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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.), In@deas.harvard.
edu (L.M.)

Report

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=/A/7 (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 um. 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
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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 ~ t"/2 initially
before it slows down to a subdiffusive behavior summa-
rized by the scaling law R ~ /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 t'/2(the red dashed line indicates
R~t/2) over more than three decades in
time before slowing down (the red dash-
dotted line indicates R~t'/%) (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 pg/ml) substrate; (green triangle)
E-cadherin S180 cell/E-cadherin substrate;
(red circle) Cdc42DN S180 cell/fibronectin
substrate; (purple square) nocodazol-treated
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=
-

HeLa cell/fibronectin substrate; (blue triangle)
1000 Hela cell/polylysine substrate; and (orange
circle) biotinylated red blood cell/streptavidin
substrate.
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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
adissipation 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 94 =R
(assuming a disk-like shape for the contact zone), the
rate of energy gain is JR %, 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 %/dt. 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
R?w (see Theoretical Model under the Supplemental
Discussion for details). If 5 is the cortical-shell viscosity,
the energy dissipation rate due to the viscous flow in the
cortical shell is proportional to 7(2 1)?R?w. Balancing
this with the adhesive power leads to following scaling
law for the contact radius at short times

1/2
R=C (‘%’") 2 R <R., M

with C being a dimensionless constant and R, 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, Kids and coworkers [14] have

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.

shown that cells can be characterized by an effective
viscosity at deforming frequencies lower than ~0.1Hz
(or characteristic deforming times greater than ~10 s).
Because the spreading of cells of 10 um size typically
occurs within tens of minutes, this sets the average
shear rate at approximately 10~* 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 um, n = 300 Pa.s, and J = 40 pJ/m?
for fibronectin coating at 1 pug/ml), we find that with
C~0.8-2.5, 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 w, is the height of the cell of initial radius
R., it follows that R® ~ R?w because of volume conser-
vation. Then, the balance between the adhesive and
viscous power is modified to JR %E e (% W%)ZWWC
and leads to the scaling law as follows:

1/4

3
R~<ﬂ> 1'1/4,F1’>F1'C 2)
Ne

with 7, 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 HelLa 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 HelLa 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, n = 10 Pa.s and J = 100 pJ/m?,
which yield a value C ~ 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 HelLa 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 JR9R=n (4 1)2R3 and leads to the scaling law
R;(%)t. 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

HelLa (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 C0,-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 pM, 30 min) and cytochalasin D
(1 pg/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 pg/ml in PBS for 30 min at
37°C. Polylysine was adsorbed from a 100 pg/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 Fcy fragments antibodies (overnight, 20°C), and
subsequently coated with human Ecad-Fc chimera (5 ng/ml, 4 hr,
37°C). Streptavidin was immobilized on a biotinylated coverslip
[21] by incubation for 30 min at room temperature in a 10 pg/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 100x 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 uM 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/17/8/694/DC1/.
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Supplemental Discussion

Theoretical Model: Assumptions and Implications
Our basic starting point is the geometry of the spreading
cell, which we model as a polymeric viscous shell (the
cortex-bilayer composite) surrounding a less viscous
interior, the cytoplasm.

We also assume that the viscosity of the aqueous
environment of the cell is much smaller than that of the
cell, so that we do not have to consider its effects as
rate limiting over the period of observations. Further, we
assume that although energy is continuously consumed

S1

by the cell, it is not in the main directed toward the active
protrusion of lamellipodia, cell polarization, etc.
Because we see that the same power law results from
a variety of cell types adhering to different substrates
with varying concentrations of ligands, we assume that
the dynamics of adhesion is not determined by specific
chemical interactions to leading order. This is reasonable
when one thinks about the situation in detail: Although
at the molecular level, receptor-ligand interactions are
indeed important, the time scales for these are relatively
short and of the order of a few ms. However, the adhe-
sive contact changes because of the relatively slow

Figure S1. Influence of the Surface Density
in Fibronectin and of the Cell Line on the
Spreading Dynamics

(A) Time evolutions of the contact radius for
two cell lines and two different concentra-
tions of fibronectin are as follows: blue closed
circles, S180 cell/fibronectin (0.1 pg/ml);
purple open circles, S180 cell/fibronectin
(1 ng/ml); red closed squares, Hela cell/fibro-
nectin (0.1 pg/ml); and magenta open squares:
Hela cell/fibronectin (1 pg/ml).

