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Abstract The biophysical properties of the interaction
between fibronectin and its membrane receptor were
inferred from adhesion tests on living cells. Individual
fibroblasts were maintained on fibronectin-coated glass
for short time periods (1-16 s) using optical tweezers.
After contact, the trap was removed quickly, leading to
either adhesion or detachment of the fibroblast.
Through a stochastic analysis of bond kinetics, we
derived equations of adhesion probability versus time,
which fit the experimental data well and were used to
compute association and dissociation rates (k. = 0.3—
1.4 s7" and ko = 0.05-0.25 57, respectively). The bond
distribution is binomial, with an average bond number
<10 at these time scales. Increasing the fibronectin den-
sity (100-3000 molecules/um?) raised k .+ in a diffusion-
dependent manner, leaving k.g relatively unchanged.
Increasing the temperature (23-37 °C) raised both k.
and kg, allowing calculation of the activation energy of
the chemical reaction (around 20 kgT). Increasing the
compressive force on the cell during contact (up to
60 pN) raised k. in a logarithmic manner, probably
through an increase in the contact area, whereas k.t was
unaffected. Finally, by varying the pulling force to de-
tach the cell, we could distinguish between two adhesive
regimes, one corresponding to one bond, the other to at
least two bonds. This transition occurred at a force
around 20 pN, interpreted as the strength of a single
bond.
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Introduction

Cell adhesion is essential to many phenomena in bio-
logy, such as rolling of leukocytes on the endothelium
during inflammation (Springer 1994), or recognition of
the extracellular matrix by the leading edge of migrating
fibroblasts (Huttenlocher et al. 1995). One important
step in these interactions is the formation of initial
bonds, which allow close contact between the two sur-
faces (a few tens of nanometres) and subsequent
strengthening of adhesion. At the molecular level, cell
adhesion involves specific non-covalent binding of a
transmembrane receptor to either a counter receptor on
the surface of another cell or an extracellular protein
ligand. The overall adhesion of a cell can essentially be
described by the number of receptor-ligand complexes at
a given time, which depends in particular on the quantity
of available receptors and ligands, and on the affinity of
the interaction. A large number of adhesion receptors
have been described to date, which fall into four main
categories: immunoglubulin-like, selectins, cadherins,
and integrins. Their sequence, structure, and function
are well described but their physicochemical properties
are only beginning to be explored (Pierres et al. 1998a).

Adhesion usually occurs in the presence of a specific
mechanical environment, e.g. blood flow on rolling
leukocytes (Alon et al. 1995) or fibroblast traction on
cell-matrix connections (Lauffenburger and Horwitz
1996). Thus, it is important to assess the physical char-
acteristics of receptor-ligand binding. Adhesive interac-
tions have been tested by several techniques (Pierres
et al. 1998b), including atomic force microscopy (Hin-
terdorfer et al. 1996), optical force microscopy (Stout
and Webb 1998), micropipet-based force transducers
(Evans et al. 1991, 1995; Shao and Hochmuth 1996;
Chesla et al. 1998), centrifugation (Lotz et al. 1989;
Piper et al. 1998), and shear flow (Tha et al. 1986; Alon
et al. 1995; Pierres et al. 1995a, b). Such studies have
shown that the forces involved in receptor-ligand rec-
ognition, lying in the range of 1-100 pN, act on short



distances (around 0.1-1 nm). Thus, the binding pocket
corresponds to a potential well on the order of several
times the thermal energy (Evans et al. 1995; Wong et al.
1997).

From a biochemical perspective, one may describe
the interaction between a receptor and its ligand as a
reversible chemical reaction, characterized by associa-
tion and dissociation rates, typically in the range of
0.01-10 s™' (Kaplanski et al. 1993; Lauffenburger and
Linderman 1993; Schmidt et al. 1994; Alon et al. 1995).
These parameters depend on whether the molecules are
in solution, free to diffuse in the plasma membrane (e.g.
a receptor), or immobilized onto surfaces (e.g. an ad-
sorbed ligand). For example, association should rely on
two subsequent processes: the diffusion of the receptor
in the vicinity of a ligand, followed by the reaction itself
(Bell 1978). Moreover, the reaction rates are sensitive to
the distance between interacting surfaces (Kaplanski
et al. 1993; Pierres et al. 1997) and to the disruptive
force applied on the bonds. Several mathematical ex-
pressions have been proposed to assess the influence of a
pulling force on the dissociation rate (Bell 1978; Ham-
mer and Lauffenburger 1987, Dembo et al. 1988; Evans
et al. 1991; Evans and Ritchie 1997), some of which
having been verified experimentally (Alon et al. 1995;
Piper et al. 1998). However, the effects of compression
and temperature on Kkinetic rates have not been ad-
dressed other than theoretically (Hammer and Lauffen-
burger 1987; Dembo et al. 1988). In addition, much
recent work has focused on selectin-based interactions
(Kaplanski et al. 1993; Alon et al. 1995; Piper et al.
1998), but little is known on the mechanics of molecular
interactions with the extracellular matrix.

