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Abstract To characterize the dynamics of cell-substrate
adhesive rupture, we used a novel micromanipulation
technique, in which individual fibroblasts seized on a
rigid microplate were placed into contact with a fibro-
nectin-coated flexible microplate, then pulled away. The
fibronectin density (0-3000 molecules/um?®) and the
pulling rate (I-10 um/s) were controlled. The extent of
the contact zone decreased to zero at a time threshold
corresponding to adhesive rupture. The uniaxial force at
the interface, computed from the deflection of the
microplate, increased linearly with time and reached
a maximum before dropping to zero. A deterministic
model, focusing on the mean number of bonds between
fibronectin and its membrane receptor on the cell sur-
face, shows rapid rupture when the force reaches a
critical value, in agreement with experimental observa-
tions. Increasing the ligand density and the rate of load
raises the maximal force (30-200 nN), in reasonably
good agreement with the model predictions. Minimiza-
tion of error between experimental and simulated forces
allowed identification of two physicochemical properties
of the bond, i.e. its association rate constant (k20 =
3 x 107 um?/s) and structural length (d = 3 nm). These
results may help understand better fibroblast locomo-
tion and interaction with the extracellular matrix.

Key words Micromanipulation - Ligand-receptor
interaction

Introduction

Adhesion of cells to the extracellular matrix not only
participates in tissue integrity, but also influences cell
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behavior (e.g. shape, motility, growth, and differentia-
tion) and thus plays a fundamental role in physiology
(e.g. neural development and immune responses), repair
(e.g. wound healing), and pathology (e.g. metastasis). At
the molecular level, cell-matrix adhesion involves spe-
cific interactions between extracellular protein ligands,
e.g. fibronectin (Mosher 1989) and transmembrane re-
ceptors of the integrin family (Hynes 1992). On their
cytoplasmic face, integrins bind actin filaments through
several proteins, including talin and vinculin (Burridge
and Chrzanowska-Wodnicka 1996). Coordinated for-
mation and rupture of adhesive bonds are essential to
the control of cell morphology (Davies et al. 1994;
Huttenlocher et al. 1995). Such dynamic remodeling of
adhesions is regulated by chemical events (e.g. phos-
phorylation) and by mechanical factors, in particular
cytoskeletal tension (Crowley and Horwitz 1995). Ten-
sion is generated through contractile actin-myosin stress
fibers (Kreis and Birchmeier 1980), and transmitted to
the extracellular matrix through integrins (Ingber 1991).
Rupture of adhesive sites at the rear upon cytoskeletal
contraction is essential for fibroblasts to move forward
(Regen and Horwitz 1992; Lauffenburger and Horwitz
1996). Thus, it is important to understand on a physical
basis how cell-matrix contacts rupture under stress.
One way to address this issue in vitro is to impose
external forces to adherent cells until they separate from
a ligand-coated substrate (Hubbe 1981; Bongrand et al.
1994). Several experiments of this type, using techniques
of centrifugation (McClay et al. 1981; Hertl et al. 1984;
Lotz et al. 1989; Thoumine et al. 1996), hydrodynamic
flow (Mohandas et al. 1974; Mége et al. 1986; Truskey
and Pirone 1990; Palecek et al. 1997), and micropipet
manipulation (Evans et al. 1991; Toézeren et al. 1992;
Sung et al. 1994), have led to estimation of kinetics of
detachment and rupture forces. The latter range from
107" N to 1077 N, scatter being due to differences at
several levels: (1) type of cell, each possessing specific
structural and mechanical properties; (2) type, number,
and mobility of receptor and ligand molecules involved
in adhesion; (3) cell deformation and active force
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generation (e.g. traction); (4) temperature, likely to af-
fect many processes (cytoplasm viscosity, kinetic rates of
molecular reactions); (5) type, direction, rate and dura-
tion of force applied. One way to better interpret such
experiments and allow identification of important mo-
lecular parameters in adhesion is to use mathematical
modeling.

Several models of cell adhesion have been formu-
lated, which fall into three main categories (Lauffen-
burger and Linderman 1993): thermodynamic (Bell et al.
1984), mechanical (Evans 1985; Dembo et al. 1988;
Tozeren 1990; Ward et al. 1995), and statistical (Cozens-
Roberts et al. 1990; Truskey and Pirone 1990). Typi-
cally, these models predict how some measurable
quantity characterizing adhesion (area and profile of
cell-substrate contact zone, peeling velocity, fraction of
adherent cells) depends on the imposed experimental
conditions, e.g. ligand density, temperature, time, and
force, through parameters related to the molecular in-
teraction, e.g. chemical affinity between receptor and
ligand, range of the bond, and adhesion energy. One
important issue in these approaches is the link between
the mechanics and chemistry of the molecular complex.
In particular, if one considers the receptor-ligand inter-
action as a chemical reaction with characteristic associ-
ation and dissociation rates, how are these parameters
affected by a force placed on the bond? Several expres-
sions have been proposed to describe the influence of
force on these kinetic rate constants (Bell 1978; Dembo
et al. 1988; Evans et al. 1991; Evans and Ritchie 1997),
some of which have been verified experimentally (Alon
et al. 1995; Piper et al. 1998).

A lot of recent work has focused on the physical
properties of selectin-based interactions, particularly in
the context of leucocyte rolling on the endothelium
(Kaplanski et al. 1993; Alon et al. 1995). However, little
is known on the mechanics of molecular interactions
with the extracellular matrix. In this context, the ob-
jective of our study was to measure some physico-
chemical characteristics of the fibronectin-integrin bond.
On the experimental side, we used microplate manipu-
lation to separate individual fibroblasts from fibronec-
tin-coated glass, allowing precise quantification of the
force and contact area during adhesion rupture. On the
theoretical side, we used a deterministic model which
predicts the average number of receptor-ligand bonds
over time. By fitting the data, we obtained the associa-
tion rate constant and the structural length of the bond.

