig. 2 A). Fig. 2 D is
a compilation of many extension-retraction curves compris-
ing a stiffness map of a fibroblast adhering to a fibronectin-
coated glass substrate. The cell stiffness is heterogeneous
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from 5 kPa in the parts of the cell proximal to the cell body to
17 kPa in the most distal regions. The stiffest part of the cell
corresponds to the edge of the cell, which also corresponds to
the lowest part of the cell (see Fig. 2 C). The higher parts of
the cell are more homogeneous and softer (Fig. 2, C and D).
This variation in cell stiffness is likely caused by contribu-
tions from both the stiffness of the substrate (glass in Fig. 2,
C and D) at low cell height and also by the higher density and
cross-link content of the actin at the edge of the cell. The
possible contribution of substrate stiffness presents a critical
problem for accurate quantitative determination of the cell’s
elastic modulus. To account for this problem, we studied the
effect of a stiff substrate on apparent cell stiffness as a
function of the height at which the measurement was taken.
Correlating the height of the cell from the substrate to the
measured stiffness of the cell (Fig. 2 B), we observed a high
degree of correlation for cell heights <700 nm, whereas
above 700 nm, the measured modulus remained constant as a
function of height. This finding suggests that the strain
caused by the deformation, &, of the tip indenting the cell is
distributed within the cell body and is not transmitted to the
stiff substrate below when the cell is thicker than ~700 nm.
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2000 RIGURE 2 Fibroblast characterization by AFM. (A)
Representative curve of cantilever deflection as a function
of tip indentation into (open circles) and retraction from
(solid circles) a fibroblast plated on a fibronectin-laminated
5-kPa PA gel and the fit to the data with the Hertz model
(solid line, indentation; dashed line, retraction). (B) Varia-
tion in measured cell stiffness as a function of cell height
from the substrate (fibronectin-coated glass) for several indi-
vidual cells. Each curve represents a single cell. (C) Topo-
graphical map of the edge of a fibroblast adhering to a glass
substrate. Scale, 30 um X 30 wm. (D) Stiffness map of the
edge of a fibroblast adhering to a glass substrate coated
with fibronectin. Scale, 30 wm X 30 wm. (E) Topographical
map of the edge of a fibroblast adhering to a fibronectin-
laminated 5-kPa PA gel. Bold line shows the outline of the
cell. Scale bar = 10 wm. (F) Stiffness map of the edge
of a fibroblast adhering to a fibronectin-laminated 5-kPa
PA gel. Scale bar = 10 um.

-

Effect of gel compliance on fibroblast area
and stiffness

In contrast to cells on glass, fibroblasts plated on soft PA gels
are more uniform in both stiffness and height (Fig. 2, E and
F). To measure the effect of substrate stiffness on fibroblast
elastic moduli without complications from the inadequacy of
the Hertz model for very thin samples and large indentations,
we estimated the modulus by fitting force-indentation data
only for indentations <400 nm, and only for cell heights
between 1 um and 2 um above the substrate, where stiffness
is uncorrelated with height and substrate stiffness. For each
fibroblast, we measured the area and the stiffness of the cell
as well as the stiffness of the PA substrate around the cell,
which allowed us to account for local lateral variations in gel
stiffness. Fig. 3 B shows the variation of the cell area as a
function of the stiffness of the gel on which the cell adheres.
Fibroblasts spread three times more on 10-kPa gels, where
the cell area is ~1500 /umz, than on 2-kPa gels, where the
cell area is only 500 wm?, despite the lack of well-organized
stress fibers in cells plated on this range of soft PA gels (Fig.
3 A). On stiffer gels, and even on glass, the cell area does not
significantly increase from the area on 10-kPa gels (Fig. 3 B).
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FIGURE 3 Microscopic analysis of fibroblasts on gels.
(A) Rhodamine-phalloidin staining of the F-actin of fixed
fibroblasts on a 1-kPa gel (1), 5-kPa gel (2), 10-kPa gel (3),
and glass (4). Bar, 40 wm. (B) Projected cell area as a function
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The stiffness of fibroblasts is also strongly correlated with
the cell area (Fig. 3 C). The average stiffness of the fibro-
blasts increased from 1 to 8 kPa as the cell area increased
from 600 to 1800 wm?. A slight increase in stiffness from 6
to 8 kPa was also observed between cells on 20-kPa gels and
cells on glass, correlated with the more organized thicker
stress fibers observed on glass (Fig. 3 A4). Measuring the
substrate next to each cell allows correlation of cell stiffness
with local gel stiffness for each cell measured. The raw data
shown in Fig. 4 B, where each point represents the stiffness
of a single cell and that of the immediately adjacent gel,
reveal that the stiffness of the fibroblasts follows closely the
stiffness of the substrate (dark line in Fig. 4 B and inset of
Fig. 4 B) between 800 Pa and 4 kPa, while almost always
remaining slightly softer. This finding suggests that in the
range of stiffness of soft tissues in which native fibroblasts
reside, there is a quantitative adaptability of the cell to its
mechanical environment. Only at very high substrate stift-
ness (>10 kPa) do these cells fail to match substrate stiff-
ness, and at this point stress fibers appear.