We focused here on the adhesion of fibroblasts to
fibronectin, a well-characterized extracellular matrix
protein able to interact, through an Arg-Gly-Asp se-
quence, with integrin receptors on the surface of many
cell types (Ruoslahti 1988). The objective of this study
was to measure the physicochemical properties of the
fibronectin-integrin bond. Experiments with optical
tweezers provided the fraction of adherent fibroblasts on
a fibronectin-coated glass surface over time, under
conditions of controlled fibronectin density, compres-
sive and pulling forces, and temperature. The data were
interpreted with a probabilistic analysis of bond kinet-
ics, allowing computation of several parameters (asso-
ciation and dissociation rates, bond strength, and energy
well).

Materials and methods
Cell culture

NIH mouse 3T3 fibroblasts were generously provided by C. Ruegg
(ISREC, Epalinges, Switzerland). Cells were cultured in 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).
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Substrate treatment

Glass coverslips (50 m diameter, Polylabo, Geneva, CH) formed
the bottom of 3-ml custom-made observation chambers. They were
coated for 1 h at room temperature with bovine fibronectin (1 ml
solutions of 0.3, 1, 3, or 10 pg/ml in PBS), and rinsed in PBS before
use. Fibronectin was purchased commercially (Sigma, St. Louis,
Mo., USA).

Determination of fibronectin density

Fibronectin from the same lot number was labeled with rhodamine
at a fluorophore-to-protein ratio of 1:1 (coupling was done by
Cytoskeleton, Denver, Colo., USA). Coverslips were coated with
rhodamine-fibronectin, rinsed with PBS, then observed under an
inverted microscope (Axiovert 135, Zeiss, Oberkochen, Germany)
using a 63 x /1.25 oil objective and epifluorescence illumination.
Light intensity was read with a photometer (MPM 100, Zeiss), set
to maximum gain. The voltage readout was roughly proportional
to the illuminated area (varied between 200 and 1200 pm? using
diaphragms), and was taken as a measurement of fibronectin sur-
face density. Light intensity (thus fibronectin density) increased
linearly with initial fibronectin concentration (Table 1). Such linear
dependence was reported by others (Codogno et al. 1987; Ingber
1990). To obtain absolute values, the amount of adsorbed fibro-
nectin corresponding to a concentration of 10 pg/ml was deter-
mined by a conventional protein assay (Micro BCA, Pierce,
Rockford, Ill., USA), using fibronectin as a standard. Absorbances
at 562 nm were read with a spectrophotometer (Uvikon 930,
Kontron Instruments). Both fibronectin present in the initial so-
lution minus that in the bath after incubation, and the amount left
behind on the substrate (harvested with 0.2% SDS in PBS) were
quantified and averaged, giving 3.3 £ 0.8 pg for an area of
12.5 cm? (n = 4). The number of adsorbed molecules was obtained
after dividing by the fibronectin molecular weight, i.e. 440,000
(Ruoslahti 1988). The densities for the lower concentrations were
calculated by linear regression.

Set-up

The microscope is equipped with optical tweezers (PALM,
Wolfratshausen, Germany), comprising a 1064 nm diode-pumped
Nd:YAG solid-state laser (Laser Quantum, Manchester, UK) fo-
cused through a 100 x /1.4 oil objective (Ashkin et al. 1987), and a
motorized 2D stage. The center of the trap was fixed at the focal
point of the objective. The diode drive current, I, can be varied
from 0 to 2.5 A. The laser power output, as measured with the
photometer, is proportional to the drive current, and goes from
0 mW for 7 <1 Ato730 mW at 7 = 2.5 A. When the diode current
is rapidly changed as in experiments, the laser power stabilizes in a
millisecond time scale. The actual light power at the sample posi-
tion should be reduced by a factor of 2 owing to the presence of
various optical components in the beam path (Svoboda and Block
1994). The temperature of the sample was controlled from ambient
(23 °C) to 37 °C, using a system that heats up the observation dish
and the objective (Bioptechs, Butler, Pa., USA). Experiments were

Table 1 Quantification of fibronectin density

Concentration Fluorescence intensity Fibronectin density
(pg/ml) (arbitrary unit) (molecules/pm?)

