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Summary

Cell adhesion and motility depend strongly on the

interactions between cells and extracellular matrix
(ECM) substrates. When plated onto artificial adhesive

surfaces, cells first flatten and deform extensively
as they spread. At the molecular level, the interaction

of membrane-based integrins with the ECM has been
shown to initiate a complex cascade of signaling

events [1], which subsequently triggers cellular mor-
phological changes and results in the generation of

contractile forces [2]. Here, we focus on the early
stages of cell spreading and probe their dynamics by

quantitative visualization and biochemical manipula-
tion with a variety of cell types and adhesive surfaces,

adhesion receptors, and cytoskeleton-altering drugs.
We find that the dynamics of adhesion follows a univer-

sal power-law behavior. This is in sharp contrast with
the common belief that spreading is regulated by either

the diffusion of adhesion receptors toward the growing
adhesive patch [3–5] or by actin polymerization [6–8].

To explain this, we propose a simple quantitative and
predictive theory that models cells as viscous adhe-

sive cortical shells enclosing a less viscous interior.
Thus, although cell spreading is driven by well-identi-

fied biomolecular interactions, it is dynamically limited
by its mesoscopic structure and material properties.

*Correspondence: pierre.nassoy@curie.fr (P.N.), lm@deas.harvard.

edu (L.M.)
Results

We address the dynamics of cell spreading after contact
initiation and preceding cell polarization. To do this, we
quantitatively monitored the spreading dynamics of
individual cells by using reflection interference contrast
microscopy (RICM), which enabled us to visualize the
adhesive contact between the cell membrane and sur-
face [9], over a period of up to an hour in a serum-free
medium. In most cases, the growth of the adhesion
patch was found to be isotropic (Figure 1 and Movie
S1 in the Supplemental Data available online), consis-
tent with previous findings [10], and allowed us to define
an average contact radius, R =

ffiffiffiffiffiffiffiffiffi
A=p

p
(with ‘‘A’’ being the

contact area measured from image analysis) as a func-
tion of different surface coatings, several cell lines
(wild-type or mutant), and various cytoskeleton-altering
drugs.

When the surface was coated with a typical ECM
protein, fibronectin, we found that the extent of spread-
ing of different cell types such as HeLa and sarcoma
murine (S180) cells was correlated with the fibronectin
surface density (Figure S1). However, in the early stages,
the growth rate of the contact radius obtained by sub-
traction of the lag time for spreading initiation was un-
affected by fibronectin surface density (Figure S1).
This observation is similar to that previously reported
for the spreading of fibroblasts [10]. To understand the
effect of other adhesion proteins, we used S180 cells
expressing E-cadherin, a homophilic cell-cell adhesion
protein [11], on E-cadherin-decorated surfaces (Movie
S2). Quite surprisingly, this too left the overall dynamical
behavior invariant during the time course of the experi-
ment (Figure 2, green triangles).

When S180 cells were transiently transfected with
a vector encoding for the constitutively inactive con-
struct of Cdc42, again there was no significant change
in the early stages of spreading (Figure 2, red circles,
and Movie S3). Because filopodia are inhibited by
Cdc42DN [12], these experiments demonstrate that
the cell membrane ‘‘roughness’’ induced by filopodia
is not a major determinant in driving the initial stages
of spreading.

To further assess the hypothesized role of the diffu-
sion of adhesion receptors [3–5], we carried out similar
experiments by using polylysine-coated slides. In this
case, cell attachment was nonspecific, and although
the lag time for spreading initiation was reduced, the
dynamical behavior of the contact radius was again
found to be identical to the previous results (Figure 2,
blue triangles, and Movie S6).