Materials and methods
Cell culture

NIH mouse 3T3 fibroblasts were generously provided by C. Ruegg
(ISREC, Epalinges, Switzerland). Cells were fed with Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine se-
rum and 0.05% gentamycin. Cell culture reagents were purchased
from Seromed (Germany).

Microinstrument preparation

Microplates were fabricated from 0.1 x 1 X 100 mm borosilicate
bars (VitroCom, Mountain Lakes, NJ, USA) using a micropipet
puller (Sutter Instruments, Novato, Calif., USA). By adjusting the
parameters of the puller, two types of microplates were made
(Fig. 1): (1) rigid ones, with stiffness (taken as the force divided
by the deflection of the tip) of about 107 N/um, and (2) more
flexible ones (stiffness between 10~ and 107 N/um). Before ma-
nipulation, rigid microplates were cleaned with sulfochromic acid
(Merck), silanated, and treated with glutaraldehyde as described
(Thoumine and Ott 1997a), to produce a strongly adhesive surface
necessary to hold cells (covalent bonds are formed between mem-
brane proteins and the glass surface). Flexible microplates were
coated with bovine fibronectin by incubation for 1 h at room
temperature in solutions of 0, 0.3, 1, 3, or 10 pg/ml in PBS, and
rinsed in PBS right before use. Unless otherwise indicated, chemi-
cals were purchased from Sigma (St. Louis, Mo., USA).

Quantification of fibronectin density

The surface density of fibronectin adsorbed on microplates was
assumed to be equal to that on glass coverslips. The latter was
determined as described (Thoumine et al. 2000) and found to be
proportional to the fibronectin concentration used for incubation,
10 pg/ml corresponding to approximately 3000 molecules/um?.

Instrumentation

Microplates were fixed to steel arms and maneuvered using two
30-mm mechanical micromanipulators (Physik Instrumente,
Waldbronn, Germany), mounted on each side of the stage of an
inverted microscope (Zeiss, Germany) placed on an anti-vibration
table (TMC, Peabody, Mass., USA). Fine displacement of the rigid
microplate (Fig. 1) was achieved using a 25-um range piezoelectric
translator (Piezomike, Physik Instrumente) controlled by a com-
puter (Power Macintosh, Apple) through a digital-analog interface
(LabView software, National Instruments, Austin, Tx., USA).

Cell manipulation

Cells from a 1 cm? culture well were detached using 0.005% tryp-
sin-20 mM EGTA in McCoy’s 5A medium lacking Ca>", resus-
pended in MEM-Hepes, and added to the manipulation chamber.
One fibroblast was captured on a rigid microplate, as described
(Thoumine and Ott 1997a). After 5 min, the medium was replaced
by MEM-Hepes containing 10% FBS, and the cell was transferred
in a CO, incubator at 37 °C and allowed to spread for 1h
(Thoumine et al. 1999a, b). The cell was then brought back to the
microscope. The microplate was turned by a 90° angle (Fig. 2A),
and the cell was pushed by about 2 um against a fibronectin-coated
flexible microplate (Fig. 2B), so as to force adhesion. After a 5 min
incubation, the rigid microplate was displaced by 25 pm linearly

A
piezoymovement

30pum Rigid microplate

Fig. 1 Perspective drawing of the experiment. The rigid microplate is
coated with glutaraldehyde and the flexible one with fibronectin



Fig. 2A-D Detachment test. A A fibroblast (center) captured
and slightly spread on a rigid microplate (top contour) was placed
into contact with a fibronectin-coated (1000 molecules/um?), flexible
microplate (bottom contour), and incubated for 5 min. A slight
compression was imposed. The cell in B is shown at the end of the
adhesion period. The rigid microplate was then displaced upward by
25 umin 10 s. The cell is shown right before (C) and after (D) adhesion
rupture, which occurred in this case at 7, = 6 s. Note the deflection of
the flexible microplate. Cells are viewed from the side. Bar, 5 um

with time, using the piezoelectric translator (Fig. 2C). The duration
of the displacement was either 3, 10, or 30 s. The stiffness of the
flexible microplate was adjusted with respect to the fibronectin
concentration so that adhesive rupture occurred within the given
time period (Fig. 2D). In some cases, 400 pg/ml Gly-Arg-Gly-Asp-
Thr-Pro (RGD) peptides were added to the suspension. All ex-
periments were performed at room temperature (23 °C).

Force calibration

At the end of each experiment, a reference microplate was placed
onto the tip of the flexible microplate and moved linearly by 25 pm
in 20 s. The relationship between the deflections of the two in-
struments was linear, allowing determination of the flexible mi-
croplate rigidity. To estimate its stiffness, the reference microplate
was previously coated with 10 pg/ml fibronectin and used to cap-
ture a cell. It was turned by 90°, giving a side view of the cell, and a
micropipet (internal diameter on the order of 6 um) was ap-
proached from the free extremity of the cell. Micropipets were
pulled and bent to 90° as described (Thoumine et al. 1999a).
Negative pressure in the pipet was increased by 10 mm H,O in-
crements (up to 100 mm H,O), and the pipet was displaced at a
speed of 2 umy/s. At a certain point during pulling, cells slipped out
of the pipet: the force at the basal surface (microplate stiffness times
deflection) was then equal to the force at the apical side (pressure
times pipet cross section). The relationship between the measured
deflection and the apical force was linear (Thoumine et al. 1999b),
the slope of which being taken as the microplate stiffness, k (be-
tween 107 and 107® N/um).