0 0 0

0.3 8 + 2 90

1 29 £ 3 290

3 106 = 6 860

10 300 = 100 2860 + 750
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performed under DIC illumination, and filmed with a CCD camera
(Cohu, San Diego, Calif., USA). Video images were digitized using
a computer (Power Maclntosh, Apple) equipped with a frame
grabber card (Scion, Frederick, Md., 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 culture medium containing 20 mM Hepes, and added to
the observation chamber placed on the stage of the microscope.
The optical trap was first set to its maximum power, allowing the
capture of one cell from the suspension (Fig. 1A). The cell was
brought to the floor of the chamber by turning down the focus
knob. At this point, the trap force was adjusted to a given value
(called compressive force, Feomp) by controlling the laser power.
The cell was maintained in contact with the substrate for a given
time period (1, 2, 4, 8, and 16 s), by adjusting the trap center on the
surface (Fig. 1B). The lower time limit (1 s) was set by manipula-
tion speed, while the upper time (16 s) already led to maximal
adhesion. In some experiments, a very brief contact duration was
achieved (a fraction of a second), and is taken as the zero time
point. At the end of the incubation period, the laser power was
adjusted to a second value (corresponding to a given pulling force,
F,un), and the focus knob was quickly turned upwards (about
30 um in 0.5 s) to detach the cell. If the cell stuck to the substrate, it
was counted as adherent (Fig. 1C). If it moved along with the trap,
it was counted as detached (Fig. 1D). The cell was not reused. An
experiment consisted of about 10 cells for each time point, and
lasted around 20 min. In some cases, 1 pg/ml cytochalasin D
(Sigma), 400 pg/ml Gly-Arg-Gly-Asp-Thr-Pro (RGD) peptides
(Sigma) or 20 pg/ml polyclonal goat anti-rabbit asf;, mouse anti-
human f; (clone JBla), polyclonal rabbit anti-mouse a5 (Chem-
icon, Harrow, UK) or mouse anti-chick f; clone W1B10 (Sigma)
were added to the suspension. In other manipulations, fibroblasts

Fig. 1A-D Experimental design. (upper panel) side view sketches
and (lower panel) video images of a manipulated cell. A A fibroblast
is held above the substrate by the optical trap (cross); the cell is
slightly out of focus, being pulled down by its own weight. B The
trap is focused at the chamber floor, giving rise to a small reflection
on the camera (bright dot) which helps identifying the focal point.
This imposes an additional downward force on the cell. The trap is
then raised by about 30 pm in 0.5 s, producing an upward force on
the cell. If the cell has stuck to the substrate, it becomes out of focus
C. If the cell has not adhered, it follows the trap D. Bar, 5 um

A B

were maintained on the substrate for extended periods of time (up
to 3 min) until Brownian motion ceased: this was assessed visually.
Several observations suggest that laser tweezers caused no apparent
damage to fibroblasts: (1) cells retained a regular rounded mor-
phology when held in the trap for over 15 min; (2) cell lysis was
never observed; (3) cells adhered well when kept on the substrate
for several minutes; and (4) cells used for adhesive tests evenly
spread on the substrate afterwards, like control cells that had not
been exposed to the laser.

Vertical force calibration

To determine the force imposed by the optical trap on a cell at a
given laser power, a cell was captured and placed 20 um above the
coverslip. The focus was maintained at constant position, while the
whole chamber was moved downwards by 25 pm linearly with
time, using a custom-made support driven by a piezoelectric
translator (Physik Instrumente, Waldbronn, Germany). The time
course was adjusted up and down by computer (Power Macintosh,
Apple) through a digital-analog interface (LabView 5.0, National
Instruments, Austin, Tex., USA). The cell escaped the trap at a
critical speed V, quite reproducible and taken as bulk fluid velocity
around the cell. The experiment was repeated for varying laser
intensities and for different cells (n = 12), to take into account cell-
to-cell variation. The maximal force exerted by the trap was taken
as the drag on the cell, plus its weight. The drag for a sphere
moving perpendicular to a wall is given by A6znrV (Happel and
Brenner 1991), where 7 is the medium viscosity (taken as that of
water, n = 107> kg m™' s71), r the cell radius (r = 6.7 £ 0.6 pm),
and / a correction factor to Stokes formula; A is a function of the
ratio between the cell radius and the distance to the wall (A = 1.35
in our experimental conditions). Cell weight was calculated from
cell volume and density (1.05 g/ml), as described (Thoumine and
Ott 1997). The maximal force was exponentially dependent on laser
power (Fig. 2). Since the cell diameter (about 14 pm) is much larger
that the laser wavelength (1.064 pm), we could use calculations in
the ray optics regime, which show that the axial force exerted by a
well-focused optical trap on a dielectric sphere is maximal at a
vertical distance approximately equal to the radius of the captured
object (Ashkin 1992); this is the location where the medium-to-cell
step in refraction index occurs. Tracking the motion of cells at-
tracted by optical tweezers showed that cells reached the greatest
velocity at a distance of about 6—7 pm from the trap center, con-
firming that the trap force is maximal at the cell radius (at least in
the x-y plane). Based on those arguments, the force exerted during
compression (where the trap is focused at the cell-substrate inter-
face) was taken equal to the maximal force. During pulling, the
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Fig. 2 Relationship between laser power and maximal trapping force.
The force was determined by imposing fluid movement around the cell
with increasing velocity, until the cell escaped the trap. Values
represent the mean + SD for 12 cells. The escape force at maximal
power corresponded to a fluid velocity too high to be reached by our
system, and was thus estimated by extrapolation of the exponential fit
(solid line)

force applied on the cell varies with time in a non-linear fashion,
reaching a maximum when the focal plane passes near the edge of
the cell.