(B) Time evolution of the contact radius of
aHela cell sreading onto a fibronectin-coated
substrate (blue: 0.1 ng/ml; red: 1 pg/ml) in a
log-log plot. The dashed line is a guide
indicating the power law t'2,
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Figure S2. Contact Radius versus Time for
Dictyostelium discoideum Spreading on
Bare Glass

Data from Chamaraux et al. [S1] are replotted
in a log-log scale and compared with one
typical curve of the present work.

Time (s)

flow, occurring over a time scale of many seconds, of the
dense entangled and crosslinked cortex. This separa-
tion of time scales implies that a simple physicochemi-
cal interfacial adhesive energy density suffices to de-
scribe the process: Characterizing this requires the
specification of the energy of interaction of a single re-
ceptor-ligand bond and the areal density of bonds,
which we assume is limited by the density of ligands
on the substrate rather than the number of receptors
that the cell is capable of supplying. This is reasonable
for live cells but must be contrasted sharply with the as-
sumption made in studies of vesicle adhesion, where,
for example, the membrane-based diffusion of recep-
tors is often the rate-limiting step. If J is the adhesion
energy density (in J/m?) of the cell, the change in adhe-
sion energy when the contact line of radius R and length
27R moves an amount dR is given by 27RdR; if this
occurs in a time dt, the rate of change of energy asso-
ciated with adhesion is proportional to JR% (here and
elsewhere, we will ignore numerical factors such 2 =

periodic local contractions of the cell

because our goal is to uncover the basic functional
dependences).

The dynamics of adhesion is limited by the resistance
to flow of the cell as a whole as it spreads from a spher-
ical shape to a flattened one. With the exception of the
nucleus, the cortex is by far the densest part of the
cell. Because the cortex must flow to accommodate
the excess area associated with spreading (whereas
the nucleus does not), the rate of flattening is deter-
mined by the time required for the cortex to deform.
The cortex is elastic at short times and viscous at long
times; in general its rheology, i.e., its response to forces,
is complex. During the slow irreversible spreading of the
cell, we assume that the viscous flow of the cortical layer
provides the dominant resistance to the rate of deforma-
tion; furthermore, we assume that the cortex behaves
like a simple Newtonian viscous liquid, i.e., its viscosity
nis constant. The rate of dissipation in a fluid is propor-
tional to | n(Vu)zdv where Vu is the velocity gradient or
shear rate in the dense entangled cortex. Assuming

Figure S3. Contact Radius versus Time for
Fibroblast Spreading on Fibronectin-Coated

R (um)

Glass

Data from Dubin-Thaler et al. [S6] are replot-
ted in a log-log scale and compared with
one typical curve of the present work.
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Figure S4. Contact Radius versus Time for
Red Blood Cell Spreading on Polylysine-
Coated Glass

Data from Hategan et al. [S8] are replotted in
alog-log plot. The lines are guide lines show-
ing the growth law for the two regimes dis-
cussed in the present paper.
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that the velocity varies from zero at the adhesive inter-
face between the cell and the substrate to the velocity
of the contact line dR/dt at the innermost layer of the
cortex of thickness w, a typical velocity gradient in this
zone is Vu~1/w(dR/dt). Here, we have made the as-
sumption that the velocity of unbending the cortex in
the vicinity of the contact line dR/dt is the velocity at
which the cortex is sheared. For situations when the
size of the contact zone is comparable to the entangle-
ment of the filaments in cortex, the volume affected by
the shearing is proportional to fdv~R2w, i.e., it is the
area of the contact zone multiplied by the cortical thick-
ness. Substituting these expressions into the dissipa-
tion rate is proportional to n(%)szw. Balancing this
dissipation rate with the adhesive power yields the
scaling law (Equation 1).