Image acquisition and analysis

Cell-substrate separation was filmed under bright-field illumination
using a 40 x /0.75 objective, a 1.6x Optovar lens, and a CCD
camera (Cohu, San Diego, Calif., USA) connected to an sVHS
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video cassette recorder (Sanyo, Japan). Videotapes were played
back and images were digitized with a personal computer (Power
Maclntosh, Apple) equipped with a frame grabber card (Scion,
Frederick, Md., USA). Using image processing software (NIH
Image 1.60), the following parameters were measured over time (¢):
(1) the diameter of conjugation between the cell and the flexible
microplate (D); and (2) the deflection of the flexible microplate (9).
Errors, taking into account optical resolution and low frequency
vibrations, were on the order of 0.4 um. The apparent contact area
was computed as A, = nD?/4. The instantaneous peeling velocity
was taken as the difference in contact diameter between two sub-
sequent time points, divided by the time interval. The force applied
on the cell was calculated by multiplying the microplate deflection
by its stiffness obtained from the calibration procedure (F = k9).
Deflection of the rigid microplate, around 100 times stiffer than the
flexible instrument, was neglected. The error on force measure-
ments, including detection of the microplate position, thermal drift
of the instruments, and calibration procedure, was about 15%. We
also measured the total apparent cell area (A1) at the end of the
adhesion phase, using a program added to NIH Image, described
elsewhere (Thoumine et al. 1999a, b). Apparent areas (4. and Ar)
in moderately spread fibroblasts are slightly lower than actual
surface areas (30% at the most), because of membrane wrinkles
(Thoumine et al. 1999a).

Characterization of the proteins present in the contact zone

To analyze the material left behind on the flexible microplate after
cell separation, immunofluorescent staining was carried out directly
in the chamber, essentially as described (Thoumine and Ott 1996),
using the following primary antibodies (20 pg/ml): rabbit anti-
human fibronectin, mouse anti-chick f; integrin, rabbit anti-mouse
os integrin, or rabbit anti-human f; integrin (Chemicon, Harrow,
UK). These antibodies were species cross-reactive. Secondary
antibodies were TRITC-labeled goat anti-rabbit or anti-mouse
IgG. Observation was made under epifluorescence illumination
with a 63x/1.25 oil objective.

Theoretical analysis
Model hypotheses

Cell-substrate adhesion was considered to rely on the specific in-
teraction between a ligand (fibronectin) and its receptor, e.g. the
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asfy integrin (Hynes 1992), taken as a first-order reversible chemi-
cal reaction:

R+ L&R.L

kotr

where R is the free receptor, L the free ligand, and R - L the
complex (noted C). The reaction 1s drlven by two kinetic parame-
ters, the 2D rate of association k2P (um?/s) and the rate of disso-
ciation kog (s'). The number of spec1ﬁc bonds was relatively high
in our experimental conditions since the forces to separate cells
from the microplates were 3-4 orders of magnitude larger than the
strength of a single fibronectin-integrin bond (Thoumine et al.
2000). Thus, we adopted a deterministic framework, reasoning on
the mean number of bonds.

Attachment phase

For the attachment period, the area of the contact zone (A4.) and
the pardmeters k2D and ko were taken as constants, i.e. k20 = k2D 0
and kogr = k. respectlvely, where the superscript means that “the
tensile force on the bonds is zero. The time rate of change of the
bond number (C) is given by:

dC/dt = k*°LR — kogtC (1)

The free ligand density (molecules/pm?) is:
L=N, - CJA, (2

where Np is the total density of ligand immobilized on the sub-
strate. Neglecting protein diffusion into the contact zone, the
conservation of receptors reads:

R+ C=Rr(4./AT) (3)

with Rt the total number of receptors on the cell surface and A the
total cell area. This approximation is based on the fact that fibro-
nectin receptors move quite slowly in the membrane, i.e. with
diffusion coefficient D around 0.03 um?/s (Duband et al. 1988;
Choquet et al. 1997). Thus, during the incubation period
t,=5 mm only receptors situated at a distance lower than
(2Dtd) 12 — 4 um from the contact zone will move into it by diffu-
sion, corresponding to a surface area around 180 pm? i.e. about
At/6. This is an upper estimate since short-term motion of mem-
brane proteins is generally restricted to domains of about 1 pm in
size, because of so-called barriers to diffusion, e.g. owing to cyto-
skeletal constraints (Sheetz 1993). It is also probable that receptors
move in and out of the contact area in an equilibrium fashion, thus
reducing selective trapping of receptors there. Adhesion receptors
have indeed been shown to accumulate into contact zones only at
longer time scales (Dustin et al. 1996) and in biological systems
where diffusion (i.e. that of Fc receptors) is 10-fold faster (Michl
et al. 1983; McCloskey and Poo 1986).

We now introduce five dimensionless variables and parameters
(Cozens-Roberts et al. 1990):

(1) Fraction of occupied receptors:
(2) Dimensionless time: = k2D Nyt
(3) Bond affinity: K = Kou/k2D Ny
(4) Relative contact area: o = AJAt

(5) Ratio of receptor to ligand: v = Rp/NpA.