Statistics

Adhesion tests, representing about 10 cells for each time point,
were repeated three times (on different days), for each condition
(ligand density, temperature, compressive and pulling force). The
cumulated fraction of adherent cells was computed for the three
sets of 10 trials, the three sets of 20 trials, and the one set of 30
trials. The overall adhesion probability is expressed as the
mean = SD of these seven data sets. For a particular series of
conditions (ligand density = 290 molecules/um?, compressive for-
ce = 13 pN, pulling force = 64 pN, temperature = 23 °C), 120
trials were available. The cumulated adhesion probability com-
puted from these data was very stable for each contact duration
(e.g. the value after only 10 trials was within several percent of the
final value), showing that 30 cells was a reliable sampling number.
To compare different conditions, unpaired ¢-tests were carried out,
significance being set at the 95% level.

Theoretical analysis

At time zero, the cell is placed in contact with the fibronectin-
coated substrate. Adhesion is considered to rely on the specific
interaction between fibronectin and its membrane receptors on the
cell surface (Fig. 3). Fibroblasts actually express several integrins
that can function as fibronectin receptors (in particular oz3f31, o4f1,
asfy, and ayff)), asf; being the most abundant and having the
highest affinity (Akiyama et al. 1990). We focus on the population
of R receptors capable of binding. Each receptor can be either free

kon
Free ——= Bound
Cytoplasm
Integrin n off
U Membrane
. Fibronectin
/ / / / / Substrate

Fig. 3 Schematic drawing of the adhesive contact
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(state 0) of bound to a fibronectin molecule (state 1). Let po(7) and
p1(1), respectively, denote the probabilities for a given receptor to
be in either state 0 or 1 at time 7. Taking the adhesive interaction as
a first-order reversible chemical reaction driven by two kinetic
parameters, a rate of association k., and a rate of dissociation kg
(both in s7!), one can write the following equations:

dpo/dt = —konpo + kofip1 (1)
pi(t) =1—=p(0) 2)

The 1:1 stochiometry of binding is well known from biochemical
studies (Ruoslahti 1988). We assume that the number of fibronectin
molecules available for binding is in excess and we take it as con-
stant; thus, ligand density does not appear in the equations but
implicitely affects the coefficient k,,. With the initial conditions
20(0) =1 and p;(0) = 0 (no bond), the solution of the system (1-2)
is:

P (t) = kon{l - exp[f(kon + koff)t”/(kon + koff) (3)

Assuming that each receptor behaves independently, the proba-
bility P(¢) that C receptors (C = 0 to R) are bound at time # can be
described by a binomial distribution (Chesla et al. 1998), that is:

Pett) = ((£) )1 = o) @

The mean and variance of the distribution are respectively equal to
Rpi(t) and Rp(0)[1 — pi(1)], consistently with a formulation based
on small system kinetics (Cozens-Roberts et al. 1990; Piper et al.
1998). Equation (4) also agrees with a direct numerical integration
of Master’s equations (Kaplanski et al. 1993). The probability for a
cell of being attached is then:

P = S Pl = 1= 3 Pe(t) (5)

where the integer n denotes the number of bonds necessary for
adhesion. As an example, one obtains for n=1: P,(t)=1 —
[1 = p1(H]R. Equation (5) predicts that the fraction of adherent cells
increases from 0 to a plateau, with a time course and equilibrium
value depending on ko, kog, and n (not shown). For n being
maintained constant (1, 2, or 3), the rates ko, and kg were deter-
mined by a least squares fit of the theoretical curves to the exper-
imental data of adhesion probability versus contact duration, using
commercially available software (Kaleidagraph, Abelbeck). Pa-
rameters were obtained for the different sets of data, and averaged.

Results
Overall behavior

We used optical tweezers to maintain fibroblasts on
fibronectin-coated glass, adjusting the compressive force
on the cell (Fig. 1A, B). After given time periods, a
controlled pulling force was applied to detach the cell.
We observed an all-or-none behavior: either the cell
stayed stuck, or it moved along with the tweezers
(Fig. 1C, D). This frank behavior enabled us to com-
pute the adhesion probability (or fraction of adherent
cells) versus time, under different conditions (fibronectin
surface density, compressive and pulling forces, and
temperature), changing one variable at a time. In very
few cases (three out of a total of about 4500 tests) we
noted a sort of elastic resistance when the tensile force
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was applied, followed by yield. This was probably due
to the formation of lipid tethers. Such behavior is typ-
ical of other cell types, i.e. neurons (Dai and Sheetz
1995) and leukocytes (Shao and Hochmuth 1996), but
seems to be marginal in the case of fibroblasts in this
force-velocity range. Decreasing the pulling velocity by
10 (to about 6 um/s) or treating cells with cytochalasin
to weaken attachment of the membrane to the actin
cortex did not increase the occurrence of tethers (not
shown). Adhesion times were kept very short
(1 £t<165s) to reveal the formation of initial bonds.
Two observations suggested that the number of bonds
was indeed quite low at this time scale: (1) when
maintained on the surface, cells exhibited significant
Brownian motion, which decreased to zeroin 71 + 30 s
(n = 8 cells), presumably corresponding to a progressive
accumulation of bonds (Pierres et al. 1995a); and (2)
when the pulling force was applied, adherent cells often
rotated around the optical axis, as if being held only at
one pivot point.