Moving from the manipulation of surface proteins and
external features, we next investigated the role of the
cytoskeletal network of microtubules by seeding noco-
dazol-treated HeLa cells on fibronectin-coated surfaces.
Although cell spreading was not impaired by microtu-
bule-disrupting agents, the absence of microtubule-
disrupting agents leads to the formation of localized
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Figure 1. Reflection Interference Contrast Snapshots of a HeLa Cell Spreading onto a Fibronectin-Coated Glass Substrate

The time interval between successive images (A)–(F) is 150 s. The scale bar represents 5 mm. The growth of the adhesive patch (dark zone) is

isotropic. Filopodia are visible as bright-dark dotted hairs at the periphery of the cell.
cellular blebs [13] (Movies S4 and S5). This led to fluc-
tuations in the size of the contact radius. However, over-
all the growth of the average patch size remained similar
to the one found for intact cells (Figure 2, purple
squares).

The independence of the temporal evolution of the
contact radius on the surface properties of both the
cell and the substrate, on the cell type, and on certain
cytoskeletal altering drugs suggests that although the
growth of the adhesive patch may be regulated by the
complex signaling events upstream of its formation, it
is ultimately limited by some collective aspects of the
cell’s material behavior, such as its geometry and ther-
modynamic and mechanical properties. In Figure 2, we
show that quantifying the temporal evolution of adhe-
sive contact for all the cases above shows two universal
trends; the contact radius follows an initial diffusive
regime summarized by the scaling law R w t1/2 initially
before it slows down to a subdiffusive behavior summa-
rized by the scaling law R w t1/4.

To explain these growth laws, we propose a theoreti-
cal model on the basis of a simplified physicochemical
description of the cell. On the time scale of the experi-
ments, we model the cell with its actin cortex as
Figure 2. Growth of Cell-Substrate Adhesive

Patches during the Early Stages of Spreading

Exhibits a Universal Power Law that Is Inde-

pendent of Cell Type, Substrate, and Adhe-

sion Receptors

Time corresponds to that after the onset of

spreading, i.e., lag times are subtracted. The

average contact radius, based on contact-

area measurements (see text) increases

initially as t1=2(the red dashed line indicates

Rwt1=2) over more than three decades in

time before slowing down (the red dash-

dotted line indicates Rwt1=4) (see Equations

1 and 2). The different curves are representa-

tive of a variety of experimental conditions

corresponding to: (black square) HeLa cell/

fibronectin (1 mg/ml) substrate; (green triangle)

E-cadherin S180 cell/E-cadherin substrate;

(red circle) Cdc42DN S180 cell/fibronectin

substrate; (purple square) nocodazol-treated

HeLa cell/fibronectin substrate; (blue triangle)

HeLa cell/polylysine substrate; and (orange

circle) biotinylated red blood cell/streptavidin

substrate.
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Figure 3. Schematic Representation of the

Cell

(A) As a viscous shell enclosing a liquid for

intact cells. The volume in which viscous

dissipation occurs is shaded.

(B) As a homogeneous viscous drop for cells

without cortex (i.e., treated with cytochalasin

D). The volume in which viscous dissipation

occurs is shaded.
a membrane-bound viscous shell that encloses a liquid
cytoplasm (Figure 3). During spreading, the increase in
cell contact with the surface is driven by the adhesion
associated with the formation of both specific bonds
and nonspecific interactions. Concomitantly, spreading
causes cell deformation and flattening, which leads to
a dissipation of energy. The dynamical balance between
these processes determines the temporal evolution of
adhesive contact. Of course, the cell itself is a source
of energy that can be and is used for remodeling its
structure. Here, we explicitly assume that during the
early stages of adhesion, this energy is not directed ex-
plicitly at enhancing or reducing adhesion, although
clearly this is not true during active actin polymerization
in the later stages of spreading when lamellipodia are
formed.