0= C/RT

Ll

By introducing expressions (2) and (3) into Eq. (1), we obtain in
dimensionless form:

df/dt = (1 —v0)(a — 0) — k0 4)
With the initial condition of no bond, 6(0) =0, the solution of
Eq. (4) is:

01 (1 _ e\’((h*()g)‘[)
(1= (01/0)er(®1=02)r)

0(r) = (5)

0, and 6, being the two roots of the second-degree equation:
0 - (1 + k + ov)0 + ¢ =0, with 0; > 0,. The non-dimensional
bond number 0 increases with time, reaching a plateau value 0.4 at
T — o0o. As an example, increasing the bond affinity (i.e. decreasing
k) accelerates the dynamics and raises the plateau value (Fig. 3A).
At low ligand density, 0.4 is between zero and 1/v = NpA¢/Rr, i.e.
the dimensionless number of ligands in the contact zone (ligand-
limited regime). At high ligand density, 0.q approaches ¢ = A /AT,
i.e. the relative number of receptors in the contact zone (receptor-
limited regime).

Detachment phase

At the end of the attachment period [z, = 5 min, 0(¢,) = 0,], a
tensile force varying linearly with time (F = F’f) was imposed on
the adhesive zone. We suppose that bonds are uniformly distrib-
uted in the contact area, which is realistic since ligand molecules
stick randomly on the substrate. We further assume that the overall
force, F, acting on the cell is equally shared by all bonds (Hammer
and Lauffenburger 1987). An alternative view would be that the
stress is concentrated at the periphery of the contact zone.
The choice between those two possibilities essentially depends on
the type of mechanical model used to describe the fibroblast
structure: either a homogeneous viscoelastic material (Thoumine
and Ott 1997a) or a viscous core bounded by an elastic cortex with
a rest tension (Thoumine et al. 1999a), respectively. Since it is
difficult at the present time to discriminate beween these two

A o1
0.08 k=1
0.06 k=2
0
0.04 k=4
x=38
0.02
0.0 0.2 0.4 0.6 0.8 1
T
B o.1

Fig. 3A, B Simulation of adhesive behavior. The fraction of
occupied receptors (0) versus dimensionless time (), for various
values of the parameter x (the inverse of bond affinity). A Attach-
ment phase, B detachment phase. Parameters were chosen as in
Table 1, giving the following groups: « = 0.25, ¢ = 0.2, and v = 3.
Note that 6 drops to zero at a critical time



models, we pick here the simplest case, i.e. that of uniform stress. In
addition, the association rate (k2P) and the contact area (4.) were
again considered as constant. The latter assumption is actually in
conflict with experiments, which show a dramatic decrease in
contact diameter during cell detachment (actually characterizing
adhesive rupture). However, allowing A, to decrease would prob-
ably not affect much the rapid divergence of Eq. (7) (see below),
which is dominated by the exponential term (A4. only alters pa-
rameters ¢ and v, and in opposite ways, so the polynomial term
stays roughly constant).

Following Bell (1978), the dissociation rate was hypothesized to
depend on force through the following relationship:

kott = K exp(fd [k T) (6)

where fis the tensile force acting on one bond (f= F/C), d is a
characteristic structural length of the receptor-ligand bond, kg is
Boltzmann’s constant, and 7 the absolute temperature. The term in
the exponential may be viewed as the ratio between the elastic
energy stored by the bond (fd), and the thermal energy. Measure-
ments of the dissociation rate of single bonds between selectins and
their carbohydrate ligands (Alon et al. 1995; Piper et al. 1998) re-
cently gave some credit to this formulation. Introducing a dimen-
sionless parameter for the rate of force:

%= F'd/ (ks T3 NiRr)
the evolution of the relative number of bonds is given by:
do/dr = (1 —v0)(c — 0) — 0e™/? o

Equation (7) was integrated numerically using commercially avail-
able software (Mathematica 3.0, Wolfram Research) run on a per-
sonal computer (Power Maclntosh, Apple), with the initial condition
0(0) = 0,. Results from the simulations are shown in Fig. 3B, with
parameters given in Table 1. For all sets of parameters tested, 0 re-
mains fairly constant before a time threshold, 7, is reached, at which
the fraction of bonds decreases catastrophically to zero. This event is
interpreted as adhesive rupture. For a constant force and neglecting
ligand depletion, the search for a steady state (d6/dt = 0) shows the
existence of a critical force above which bond rupture occurs sys-
tematically (Bell 1978; Cozens-Roberts et al. 1990). Here, since the
force increases linearly with time, it always ends up reaching this
threshold for detachment. By multiplying the loading rate by the

critical time, one obtains a maximal force Fm = F't., taken as the

Table 1 Estimated parameter values and measured variables

Parameter Notation Value range
Association rate® k2D 107°-107* pm?/s
Dissociation rate® Koy 0.15s7!

Bond structural length® d 0.1-10 nm
Receptor number® Ry 500,000

Ligand density? Np 0-3000 molecules/pum?
Contact area® Ac 181 + 85 pm?
Total area? At 1081 + 298 pum?
Temperature? T 298 + 2 K
Rate of force® F’ 107°-1077 NJs
Detachment time® t 3-30s

4The whole-cell association rate of fibroblasts to fibronectin is a
lumped parameter k, = k2PRNp, where R is the number of
receptors capable of binding. k ; is in the range of 0.3-1.5 s™' for
N = 100-3000 molecules/um? (Thoumine et al. 2000). Boundary
values for k2P are computed for R = Ry (all receptors on the cell
surface can interact), and R = RrA./At (only the receptors in the
contact area can bind), with A, = 0.2 um?> (value at low
compressive force). The dissociation rate k%, was found relatively
independent of ligand density and compression

° Bell (1978); Erickson (1994); Alon et al. (1995); Piper et al. (1998)
¢ Akiyama and Yamada (1985); Codogno et al. (1987)

4 This study
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adhesive strength of the cell. In practice, FS™ is computed for dif-
ferent sets of parameters and expressed versus the ligand density or
the loading rate, the main control variables in our experiments. For
example, increasing « (e.g. by raising the loading rate F” or the bond
interaction distance d) or v (e.g. by compressing the cell to raise the
contact area A, or by decreasing the ligand density Ny ) both reduce
0, and t. (not shown). In contrast, 0, and ¢, increase with bond
affinity, i.e. decreasing .