Effect of pulling force

To obtain more quantitative information about bond
number, we varied the pulling force, F,,; (between 0
and 64 pN), expecting a detectable change in adhesion
probability when the force became sufficient to break
one bond. Indeed, the adhesion curves for pulling
forces F,un < 13 pN on one hand, and those for forces
Foun = 28 pN on the other hand, were almost coinci-
dent, so we pooled and averaged the data for these
two sets of forces. The adhesion probability for
Foun < 13 pN was above the one for F,,; = 28 pN at
all time points (the difference was significant at 1 =1
and 8 s), suggesting that higher forces enhanced cell
detachment (Fig. 4). Moreover, the curve obtained for
lower forces was best fit by the mathematical expres-
sion characterizing adhesion by the presence of at least
one bond. In contrast, the curve for higher forces
showed an inflection point and was best fit by the
theoretical expression describing adhesion by the exis-
tence of at least two bonds. This transition suggested
that the strength of a bond was between 13 and
28 pN. Variability in both bond strength and trapping
force precluded better sensitivity in this estimate. Fit-
ting the data with the respective equations gave the
kinetic rates k., and k.5, which were used to compute
the probability distributions at different times
(Fig. SA—C). Also shown is the predicted average
number of bonds (Fig. 5D), which increases exponen-
tially and reaches about 7 at a contact duration of
16 s, under these conditions. Finally, the association
rate found from the fits was inversely dependent on
the receptor number R, i.e. the product k,,R was
constant for a given adhesion curve. Thus, we defined
a more stable parameter, i.e. the overall cell associa-
tion rate constant k, = k,,R. In contrast, k,y was
independent of R.
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Contact duration (sec)

Fig. 4 Effect of pulling force on adhesion. Cells were placed in
contact w1th the fibronectin-coated coverslip (density 290 mole-
cules/um? ) at a fixed compressive force of 13 pN and at 23 °C.
After a given time period, the cells were pulled upwards with a
force of 2.5, 5.6, 13, 28, or 64 pN. Forces below 13 pN and above
28 pN, respectlvely, were pooled and averaged. Chi-square (3%
tests were performed to assess the goodness of the fits. For
Foun €13 pN these gave / = 0.61 for n =1 versus y = 1.56 for
n=2 dnd »* =118 forn = 3, Whlle for Foun = 28 pN, /2 =15.3 for
n=1, y*=5.0 for n=2, and y*> = 40 for n = 3 (values below 9.5
are 51gn1ﬁcant) Data for lower forces were thus fit by Eq. (5) with
n =1 (solid curve), giving ko, = 1.64 x 107® 57" and kg = 0.09 57!
(taking R = 5 x 10°), whereas the data for upper forces were fit by
Eq. (5) with n = 2 (dashed curve), giving kon = 2.50 x 107 s™! and
ko =0.21 s7'. Note that higher forces decrease adhesmn and
exhibit an inflexion point at about 0.5 s. The plotiscutatz=28s
to better illustrate the difference; data points at t=16s are
respectively P, =0.99 + 0.03 (F,u; <13 pN) and P, =0.98 +
0.03 (Fpull > 28 pN)

Effect of fibronectin density

The adhesion probability increased with fibronectin
density, reaching 100% in several seconds (Fig. 6A).
RGD peptides reduced adhesion probability by 10—
100%, depending on time (the difference was significant
at all time points), suggesting an integrin molecule was
involved in binding. The parameters k. and k.g were
calculated from these adhesion curves: k. increased
noticeably with fibronectin density, whereas kg did not
show a consistent trend (Fig. 6B). Since bond formation
involves both the diffusion of a receptor to the vicinity of
an immobilized ligand (rate kg;y), and the chemical re-
action itself (rate k..c), the overall association rate
constant may be written as (Bell 1978):

ki = (1/kairt + 1 /kreac) ™" (6)

Theory further shows that (Lauffenburger and Linder-
man 1993; Schmidt et al. 1994):

kdiff = 27‘CDRT/[AT ln(b/s)] (7)

where D is the diffusion coefficient of receptors in the
plane of the membrane, i.e. 0.01-0.1 um?/s for the f;
integrin subunit (Duband et al. 1988; Felsenfeld et al.
1996; Choquet et al. 1997), Rt = 1-5 x 10°, the total
number of fibronectin receptors on a fibroblast surface
(Akiyama and Yamada 1985; Codogno et al. 1987),
At = 1500 um?, the total cell surface area includ-
ing membrane wrinkles (Thoumine et al. 1999), b is one
half the mean distance between ligand molecules, i.e.
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Fig. SA-D Bond distribution over time. The binomial distribution
(Eq. 4) is shown at three different contact durations, i.e. 0 s (A), 1 s
(B), and 8 s (C). The average bond number is shown in (D).
Parameters were intermediary between those determined from Fig. 4
(kon = 2.05 x 1070 5715 kor = 0.15 571

b = 1/(nNy)"? where Ny is the ligand density, and s the

encounter radius (theoretically in the range of
1-10 nm). By replacing, one obtains:
ki = [1/kreac — (A1/27DRr) In(sv/aN.)] ™" (8)

A fit of the k£, data with this expression gives the
lumped parameter Ar/4nDRt = 0.38 s, and the relation
1/kieac = 3.70 + 0.76 In(s\/m) (seconds), with s in pm.
Since kyeac = 0, this sets a lower limit s = 4 nm.