Then, for a rate of change of the contact area dA
dt zRdR

dt

(assuming a disk-like shape for the contact zone), the
rate of energy gain is JR dR

dt , where J the adhesion energy
per unit area is the product of the areal density of adhe-
sive bonds and the energy per bond. To accommodate
adhesion, the viscous cortical shell has to flatten and
flow during spreading. At short times, the size of the
contact zone is comparable to the length of cortical fila-
ments, so that the velocity induced in the cortical shell
by its unbending in the vicinity of the contact line must
be accommodated by the shearing of filaments over
the entire contact zone. Because the lower part of the
cortex is attached to the substrate, this physical picture
implies a characteristic strain rate of order dR=dt

w . We note
that this picture is very different from that of a drop made
of a simple (Newtonian) liquid such as water, where the
strain rate is localized to a zone of size comparable to
the contact radius. Because flow in the thin dense cortex
dominates that in the rest of the cytoplasm, the charac-
teristic volume over which dissipation occurs is of order
R2w (see Theoretical Model under the Supplemental
Discussion for details). If h is the cortical-shell viscosity,
the energy dissipation rate due to the viscous flow in the
cortical shell is proportional to hðdR

dt
1
wÞ

2R2w. Balancing
this with the adhesive power leads to following scaling
law for the contact radius at short times

R = C

�
Jw

h

�1=2

$t1=2; R % Rc; (1)

with C being a dimensionless constant and Rc being the
initial radius of the cell.

In this model, a key assumption is that the cortical
actin behaves as a polymeric viscous shell. Although
cells generally exhibit an overall complex viscoelastic
mechanical behavior, Käs and coworkers [14] have
shown that cells can be characterized by an effective
viscosity at deforming frequencies lower than w0.1Hz
(or characteristic deforming times greater than w10 s).
Because the spreading of cells of 10 mm size typically
occurs within tens of minutes, this sets the average
shear rate at approximately 1024 Hz, which is well in
the range of viscous response. The power law obtained
from Equation 1 is in good agreement with experimental
data over nearly four decades in time, as seen in the rep-
resentative curves of Figure 2. As expected, the scaling
laws predict that higher adhesion energies yield larger
patch sizes for a given time; thus, the R versus t curves
are shifted upward and to the right when, for instance,
the concentration in fibronectin on the substrate is in-
creased. By using measured values for the various param-
eters [15, 16] (w = 1 mm, h = 300 Pa.s, and J = 40 mJ/m2

for fibronectin coating at 1 mg/ml), we find that with
Cw0.8–2.5, Equation 1 provides an excellent quantita-
tive description of all our experimental results (see Table
S1, which summarizes the parameter values for all the
situations that we have experimentally investigated—
with data from approximately 10 cells for each different
condition).

At longer times, the radius of the adhesive patch is
comparable to the cell size, so that viscous dissipation
occurs in the whole cell, which is substantially flattened
at this stage. If wc is the height of the cell of initial radius
Rc, it follows that R3

cwR2wcbecause of volume conser-
vation. Then, the balance between the adhesive and
viscous power is modified to JR dR

dt yhcðdR
dt

1
wc
Þ2R2wc

and leads to the scaling law as follows:

Rw

�
JR3

c

hc

�1=4

t1=4; R > Rc (2)

with hc being the effective cell viscosity, which is in prin-
ciple different from the cortical viscosity. This second
regime, corresponding to a slowing down of the growth
of the adhesive patch, is also qualitatively consistent
with our experimental results, although the temporal
range over which we were able to test this is limited.
This intermediate stage of cell spreading corresponds
to a transient state between the initial cell flattening
that is our main focus here and the active cell remodel-
ing associated with such events as lamellipodium pro-
trusions and thus may be blurred. In contrast, the first
regime, characterized by a linear increase of the contact
area with time, is a very robust feature of cell spreading.

The temporal evolution of cell spreading described by
our simple model predicts a dependence on parameters
such as the geometry and rheological properties of the
cortical shell and the adhesion energy per unit area of
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Figure 4. Disruption of the Cortical Actin Significantly Affects the Spreading Dynamics

(A) In contrast with untreated HeLa cells (black squares), cytochalasin D-treated cells (red circles) spread more quickly and further as charac-

terized by a linear increase of the average contact radius with time. The surface is coated with fibronectin. The various lines indicate the different

power laws based on our simple theory (see text). (B) Three-dimensional multicolor image of an untreated HeLa cell on a fibronectin-coated

substrate 30 min after spreading initiation. Nucleus (shown in blue) is hardly visible behind a dense actin cortex (shown in green). Vinculin labeling

was undetectable, suggesting that focal adhesions are not formed at this stage of spreading.