Similar arguments, but with different expressions for
the shear rate and the volume over which the dissipation
occurs, under conditions corresponding to a flattened
cell lead to the scaling law (Equation 2) and the linear
behavior observed for cell spreading without a cortex.

Having outlined the assumptions and implications of
the mesoscopic theory, we can clearly see its strengths
and limitations. The main strength of the model is its
relative simplicity and the fact that it can with minor
modifications explain a variety of different scenarios
of spreading. When combined with complementary
models in the limit of diffusion-limited spreading in
vesicles, we find that the range of phenomena that
may be explained includes vesicle and cell spreading;
also, the model could be used to look at phenomena
such as phagocytosis and endocytosis. Furthermore,
the parameters that the model requires are all measur-
able quantities, and its predictions are consistent with
observations for the diffusive spreading of the cell at
short and intermediate times. A key prediction is that de-
stroying the cortex should alter the dynamics of spread-
ing qualitatively; experimentally we see subdiffusive
spreading in this situation. The main limitation of the
model is that it assumes a constant cortical thickness
and viscosity, both of which have molecular determi-
nants that are not yet completely known.

Table S1. Summary of Experimental Conditions and Fitting Parameters

Cell Type Surface Coating (concentration®) Number of Cells  Exponent o® (R ~t%)  Adhesion Energy® J (uJ/m?)
HelLa/S180 Fibronectin (1 pg/ml) 18 0.51 = 0.03 40 =16

Hela/S180 Fibronectin (0.1 pg/ml) 16 0.47 = 0.05 8+3

HelLa Polylysine (100 pg/ml) 9 0.50 = 0.04 138 = 22

S$180-Ecad E-Cadherin (5 ng/ml) 12 0.48 = 0.02 317

Cdc42DN-S180 Fibronectin (1 pg/ml) 7 0.49 + 0.03 75 = 31

Nocodazol-treated HeLa Fibronectin (10 pg/ml) 9 0.45 = 0.07 101 £ 42

Biotinylated Erythrocyte Streptavidin (10 pg/ml) 19 0.50 + 0.02 887
Cytochalasin-treated HeLa  Fibronectin (1 pg/ml) 13 0.95 + 0.06 30 = 8©

Note that the fits are performed from the onset of spreading to a radius of contact equal to the cell radius (i.e., 7 um for eukaryotic cells and 3 um

for erythrocytes).

2Bulk concentration used to coat the glass slides (see Experimental Procedures for protocol details).
b Experimental data were fitted with two parameters, « and J. The unknown constant in Equation 1 was chosen as C = 2. For HeLa and S$180 cells,
the cortex thickness was set at w = 1 um [S12], and the effective viscosity of the cortex n = 300 Pa.s [S13]. For erythrocytes, w = 50 nm [S10] and

n=10 Pa.s [S11].

°The interior viscosity of cytochalasin D-treated cells was set = 150 Pa.s.
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Quantitative Interpretation of Previous Experimental
Results in the Framework of Our Theoretical Model
Here, we use the quantitative framework developed by
us to analyze earlier experiments that report data on
the early stages of cell spreading with sufficient preci-
sion that allows for analysis. In these works, the selected
cells and adhesive surfaces are strikingly different, and
yet they show the same quantitative trends as we see.
For each case, we have extracted the original data and
plotted the R-t curve in log-log plot together with one of
our typical curves. We have then attempted to account
for the observed kinetics on the basis of our three-
parameter model (viscosity n, adhesion-energy density
J, and cortex thickness w).