DISCUSSION

Previous studies have shown that altering the stiffness of the
underlying substrate under conditions that maintain a con-
stant chemical environment can lead to very large changes in
the rates at which cells move or divide, the force with which
they pull on the substrate, whether or not they form actin
stress fibers or sarcomeres, and whether or not they survive
(reviewed by Discher et al. (4)). Changes in cytoskeletal
tension caused by alterations in substrate stiffness can lead to
changes in specific protein levels by both proteolytic and

Cell area (um’)

transcriptional regulation (27). Previous quantitative studies
of the graded response of adherent cells to substrate stiffness
have focused on measures of cell shape, motility, and devel-
opment of traction forces or on the stiffness-dependent expres-
sion of specific gene products. The changes in cytoskeletal
structure have suggested that the cells’ internal stiffness may
also depend on substrate stiffness.

By employing concurrent measurement of actin cytoskel-
eton structure, cell height, area, and stiffness, we quantified
the morphological and physical properties of fibroblasts as a
function of the compliance of their substrate. Here, we have
used an AFM cantilever as a microindenter to determine the
mechanical properties of the cells. Because the magnitude of
indentation into the cell is relatively small (<400 nm)
compared with the height of the cell where it is probed, the
elastic resistance to indentation reflects the stiffness of the
cortical actin network. For a range of substrate stiffness from
1 to 5 kPa, fibroblasts adjust their average stiffness, without
formation of stress fibers, to match that of the substrate on
which they adhere. As the substrate stiffness increases past
this 5-kPa range, the cells remain softer than their substrate,
presumably because they reach the limit of the mechanism
by which they reinforce their cytoskeletons. Stress fibers
become prevalent only on these stiffer substrates. These
findings define two different states of cell adhesion and
spreading: on soft substrates the cell is not fully spread and
has a cortical actin cytoskeleton but no stress fibers, whereas
on a stiff substrate the cell becomes more completely spread
and organizes the actin cytoskeleton into stress fibers. The
change in actin organization is confirmed by the increased
amount of actin sedimenting at low centrifugal force (Fig. 5)
from extracts of cells grown on very stiff substrates.
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FIGURE 4 Effect of substrate stiffness on cell stiffness. (A) Cell stiffness
as a function of the stiffness of the adjacent gel. Each point is a mean = SD
of 12-40 different cells. (B) Individual measurements of cell stiffness as
a function of adjacent gel stiffness. Each point shown is the mean stiffness of
a single cell plotted against that of the neighboring gel. Bold line is the line
of identity showing the gel stiffness. The inset is an enlargement of the range
of gel stiffness up to 5 kPa on a linear scale.