Results
Qualitative assessment of adhesive rupture

Individual fibroblasts captured on a rigid microplate were
placed into contact with a fibronectin-coated flexible mi-
croplate, then pulled away from it (Figs. 1 and 2). This
resulted in the rupture of adhesion between the cell and the
fibronectin-coated microplate (Fig. 2). Fibroblasts elon-
gated significantly in this process, but recovered their
original morphology within 1-2 min after detachment
(Fig. 2C, D). Such shape recovery plus the fact that the
cell pattern in phase contrast mode was unaltered (cell
lysis is accompanied by a dramatic change in light density,
see Thoumine and Ott 1997b) were signs that cells were
still alive after adhesive rupture. In a few experiments, we
observed the formation of thin filaments (supposedly lipid
tethers) between the cell surface and the flexible micro-
plate, but in the majority of cases there was a smooth
peeling and a rapid rupture. There was no visible cellular
material left behind on the flexible microplate, as judged
from bright field and phase contrast images (Fig. 4A), but
we hypothesized that fibronectin receptors such as the
asfy integrin could be uprooted from the membrane.
However, we did not observe any specific or localized
staining for either o5 or §; integrin subunits on the flexible
microplate (Fig. 4B). The observation of stained micro-
plates by epifluorescence is not sufficiently sensitive to
detect the uprooting of individual receptors, but probably
that of patches. If all the receptors were extracted from the
basal surface and remained on the microplate, a diffuse
staining would presumably be observed. Control stain-
ings on cells adherent to fibronectin-coated coverslips
indicated that the a5 integrin was indeed present on the
basal fibroblast surface at the time of the experiment (not
shown). This receptor is rather insensitive to trypsin at the
concentrations used (Akiyama and Yamada 1985), and
the cells were allowed to recover from trypsin treatment at
37 °C for 1 h (during which they adhered to the rigid
microplate) before the mechanical test. Finally, a bright
staining for fibronectin was observed at the location of
rupture (Fig. 4C), suggesting that it was not peeled off the
substrate. Taken together, these observations suggest that
adhesive rupture occurs at the receptor-ligand interface.

Quantification of rupture dynamics

The rupture pattern described below was common to all
experimental conditions (different ligand densities and
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Fig. 4A—C Visualization of the contact zone after rupture. Flexible
microplates previously in contact with a cell (middle of each image)
are shown from above. A Bright field view. B Immunofluorescent
staining for the a5 integrin; the pattern is similar for the f; integrin,
and for control samples (primary antibody replaced by PBS).
C Staining for fibronectin. These are representative video images of
triplicate stainings. The ligand density was 1000 molecules/um?>
(bath concentration 3 pg/ml) and the pulling velocity 2.5 pm/s,
both being intermediary values. Bar, 5 pm

pulling velocities). The cell was slightly compressed on
the substrate, giving rise to a positive contact diameter
D =15+ 3 um (n = 63), which did not change much
during the adhesion period and was roughly indepen-
dent of compressive force and fibronectin density (not
shown). At time zero, the rigid microplate was moved
away at constant velocity. The contact diameter de-
creased steadily, then dropped rapidly at the time of
adhesive rupture (Fig. SA). The peeling velocity, taken
as the derivative of the contact diameter, remained
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around zero during pulling, and showed a large positive
peak around 8 pm/s at the time of rupture (Fig. 5B).
The uniaxial force during the attachment period was
slightly below zero (between —2 and —20 nN), owing to
compression (Fig. 5C, time zero). During pulling, the
force increased linearly with time, reached a maximum,
then decreased quickly to zero. The initial linear increase
in force is likely due to the elastic behavior of fibroblasts
at short term (Thoumine and Ott 1997a). When tethers
were formed, the drop in force was more progressive
(not shown). Adhesion was ligand-specific since the

Fig. 5A-D Quantification of adhesion rupture. A Cell-microplate
contact diameter, B peeling velocity, and C uniaxial force are shown
over time during the detachment test. The pulling rate was 25 pm in
10 s. Traces obtained from individual cells are shown, representing the
average behavior. Microplates were coated with either 3 pg/ml
fibronectin (+ Fn), or incubated in PBS alone (—Fn). In C, the data
before the maximum are fitted by a line, whose slope gives the loading
rate F’. The graph in D shows the diameter (A) versus the force (C)
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critical rupture time and the maximal force were greater
in the presence of fibronectin (Fig. SA, C, D), whereas
only small forces were detected in the absence of fibro-
nectin (maximal force = 4.4 £ 5.1 nN, n = 12 cells).
The maximal force for cells incubated with RGD pep-
tides (19 + 8 nN) was about two-fold smaller than that
for control cells (44 + 40 nN), indicating that integrin
receptors were involved in the interaction with fibro-
nectin (Ruoslahti 1996).