Effect of temperature

Increasing the temperature (from 23 to 37 °C) signifi-
cantly raised the adhesion probability (Fig. 7A) as well
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Fig. 6A, B Effect of fibronectin density on adhesion. The fibronectin
density was varied between 0 and 2900 molecules/um?, at constant
compressive force (13 pN), traction force (64 pN), and temperature
(23 °C). Since F,y is enough to break a bond, the theoretical
expression (solid and dashed curves) corresponds to Eq. (5) with n = 2
bonds. The parameters k. and kg found from the fits are shown in B
versus fibronectin density (filled and empty circles, respectively). The
solid curve represents the least-squares fit k, = [3.7-0.38 In(Np)™", as
described by Eq. (8), with regression coefficient r = 0.94. The dashed
line is the average of the kog data (0.15 + 0.07 s™'). Adhesion data in
the presence of RGD peptides was fitted with the coefficients
ki =045+ 0.10s™" and kor=0.07 + 0.04 s™', to be compared
with control data for N; = 860 molecules/um” in B

as the parameters k., and kg (Fig. 7B). The rates of a
chemical reaction should be inversely proportional to
the exponential of the ratio E,/kgT, where E, is the
activation energy of the chemical reaction (supposing a
simple activated process), kg is Boltzmann’s constant,
and T the absolute temperature (K). Indeed, the rela-
tionship between each rate constant and 1/7 was well fit
by a decreasing exponential function:

k = koexp(—E,/kgT) 9)

where k is either k. or kog, and the coefficient k° rep-
resents the corresponding parameter at infinite temper-
ature. E, computed from the k. and k,g data was
respectively 25.3 and 16.6 X kT (the thermal energy at
To =300 K, ie. 4.1 x 107! J).

Effect of compression
The higher the compressive force exerted on the cell

during the contact period (from 0 to 64 pN), the larger
the adhesion probability (Fig. 8A). The association rate
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Fig. 7A, B Effect of temperature on adhesion. The temperature was
varied between 23 and 37 °C, at constant fibronectin density
(290 molecules/um?), compressive force (13 pN), and traction force
(64 pN). A The adhesion probability was fit by Eq. (5), with n = 2,
giving the rate constants k4 and k.. These parameters are plotted in
B versus the ratio 300/ 7, where T is the absolute temperature (K). The
solid and dashed curves are exponential fits (Eq. 9) through the data
(r=0.96)

k4 was found to increase with compression in a loga-
rithmic manner, whereas k. remained fairly constant
(Fig. 8B). It was possible that the effect of compression
was actually due to local heating or photoactivation at
the adhesive site, generated by the laser. The tempera-
ture increase was estimated to be 1.7 °C per 100 mW
output power in an optical trap set-up similar to ours
(Kuo 1998). Thus, we expect the maximal output power
of about 320 mW on the sample to correspond to 5.4 °C
above room temperature (i.e. 28.4 °C). This is still in the
physiological range and should not cause as much an
increase in adhesion if due to temperature alone (see
previous paragraph). To further check for temperature
effects, we carried out experiments in which the trap was
placed about 15 um above the substrate (the position of
equilibrium between laser force and cellular weight), so
that no compression was applied on the cell, while the
laser power was maintained near its maximum (sup-
posedly heating the sample). Adhesion in this case
(ky =027 s7" and ko= 0.15s7"), was similar to the
situation where the laser power was zero (respectively
ki =034s" and kg =0.10 s7"), suggesting that the
temperature difference between the two conditions, if
any, was too small to affect adhesion. Effects other than
local heating, e.g. photodamage of adhesive proteins or
membrane lipids, would presumably cause a decrease in
adhesion with increasing laser power, the contrary of
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Fig. 8A, B Effect of compressive force on adhesion. A Compression
was varied between 0 and 64 pN, at constant fibronectin density
(290 molecules/um?), traction force (64 pN), and temperature (23 °C).
The plain curves are fits of Eq. (5) with » = 2, which yield the two
parameters k. and kg, plotted in B versus the compressive force on
the cell, in a logarithmic scale. The solid line represents the least-
squares fit ky = 0.4940.15 In(Feomp), With Feomp in pN (1 = 0.96).
The dashed line is the mean of the ko data (0.14 + 0.05 s

what was observed. Thus, the increase in adhesion
probability with laser power could safely be attributed to
the compressive force exerted on the cell during contact.