A limitation of the current measurements and their inter-
pretation is that the mechanical measurements are made at a
single frequency of 1 Hz, and the force-indentation curves
are fit with a purely elastic model, neglecting viscous effects
that are likely to be important for deformations at longer
times or for larger strains (31). The quality of the fits to the
data shown in Figs. 1 A and 2 A supports the conclusion that
at this frequency and degree of deformation the cell periph-
ery is nearly as elastic as a PA gel. However, it is known that
the cytoskeleton is viscoelastic, and many recent studies
have emphasized the frequency or time dependence of cell
rheology (32). Despite this inherent viscoelasticity, the soft
glassy model of cell rheology in which the cell has no
permanent elasticity predicts that the time dependence of
cytoskeletal stiffness is very weak, and much of the deforma-
tion on a time scale of seconds is elastically recoverable. If it
were possible to make measurements on a time scale of
hours, the elastic modulus of the PA substrate would not
change from its value at 1 Hz, whereas the apparent modulus
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FIGURE 5 Effect of substrate stiffness of F-actin organization. (A) Western
blot for actin from pellet formed by low-speed (15,000 X g) centrifugation of
fibroblast lysates. Cells were lysed 24 h after plating on fibronectin-laminated
PA gels with 0.7 kPa, 4.5 kPa, and 15.2 kPa elastic moduli. (B) Densitometric
quantification of Western blots for actin sedimenting at low speed from
fibroblasts plated on PA gels of 0.7 kPa, 4.5 kPa, 15.2 kPa, or tissue culture
plastic. All values normalized to total protein in cell lysate. Error bars are
representative standard deviations from three repeats.

of the cell would be near zero. Such a measurement is not
practically achievable because at long times deformation of a
cell will be caused by both viscous flow and active remod-
eling, and these two processes cannot currently be distin-
guished rheologically. The potential importance of the rate of
deformation raises the question of the relevant time over
which the cell probes its environment to respond by chang-
ing its internal stiffness. The finding that cell elastic moduli
measured on a 1-Hz time scale match those of their substrate
suggests that the signals regulating cytoskeletal adaptation,
which presumably originate at adhesion sites, are repeatedly
probed on a time scale on the order of seconds as the cells
spread and attach.

The response of the fibroblast to increased substrate
stiffness in the range from 500 Pa to 10 kPa involves a
reorganization of the cytoskeleton to produce a more orga-
nized system of filament bundles and increasing amounts of
cross-linked actin filaments as seen in Fig. 5 and in previous
reports (5,6,8,33). Other studies of fibroblasts or other cell
types have shown a-smooth muscle actin expression (34),
production of calponin (35), expression of filamin (36), and
reorganization and change in the of type of intermediate
filament expressed (37,38) to be important in regulating the
mechanical response of adherent cells. One outcome of these
changes in cytoskeletal proteins is likely to be reinforcement
of the intracellular protein networks and their attachment
to the membrane. Other mechanisms that do not involve
changes in protein levels or biochemical interactions can also
stiffen the cell.
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Production of internal tension, sometimes called prestress,
has previously been proposed as a mechanism to change a
cell’s mechanical properties (39—41). Tension-induced stiff-
ening is an outcome of some tensegrity models with specific
geometries (42), but it is also a consequence of the nonlinear
elasticity of semiflexible networks even in isotropic arrange-
ments (26,43). This effect has been demonstrated in vitro by
myosin-induced tension stiffening of isotropic actin net-
works (44). The variation of cell size, stiffness, and traction
force on soft substrates is consistent with a simple model of a
nonlinear, variable stiffness gel (the cell) spreading on and
adhering to a linear gel of constant stiffness (the PA
substrate). Based on recent studies of the strain stiffening of
whole cells (45), the cell is modeled as a nonlinear elastic gel
of elastic modulus E.(e.), where E.(e.) is a function that
increases with strain, ¢.. Here, stress is applied to the system
by the cell adhering and spreading as a result of adhesion
energy between the cell and the substrate of constant
modulus E,. As the cell spreads and is deformed, E.(e.)
increases with spreading, i.e., with the deformation of the
cell, ¢.. The stress o generated by the spreading of the cell is
proportional to the deformation of both the cell and the gel
by the elastic moduli,