Effect of ligand density and loading rate

The density of fibronectin adsorbed on the flexible
microplate was varied over two orders of magnitude
(30-3000 molecules/um?) and the maximal force was
quantified for 6-12 cells in each condition. In these
experiments, the pulling velocity was maintained con-
stant, i.e. 2.5 pm/s. The maximal adhesive force in-
creased weakly with the number of fibronectin
molecules per cell, i.e. the contact area A, times the
ligand density Ny (Fig. 6). The raw data could be fitted
by a power function with exponent 0.33 (regression
coefficient r = 0.41). Next, the time course of the piezo-
driven movement was varied by one order of magnitude
(3-30 s), while maintaining a constant fibronectin den-
sity (incubation concentration 3 pg/ml). The lower time
limit was set by data acquisition speed, whereas the
upper limit was imposed by active cellular processes
and cytoplasmic viscosity (Thoumine and Ott 1997a).
The loading rate F’ was obtained by a linear fit of the
force versus time data in the initial regime, for each
individual trace (Fig. 5C). The maximal force was
found to increase with F’ as a power function with
exponent 0.54, r = 0.78 (Fig. 7).
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Fig. 6 Rupture force versus number of fibronectin molecules. Four
different fibronectin densities were used (coating concentrations
0.3, 1, 3, and 10 pg/ml). The number of fibronectin molecules is the
contact area (A4.) times the ligand density (N ). The pulling rate was
25 um in 10 s. The maximal force was determined experimentally
for each cell (solid circles). The plain and dashed curves are the
simulated forces, calculated with k0 =0. 15 s, kD=
3><104pm2/s d=3nm, A.=179 + 8l pm?, and A=
1108 + 296 um? (n = 43), for three values of F’. The experimental
loading rate was F’ = 1.01 + 0.63 107 N/s (n = 43)
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Fig. 7 Ceritical force versus loading rate. The fibronectin density was
maintained constant (1000 molecules/um?), and the pulling time was
varied between 3 and 30 s. Each circle represents an experimental
measurement. The solid line is the theoretlcdl prediction, obtained
dfter parameter ad]ustment *k3® =3x10" umz /s, d =3 nm), with

=186 £ 90 um? and A = 1098 + 303 pm averaged over the
cell population (n = 32). Simulations consist in running Eq. (7) for
increasing loading rates. Theoretical rupture forces are then obtained
by multiplying the time threshold by the loading rate. Such procedure
might be responsible for the observed kink in the curve

Interpreting the data with the theory

Both experiments and simulations showed the existence
of a maximal force at a critical time, corresponding to
adhesion rupture. Comparison of theoretical and ex-
perimental forces allowed determination of the two
least-known parameters of the model, i.e. the association
rate constant (k22) and the structural length of the bond
(d). Both k2P and d were varied by factors of 3 within
their boundaries (Table 1). The other parameters were
measured (ligand density Ny, contact area A, total area
AT, and loading rate F’) or taken from literature (resting
dissociation rate k) and Ry) (Table 1). Because no an-
alytic expression was available to fit the data, an error
minimization was carried out as described (Schmidt
et al. 1994). For each (K20, d) pair, the maximal theo-
retical force, FSM was computed and compared to the
experimental value, F:P . The relative difference between
the two was squared and summed over all cells (n = 64),
yielding the following error:

2
> (B
[sim
cells ~ M

f=— (8)

n

For each leue of d, the error showed a minimum at a
certain k (Fig. 8). The lowest error (¢ = 0.135) was
obtained for d — 3 nm and k2D =3 x 10~*um?/s. Using
those values and averaging the other parameters (4.,
Ar) over the cell population, we predicted the relation-
ships between FS™ and the number of ligand molecules,
for extreme values of the loading rate F’ (Fig. 6), in
relatively good agreement with the experimental data.
We also computed the theoretical relation between F5im
and F’, for a constant fibronectin density. The curve
obtained by simulation fell within the upper experi-

mental points, being much higher than the data at low
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Fig. 8 Error minimization. The error ¢ characterizes the gap between
theoretical and experimental rupture forces (Eq. 8). It is shown versus
the association rate constant k22 for different values of the bond
interaction distance d, on a logarithmic plot. Note the existence of a
sharp minimum for each curve

F’ (Fig. 7). Finally, simulation of the adhesion phase
(Eq. 5) predicts that the number of bonds n = 0,Rt at
the end of the adhesion period is between 1000 (low
ligand regime) and 10000 (high ligand density), steady
state binding being reached in about 20 s.

Discussion
Comparison with other experimental approaches

We characterized the rupture of adhesion between fi-
broblasts and fibronectin coated-glass using microplate
manipulation, a technique originally designed to probe
cell mechanical behavior (Thoumine and Ott 1997a).
The method yields high-resolution side-views of the
cells, allowing calculation of surface areas. In addition,
we computed instantaneous forces at the cell-substrate
interface and deduced the loading rate. We also varied
the fibronectin density and the pulling velocity; thus
most physicochemical variables could be quantified. The
main finding was that the force increases linearly with
time, then drops sharply at a critical time, giving rise to a
maximal force. Rupture forces were in the range of
3x 107 and 2 x 1077 N, in good agreement with values
obtained by detaching cell populations with a laminar
shear stress (Mége et al. 1986; Truskey and Pirone 1990;
Palecek et al. 1997) or a centrifugal force (Hertl et al.
1984; Thoumine et al. 1996), although certain studies
report 10-100 times lower forces (Mohandas et al. 1974;
Lotz et al. 1989; Piper et al. 1998). This discrepancy may
be attributed to different factors (temperature, ligand
density, receptor type and number, adhesion time)
which, as shown by the model, can all affect adhesive
rupture. The advantage of micromanipulation over flow
and centrifugation techniques is that one can directly
visualize adhesive rupture and quantify its dynamic