Discussion
Overview of the approach

We reported here a sensitive method to probe the ad-
hesion of living cells, based on optical tweezers, which
allowed control of important physicochemical variables
(duration of contact, compressive and tensile forces,
temperature, ligand density). It is inspired by experi-
ments where ligand-coated microspheres are placed on
the surface of fibroblasts (Schmidt et al. 1993; Choquet
et al. 1997) or neurons (Dai and Sheetz 1995), in order
to probe membrane-cytoskeleton interaction. The time
scales of adhesion were similar to ours, i.e. several sec-
onds for comparable densities of ligand adsorbed on the
microspheres (Choquet et al. 1997). Our method is
simple and fast (i.e. one can test about 50 cells in
20 min), allowing a reliable statistical analysis, which
was manifest in the smoothness and reproducibility of
the adhesion curves. Moreover, the technique can easily



be adapted to the study of other adhesive systems (e.g.
involving different cell types and extracellular ligands),
and not only cell-matrix interactions. For example, by
letting a cell monolayer cover the substrate, one may
also probe cell-cell adhesion. It should also be feasible to
visualize the contact zone by fluorescence or reflection
microscopy and correlate such observations to the ad-
hesion data. Finally, since 3T3 fibroblasts can be
transfected with genes of mutated receptors (Felsenfeld
et al. 1996; Choquet et al. 1997), this approach may be
further used to study the correlation between the struc-
ture of an adhesion receptor and its physical properties.
Adhesion tests were interpreted using a probabilistic
analysis, based on previous work (Cozens-Roberts et al.
1990; Chesla et al. 1998; Piper et al. 1998) which pre-
dicted the bond distribution at each time point. For ex-
ample, the average number of adhesive bonds at a 16 s
contact duration is close to 0.9 k | [k (see Eq. 3) and lies
between 3 and 9, depending on experimental conditions.
Given few limiting hypotheses (e.g. first-order reversible
reaction, independent behavior of receptors), the model
provided analytical expressions which fit the data quite
well and allowed simple extraction of kinetic parameters.
Given fibronectin densities of 100-3000 molecules/pum?
and contact areas in the range of 0.1-1 um? (see next
paragraph), the average number of fibronectin molecules
in the contact zone (10-3000) is much higher than the
number of bonds formed (just a few); thus, it is a good
approximation to neglect ligand depletion here. More
complex types of interactions, e.g. involving an inter-
mediate state binding (Pierres et al. 1995b), a different
stochiometry (Chesla et al. 1998), or receptor coupling to
the cytoskeleton (Thoumine and Meister 2000) may be
treated similarly. Changes in the rates of bond associa-
tion and dissociation versus the experimental conditions
(temperature, tensile and compressive forces) give insight
into the intrinsic physical properties of the interaction
between fibronectin and its membrane receptor.

Bond formation

The overall association rate k. was in the range of 0.3—
1.4 s7!, similar to values reported for the E-selectin-
dependent adhesion of granulocytes to the endothelium
(Kaplanski et al. 1993). k. increased with fibronectin
density in a non-linear manner: this was interpreted as
association being made of two steps, namely diffusion
and reaction. Fitting the data with the theory gave the
lumped parameter At/4nDRt = 0.38 s, which falls in
the right range for realistic values of the parameters, and
the reaction rate k.., as a function of the encounter
radius, s. Given these relations, we can estimate orders
of magnitude for the kinetic rates kgjy and kpeqe. For
example, at low ligand density (e.g. Ny = 100 pum~2) and
for the lower value s = 5 nm, one obtains kg = 0.55 s
and kpepe = 9.2 57 (giving k+ = 0.52 s 1), in which case
the fibronectin-receptor association is diffusion limited.
At higher ligand density (e.g. Ny = 3000 pm™2) and for
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the upper value s = 10 nm, one obtains kgjy = 45 s

and Kyepe = 1.6 571 (giving k, = 1.55 s7'), falling in the
reaction-limited regime. For intermediate values of these
parameters, both steps contribute to bond formation.

k + increased by about three-fold with the compressive
force applied on the cell (in the range of 0.5-64 pN), in-
dependently of temperature effects. This is comparable to
granulocytes interactin% with endothelial cells: their as-
sociation rate is 0.04 s™ when the cells are freely rolling,
and increases by 10-fold after initial contact (Kaplanski
et al. 1993). In that situation, leukocytes are indeed pulled
upstream by the first bond, and compressed downstream
because of torque effects due to the velocity gradient
(Hammer and Lauffenburger 1987; Chang and Hammer
1996). As a first approximation, k. should be propor-
tional to the contact area 4. between the cell and the
substrate, i.e. K+ = k™A /At, where At is the total cell
surface area and A7 the maximal association rate (if all
the area was available for binding). Considering the fi-
broblast as a fluid drop bounded by a cortex under a
persistent tension 7= 3 x 107 N/m (Thoumine et al.
1999), a simple mechanical equilibrium gives an apparent
contact area (neglecting surface roughness) A, =
Ry Feomp/2T, where Fom, is the compressive force and R,
the cell radius (about 8 um). Thus one expects k- to be
proportional to the force on the cell, but the actual
dependence is logarithmic. One explanation for this
discrepancy is that because of membrane wrinkles, the
actual contact surface is not a mere disc and the contact
area does not increase linearly with compression. Repul-
sion from the glycocalyx may also play a role in this
phenomenon.