* _ *
o=E/(e) e and o =E;" &,;

respectively, where E, is the (constant) elastic modulus of
the gel and &, is the strain of the gel. A force balance yields
an expression for the deformation of the cell ¢, as a function
of the deformation of the gel &, and the elastic modulus of the
cell E(¢e.),

This explanation is comparable to the model of a cell and
its substrate as a two-spring system where the elasticity of the
system is sensitive to the softer spring (46). As long as the
stiffness of the cell E.(¢.) is lower than the stiffness of the gel
E,, strain applied to the system by adhesion will result in a
cell deformation that will be greater than the deformation of
the gel. For an incremental deformation of a soft cell, the
stiffer gel will not deform. As the soft cell continues to
spread and deform, the stiffness of the cell will increase with
&.. When the cell deforms to the point that its stiffness is the
same as the stiffness of the gel (E.(e.) = E,), the substrate
deformation will be equivalent to cell deformation. When
this threshold is reached, further stress applied to the system
leads to substrate deformation, and the cell deformation
(spreading) will decrease and stop. If the gel is stiff enough,
the cell spreads completely and organizes its cytoskeleton
and adhesions. When this occurs, the cell enters a second
state of adhesion, characterized by fully formed focal adhe-
sions and stress fibers, and the simple description above is no
longer applicable.
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This highly simplified conceptual model of a spreading
fibroblast as a nonlinear gel is consistent with numerous
experiments. It qualitatively explains that there is a limit to
cell stiffening caused by the stiffness of the gel on which it
adheres, as observed in Fig. 4. It is also consistent with the
fact that the size of the cells increases with increasing gel
stiffness, as confirmed in Fig. 3 A, and in numerous other
studies (3,6-8,28). The model also predicts that the stress
between a fully spread cell and the gel will increase with gel
stiffness, as was recently shown by traction force experi-
ments (7,47). Experiments on fully spread MDCK cells also
showed that the force applied by the cell on the substrate
increased linearly with the stiffness of the substrate to
produce an approximately constant substrate deformation
(48). This result is qualitatively consistent with the model
prediction that substrate deformation is the switch that
controls cell spreading and stiffening, although quantifica-
tion of this phenomenon would require knowledge of local
cell and gel deformations that are not currently experimen-
tally accessible. Additionally, if stiffer substrates allow more
cell deformation than softer ones, as our model predicts, cells
will tend to spread and migrate into stiffer regions, a phe-
nomenon known as durotaxis that has been observed exper-
imentally (19). According to these observations, persistent
cell migration would require a substrate stiffer than the cell,
and this form of durotaxis could be significant for under-
standing the impact of mechanical changes that occur in the
basal lamina in pathological states.

The data presented here argue that the stiffness of the
substrate is a critical regulator of cell morphology and
behavior and that fibroblasts, and perhaps other cell types,
increase their internal stiffness until they match that of their
substrate. This observation implies that a cell does not have a
predefined stiffness. The data of Fig. 4 show that individual
fibroblast stiffness can vary by a factor of at least 25, and
even population averages can vary by a factor of five as
the substrate stiffness is altered. These variations are almost
certainly underestimates because our current studies are
limited to substrates stiffer than 1000 Pa, and other studies
show that cells can sense differences between substrates
softer than 100 Pa (13,28,49). The sensors that allow a cell
to probe substrate stiffness are largely unknown, and not
all cell types exhibit the same response to substrate compli-
ance as shown here for fibroblasts. The sensitivity and cell-
type specificity of responses to substrate stiffness suggest
that mechanical probing of a cell’s microenvironment may
be an important element in formation, repair, and remodeling
of tissues.
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