(C) Three-dimensional multicolor image of a cytochalasin D-treated cell on a fibronectin-coated substrate 30 min after spreading initiation.

The actin cortex is mostly disrupted because actin (shown in green) appears patchy.
the cell to the substrate and is thus falsifiable. In order to
critically test our model, we have performed two addi-
tional series of experiments.

First, if valid, our description should be applicable to
all types of cells. An extreme variant in terms of both ge-
ometry and mechanical properties is provided by red
blood cells whose cytoskeleton is just a thin spectrin
network. Biotinylated red blood cells that have been
osmotically swollen to become spherical spread onto
streptavidin-coated surfaces completely within 1 min
(Movie S7), more than an order-of-magnitude more
quickly than eukaryotic cells. Yet the growth law re-
mains unchanged (Figure 2, orange circles) and is con-
sistent with our predictions with the following typical
values [17–19]: w= 50 nm, h = 10 Pa.s and J = 100 mJ/m2,
which yield a value C w 2 for the prefactor in Equa-
tion 1. To put our study in a wider comparative context,
we searched the literature for previous experimental
reports of cell-spreading dynamics. Although most
were primarily descriptive or focused on very specific
molecular mechanisms, we found that the kinetics of
spreading for fibroblasts on fibronectin-coated glass
[10], Dictyostelium discoideum on bare glass [6], or
erythrocytes on polylysine-coated glass [20] fall into
the rubric outlined here quantitatively or semiquantita-
tively (see Quantitative Interpretation in the Supplemen-
tal Discussion for detailed analysis).

Second, whereas microtubule disruption had no ef-
fect on the spreading dynamics, we expect drastic
changes if the actin cortex shell is altered because its
geometry and mechanical properties enter directly into
our model. On treating HeLa cells with cytochalasin
D, we found that the growth of the adhesion zone
(Movie S8) was linear in time (Figure 4A) as the cortex
became visibly patchy (Figures 4B and 4C). This is qual-
itatively consistent with the fact that the flow of cortical
actin is the rate-limiting step. However, when the cortex
is destroyed, the problem of cell spreading becomes
somewhat analogous to the spreading of a very viscous
drop with dissipation occurring within a contact zone of
volume R3, wherein the power balance at short times
reads JR dR

dt yhcðdR
dt

1
RÞ

2R3, and leads to the scaling law
Ryð J

hc
Þt. At longer times, when the cell is flattened so

that dissipation is no longer limited to just the contact
zone but occurs in the whole cell, we expect a crossover
to Equation 2, in fair agreement with our measurements,
as seen in Figure 4A.

Discussion

Although the molecular nature of surface-adhesion re-
ceptors and their signaling cascades drive and control
the process of adhesion, they are not individually the
determinants of the dynamics of cell adhesion. Instead,
our current studies show that the initial phases of cell
spreading exhibit a general and conserved dynamical
power-law behavior for the spreading radius, which is
independent of the details of the underlying molecular
interactions. This behavior is quantitatively consistent
with a simple physical model based on the collective
geometry and rheology of the cell and in particular that
of the actin cortex, as parametrized by its thickness,
viscosity, and adhesion-energy density. Taken together,
our experiments and theory provide us with a unified
framework for understanding the onset of cell spreading
by focusing on the collective aspects of the cell whose
behavior is determined by its coarse-grained geometry
and material properties.

When viewed from a mesoscopic physicochemical
perspective, this is perhaps not all that surprising given
that the spreading rate is also a coarse-grained mea-
surement that integrates many molecular details that
occur on much smaller and faster scales. It is worth
mentioning here that a variety of other molecular models
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could lead to the same results. However, the constraints
posed by experimental data are nontrivial (molecular
nonspecificity and cortex geometry), suggesting that
a macroscopic model that focuses on the collective
material properties of the cell are sufficient to explain
the data; they help us sharpen the question at the next
level.