properties. On the other hand, because it is tedious and
time consuming, one can study only a few cells and has
to face a large amount of variability (see Fig. 7). These
other techniques are complementary since they can
provide statistical information over large numbers of
cells. Our method resembles that used by Coman (1944)
to separate pairs of normal and transformed cells (cells
were pierced with microneedles), although here we do
not damage the cells. Micropipet techniques have been
used for several years to quantify adhesive forces. In
these experiments, a cell is aspirated in a micropipet at
increasing pressure levels and the pipet is pulled away
until the cell detaches from another cell (Sung et al.
1994; Zhu et al. 1994) or a flat substrate (T6zeren et al.
1992; Sung et al. 1994). One drawback of that approach
is that there is no mechanical equilibrium, because the
cell penetrates into the pipet while it detaches (Thou-
mine et al. 1999a, b). In our hands, the aspiration
pressure needed to balance adhesive force was so high
that it aspirated the whole cell into the micropipet.
Moreover, before producing the rupture, one has to
adjust the pressure step-by-step, leading to repeated
perturbation of the cell, whereas with microplates there
is just one pulling test. Despite these differences, the
rupture forces of fibroblasts interacting with fibronectin-
coated glass as well as the decrease in contact diameter
over time found here are similar to those obtained by
micropipet (respectively Sung et al. 1994 and To6zeren
et al. 1992).

Validity of the model

The deterministic theoretical analysis built by extending
on previous work (Cozens-Roberts et al. 1990) yields the
mean number of ligand-receptor bonds over time. In the
adhesion phase, the bond number increases to an equi-
librium value. Consistent with the deterministic frame-
work, we found that many bonds (n > 10%) were formed
in fibroblast-fibronectin adhesion, at relatively long
contact times (5 min). This agrees with actual measure-
ments of bond number at adhesive contacts (Dustin
et al. 1996). Experiments with optical tweezers also us-
ing 3T3 fibroblasts interacting with fibronectin-coated
glass, showed that the number of bonds at short term
(1 <t < 165s) was very low, i.e. n < 7 (Thoumine
et al. 2000), and in that case the data had to be inter-
preted using a probabilistic formalism (Cozens-Roberts
et al. 1990). In the presence of an external load, here
increasing linearly with time, the theory shows that all
the bonds break at once as soon as the force exceeds a
critical value, in agreement with experiments. This is
because each time a bond breaks, there are fewer bonds
to sustain the same force, leading to a catastrophic
event. Critical forces were also observed in flow and
centrifugation studies (Mohandas et al. 1974; Hertl
et al. 1984; Thoumine et al. 1996). In other reports the
force dependence is smoother (Truskey and Pirone
1990), reflecting either population heterogeneity (Piper



et al. 1998) or probabilistic fluctuations at the bond level
(Cozens-Roberts et al. 1990). It may be possible to relax
some of our assumptions (e.g. those of constant contact
area A, l:1 stochiometry of the ligand-receptor reac-
tion, absence of diffusion of receptors in the contact
zone, homogeneous distribution of the force among all
bonds), but as such the model already captures the es-
sential features of the experiments.

Other theoretical approaches, based on a continuum
analysis of membrane mechanics at the adhesive zone,
lead to the predictions that peeling velocity undergoes an
overshoot and damped oscillations prior to reaching a
steady state value (Dembo et al. 1988; Ward et al. 1995).
This is consistent with our experiments, in which the
peeling velocity fluctuates around zero during pulling
and reaches a peak at the time of adhesive breakage. The
force data agree well with predicted values, i.e. on the
order of 10-7 N, for a fracture mechanism where focal
contacts are considered as mechanically rigid entities
(Ward and Hammer 1993). The relationship between the
critical force and the number of available fibronectin
molecules (Fig. 6) is also well described by such models:
our experiments fall between a low ligand density re-
gime, characterized by linear increase in force, and a
high ligand density regime, where the critical tension
increases only moderately (Ward et al. 1995). The dis-
tinction between different models is difficult at this stage
because of scatter in the data. Generally, theoretical
treatments of cell adhesion are more accurate for short-
term experiments (time scale of seconds) which deal with
only a few ligand-receptor bonds. At longer term
(hours), where biological processes are more complex
(involving, for example, receptor aggregation, connec-
tion to the cytoskeleton, and cell deformation), such
descriptions become a difficult task, having to deal with
many unknowns. For the middle term situation (several
minutes) described here, a simple model of bond
dynamics containing a minimal number of adjustable
parameters and giving a straightforward representation
of adhesion seems reasonably appropriate.