(1) Spreading of Dictyostelium discoideum on Bare
Glass [S1]

As pointed out by the authors, the growth of the con-
tact area is intrinsically directional with D. discoideum
(even at short times), with an immobile backfront. The
model proposed by Chamaraux et al. suggests that
the spreading dynamics is primarily governed by the
kinetics of actin polymerization. This assumption seems
reasonable given the polarized nature of D. discoideum.
In consequence, six independent microscopic parame-
ters that may be difficult to measure are required to
account for the observed growth law. The authors
propose that the contact area is proportional to tanh(at),
with o1 being a characteristic time, of the order of 50 s.

For t < 50 s, the contact area increases linearly with
time. The average contact radius thus is proportional
to t'2 before saturating at longer times (>1 min), for
which active processes strongly dominate the dynamics
of spreading and motility.

As seen in Figure S2, the agreement between this
approximate power law and the one predicted by our
model might be coincidental. However, by taking A =
100 pm? for the “equilibrium contact area” (see for
instance [S2]), the spreading rate at short times is of
the order of 1.5 um?%/s. With w = 1 ym and J = 20 pJ/m?
[S3], we find a cortex viscosity of the order of 50 Pa.s
for D. discoideum, and this is in good agreement with
the 10-250 Pa.s range reported in [S4].

(2) Spreading of Fibroblasts on Fibronectin-Coated
Glass Surfaces in Serum-Free Medium [S5, S6]

The authors report three regimes of growth for the
adhesive patch characterized by three power laws.
The derived exponents are, respectively, 0.4 = 0.2, 1.
6 = 0.9, and 0.3 = 0.2 for the contact area. First, we
may note that the amount of error on these exponents
is very large. Second, when displayed as R versus t in
a log-log plot, we observe that these three power laws
are obtained over half a decade in radius (y axis) and
less than two decades in time (x axis). We propose
that their data could be reinterpreted by considering
that the first stage is a quiescent stage preceding the
effective spreading of the cell. Subtracting this lag
time, we find that their intermediate regime is astonish-
ingly well described by a t'/2 law (see Figure S3). The
global shift toward large patch sizes for a given time
may also be rationalized by the lower cortex viscosity
of fibroblasts compared to most other cells [S7]. Finally,

at later stages (corresponding to the third regime), the
contact radius seems to saturate instead of growing
proportional to t'/%. As pointed out in our manuscript,
this t"* regime may be overwhelmed by active pro-
cesses because this seems to occur in this particular
case (the authors report “periodic local contractions of
the cell”) and is clearly outside the range of applicability
of our model.

(3) Spreading of Red Blood Cells on Polylysine-
Coated Glass [S8]

The authors have monitored the spreading kinetics of
ared blood cell onto a polylysine-coated (10 mg/ml bulk
concentration) substrate. Here, the kinetics is completed
within 1 s, which is three orders-of-magnitude more
quickly than for HeLa cells on ECM substrates, for exam-
ple. In this particular case, however, all the parameters n,
J, and w were measured by independent methods. In
a previous paper, Hategan et al. [S9] determined that
the adhesion energy (referred to as “spreading pres-
sure”) is J = 1072 J/m? From thickness measurement
of the erythrocyte sprectrin network, Heinrich et al.
[S10] found that w = 50 nm. Finally, shape-relaxation
measurements of deformed red blood cells yielded a
cortex viscosity n = 10 Pa.s [S11]. From Equation 1 (see
main text), one readily obtains dA/dt = 60 ym?/s, and
the measured growth rate was found to be 123 um?/s.
Given the uncertainty on the measured parameters and
on the prefactor in Equation 1, a difference by a factor
2 has to be considered as a good agreement.

The R-versus-t curve also displays a break in the
slope. The log-log plot shown in Figure S4 could suggest
a t"* power law. If one fits this portion of curve with
Equation 2, we find (JR.3/n)"* = 4, whereas the calcu-
lated value of the prefactor with the measured values
of J, n, and R; yields 7. Recognizing that Equation 2 is
a scaling law, in which a small numerical factor has
been omitted, the reported data is consistent with our
model for both regimes.
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