From a molecular biochemical perspective, our ap-
proach raises the question of the mechanisms and
processes that determine the effective thickness of the
cortex, perhaps the single most important determinant
of the kinetics of spreading, because information about
both the adhesion energy and the viscosity of the cortex
comes naturally from knowledge of the geometry and
constitutive structure of the cortex. Future attention on
perturbing the molecular determinants of these material
and geometric properties of cells in the context of their
collective behavior will help us in carrying out an in-
depth critical test of the proposed mechanism. A first
step in this was uncovered by our experiments designed
to disrupt the cortex. More refined experiments that
quantify this disruption as well as others that probe
the dynamics of the cortex directly will undoubtedly be
needed to determine the molecular basis for the effec-
tive material parameters in our model. Although this
will allow us to progress toward a hierarchical multiscale
approach to the dynamics of cell spreading, simple
quantitative laws and predictive physical models such
as ours are an important step in providing guidance for
future experiments.

Experimental Procedures

Cells and Substrates

HeLa (human adenocarcinoma epithelial cells) and S180 (mouse

sarcoma cells) were cultured in DME (Dulbecco Modified Eagle) me-

dium with 10% FCS (fetal-calf serum) at 37�C. Cells were treated

with trypsin-calcium solution and centrifuged (1200 rpm, 5 min) for

subsequent medium exchange. Prior to the experiments, cells

were suspended in a working C02-independent medium (Invitrogen)

devoid of FCS. S180 cells transiently transfected with a vector en-

coding for the constitutively inactive construct Cdc42DN were

used for assessing the influence of the filopodial activity on the

spreading dynamics. Red blood cells were obtained from finger

prick and biotinylated with NHS-PEG3400-biotin (Nektar) [21].

When necessary, nocodazole (1 mM, 30 min) and cytochalasin D

(1 mg/ml, 15 min) were added in working medium for disruption of,

respectively, the microtubules and the actin filaments.

Glass coverslips were washed in chloroform/methanol:1/1 and

used as templates for preparation of the substrates. Fibronectin

coating was performed at 0.1 and 1 mg/ml in PBS for 30 min at

37�C. Polylysine was adsorbed from a 100 mg/ml solution at room

temperature. E-cadherin was immobilized after a protocol adapted

from [22]. In brief, coverslips were mercapto-silanized, loaded with

goat anti-mouse Fcg fragments antibodies (overnight, 20�C), and

subsequently coated with human Ecad-Fc chimera (5 mg/ml, 4 hr,

37�C). Streptavidin was immobilized on a biotinylated coverslip

[21] by incubation for 30 min at room temperature in a 10 mg/ml

solution.

Video Microscopy and Analysis

The dynamics of cell spreading was followed by time-lapse reflec-

tion interference contrast microscopy (inverted Olympus IX 71

equipped with 1003 apochromat objective, interference filter at

546 nm, and digital camera [Roper HQ]). Images were acquired every

1 or 5 s for approximately 30 min, and exposure times were 20 ms for

eukaryotic cells. Real-time imaging at 50 Hz video rate was per-

formed for erythrocytes. The (dark) contact area was measured

from stacks of binary images with Metavue (Universal Imaging
Corp.) in accordance with a standard threshold protocol [23]. Fixed

cells [24] were visualized by 3D microscopy after plating for 30 min.

Actin and DNA were stained with 1 mM phalloidin-FITC and DAPI.

Vinculin was immunolabeled with primary anti-vinculin (kindly

provided by Marina Glukhova) and secondary Cy3-conjugated

goat anti-mouse antibodies. Image deconvolution was performed

with the modified-Gold iterative constrained algorithm [25].

Supplemental Data

Supplemental Data include additional Discussion, four figures,

one table, and eight movies and are available with this article online

at http://www.current-biology.com/cgi/content/full/17/8/---/

DC1/.
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