Biology of adhesion rupture

Rupture of adhesion between cells and their substrate
may occur at various locations when one pulls on ad-
hesive sites, depending presumably on many factors
(extent of receptor aggregation, bond affinity, rate of
force, etc.). Reversible formation and rupture of recep-
tor-ligand bonds occurs during leukocyte rolling on
endothelial cells (Kaplanski et al. 1993; Alon et al.
1995). In addition, receptor extraction may take place
during separation of antibody-agglutinated red blood
cells (Evans et al. 1991); the force, around 20 pN, cor-
responds to that holding receptors in the lipid bilayer,
and is rather independent of the type of receptor. In
other cases there is breakage of integrin-cytoskeleton
links, the integrin-ligand bond remaining intact; for ex-
ample, migrating cells leave behind their trailing edge
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cytoplasmic material, rich in integrins but lacking vin-
culin (Chen 1981; Regen and Horwitz 1992). Further-
more, microspheres exhibiting retrograde movement on
the dorsal surface of lamellae can be detached from the
actin cortex, although they stay anchored to the mem-
brane (Choquet et al. 1997). Under other conditions,
dissociation of the lipid bilayer from the underlying
cytoskeletal network can occur, resulting in the forma-
tion of lipid tethers (Zhu et al. 1994; Dai and Sheetz
1995). Stripping of the plasma membrane has also been
reported, for instance membrane material is left behind
onto the substrate when cells are detached by centrifu-
gation (Hertl et al. 1984) or when permeabilized cells are
induced to retract by ATP treatment (Thoumine and Ott
1996). Here, adhesive rupture seemed to occur at the
integrin-fibronectin interface because fibronectin, which
is known to strongly adsorb to glass (Haas and Culp
1982), was still present on the microplate after fracture.
Moreover, no detectable membrane material was left
behind on the substrate. This gives credit to our model
which emphasizes ligand-receptor dynamics. Although
specific adhesion was significantly reduced by RGD
peptides, we do not know precisely which receptor was
involved in fibronectin recognition in the present study.
It is possible that several integrins were involved in
binding fibronectin, in which case the model coefficients
would reflect average properties (Thoumine et al. 2000).
Finally, the fact that forces to rupture adhesion are of
the same order of magnitude as those involved in fi-
broblast traction (Harris 1980; Oliver et al. 1995;
Thoumine and Ott 1997a) confirms that the mechanical
balance between cytoskeletal tension and adhesiveness
plays a major role in cell morphology and movement
(Lauffenburger and Horwitz 1996; Palecek et al. 1997).

Physical relevance of the parameters

Comparison of the simulations with experimental data
allowed estimation of two unknown parameters, i.e. the
association rate constant (k22 =3 x 10~*pum?/s) and
the structural length of the bond (d=3nm). In a
companion paper, we studied the short-term adhesion of
fibroblasts to fibronectin-coated glass with optical
tweezers, and computed the kinetic rates k., and kqg
(Thoumine et al. 2000). We found that k,, increased in a
logarithmic manner with compression on the cell in the
range of 0-60 pN, whereas kg was unaffected. The
compressive forces imposed here during the adhesion
phase were around 1-3 x 107® N, so we could not ignore
their effect on k,,. Indeed, the association rate constant
found from error minimization was approximately 10
times larger than its value at low compression. The in-
crease in k,, cannot be explained by extrapolation from
the logarithmic relation, which thus seems valid only at
low forces (Thoumine et al. 2000). More likely, com-
pressive forces are large enough to increase the actual
contact area by smoothing out the basal surface (un-
folding wrinkles), thereby allowing greater accessibility
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of receptors to immobilized fibronectin. Indeed, the
surface stiffness has been estimated to 30 pN/nm (Lo
et al. 1998), thus the decrease in cell height in response
to 3 x 10~® N is on the order of 1 pum, in agreement with
our observations.

Our data are consistent with an exponential depen-
dence of the dissociation rate versus the tensile force on
the bond (Eq. 6). This phenomenological relationship
was originally postulated by Bell (1978) and used in
several studies (Hammer and Lauffenburger 1987;
Cozens-Roberts et al. 1990; Alon et al. 1995; Piper et al.
1998). The structural length d may be interpreted as the
width of the binding pocket, in the energy profile of the
ligand-receptor interaction (Evans 1985; Evans and
Ritchie 1997). It should be on the order of 0.3-0.5 nm, a
typical range for the hydrophobic forces involved in
protein-protein interaction (Bell 1978; Erickson 1994).
Here we found d = 3 nm, a high value which may reflect
the fact that fibronectin can stretch over tens of na-
nometer distances under forces of several piconewtons,
by unfolding of type III domains (Erickson 1994). With
an activation energy of E, = 20 kg7, and an individual
separation strength f; = 20 pN (Thoumine et al. 2000),
one can compute a characteristic length for the fibro-
nectin-integrin bond, E,/f, =4 nm, very close to the
value reported here. The interaction distance of the se-
lectin-carbohydrate ligand bond, as assessed by flow
(Alon et al. 1995) or centrifugation experiments (Piper
et al. 1998), was reported to be in the range of 0.03—
0.05 nm, thus 100 times smaller than the one found here
for the fibronectin-integrin bond. This may reflect an
essential difference between integrins and selectins. Be-
cause the significance of the structural length is not
straightforward, one may prefer to define an empirical
force parameter, fo = kg7/d, here close to 1 pN.

Finally, the model was not very good at predicting
the relationship between rupture force and loading rate,
especially at low F’ (Fig. 7). One explanation of such
behavior is that there is significant force relaxation at
slow pulling rates, e.g. 30 s, because of viscous behavior.
Indeed, this value is close to the characteristic relaxation
time for chick fibroblasts, i.e. I min (Thoumine and Ott
1997a). Another possibility is that the kinetic parameters
depend on the loading rate. For example, one may in-
troduce a logarithmic prefactor, e.g. In(F’/F’y), in
Eq. (6), as previously suggested (Evans et al. 1991;
Evans and Ritchie 1997). With such a modified relation,
one may be able to model the experimental dependence
of critical force versus loading rate. We did not attempt
to do so because it would introduce another unknown
parameter (e.g. the reference loading rate F’y), and
thereby complicate the interpretation.

Conclusion

We measured forces to rupture adhesion between
fibroblasts and fibronectin-coated glass with a recent

micromanipulation technique, which we interpreted us-
ing a deterministic model of bond kinetics. This led to
the estimation of some physical properties of the fibro-
nectin-integrin bond, in particular the association rate
constant and structural length of the interaction. Other
parameters, the dissociation rate, strength, and energy
well of the bond, are available from a companion study
(Thoumine et al. 2000). Overall, this constitutes an in-
tegrated approach to the biophysical characterization of
a particular receptor-ligand pair, which plays an impor-
tant role in cell interaction with the extracellular matrix.
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