The intrinsic association rate per receptor (k,,) was
found inversely proportional to the number of available
receptors chosen in the model. This is because receptors
compete with one another for binding (Lauffenburger and
Linderman 1993). For example, if we consider that all
receptors on the cell surface are capable of binding, i.e.
R = Ry =5x 10, then k., is on the order of 106 s7".
However, because of membrane barriers to diffusion
(Sheetz 1993), probably only the receptors in the contact
zone can interact (e.g. it would take a time 7°R,’/
2D = about 2 h for a receptor to diffuse from top to
bottom of the cell, which is much larger than the time scale
of adhesion tests). Taking a contact area of 0.2 um? (value
for a compressive force Fomp = 15 pN), then R = 50 and
kon is around 1072 s™'. Finally, depolymerizing actin by
treating cells with cytochalasin decreased k. by a factor
of 2 (not shown), suggesting that interaction with an
intact actin network on the cytoplasmic side facilitates
receptor binding to fibronectin, possibly through a two-
state conformational change of the integrin (Felsenfeld
et al. 1996; Thoumine and Meister 2000).

Bond strength and energy

Once a bond is formed, cell-substrate detachment upon
pulling may involve several mechanisms (Evans et al.
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1991): (1) bond breakage; (2) receptor extraction; (3)
membrane-cortex separation; and (4) detachment of
fibronectin from the substrate. Membrane separation is
unlikely since we did not observe tether formation. The
fourth possibility can also be ruled out because fibro-
nectin adsorbs very strongly to glass (Haas and Culp
1982). We are left with the two first mechanisms, which
are difficult to distinguish with respect to force ampli-
tude. Indeed, on the one hand, breakage of bonds
between typical biological molecules i.e. actin to «-acti-
nin (Miyata et al. 1996) or two antibodies bound on red
blood cells (Tha et al. 1986), involve forces of 18 pN and
10 pN, respectively, similar to that reported here (be-
tween 13 and 28 pN). On the other hand, the forces
holding proteins in the plasma membrane are also on the
order of 20 pN, as assessed theoretically (Bell 1978) and
experimentally (Evans et al. 1991). One way to distin-
guish between bond breakage and receptor extraction is
to keep testing the same cell throughout a time series
until it stays adhered, then repeat the experiment with
other cells until enough data are gathered. If receptor
extraction occurs, then one should observe a decrease in
adhesion probability versus control conditions where
each cell is tested only once, indicating irreversibility of
binding (Chesla et al. 1998). Moreover, the difference
should be larger at high pulling forces, when one can
detach the cell. However, the curves obtained in such
experiments both at low and high pulling forces were
similar to control (not shown), suggesting that in our
experiments, bond failure is the dominant mechanism.
Both k. and k. increased about three-fold with tem-
perature between 23 and 37 °C. This is likely due to
facilitated passage through activation barriers in both
directions of the reaction, and/or an increase in mem-
brane fluidity resulting in faster receptor diffusion. An
activation energy of about 20 times the thermal energy
at 300 K was deduced from the relationship between the
reaction rate constants and the temperature, which re-
flects the energy well of the fibronectin-receptor inter-
action. This value is in agreement with the free energy
minimum of protein G-IgG bonds, i.e. 35 kg7, (Kwong
et al. 1996).

Bond rupture

The rate of dissociation between adsorbed fibronectin
and its receptor, ko, was in the range of 0.05-0.3 s™',
and rather independent of ligand density and compres-
sion. This is faster than the dissociation rate of soluble
fibronectin from epithelial cells in suspension, namely
0.01 s™' (Akiyama and Yamada 1985; Lauffenburger
and Linderman 1993). The fact that fibronectin is cou-
pled to a substrate probably induces mechanical con-
straints on the molecule, making it more likely to
dissociate. The discrepancy may also come from differ-
ences in cell types and fibronectin species. For compar-
ison, ko 1s in the same range as that reported for the
interaction between collagen or laminin and o,

integrin, i.e. 0.06 s™' under non-activating conditions
(Masson-Gadais et al. 1999), but lower than that be-
tween a selectin and its carbohydrate ligand in situations
of leukocyte rolling, i.e. 0.5-3 s™' (Kaplanski et al. 1993;
Alon et al. 19995), between integrins and the underlying
cytoskeleton at the dorsal surface of fibroblast lamellae,
ie. 357! (Schmidt et al. 1994), or between CD2 and
CD28 molecules mediating lymphocyte adhesion, i.e.
above 8 s~ (Pierres et al. 1996). Supposedly, those last
three biological situations require very dynamic inter-
actions, whereas in the case of fibroblasts interacting
with a fibronectin matrix, a lower dissociation rate
promotes stabilization of newly formed adhesion sites.
Integrins and selectins are actually expected to display
different binding kinetics, in view of their complemen-
tary roles in leucocyte-endothelial adhesion (Springer
1994).

Since the pulling force is likely to increase k.g in an
exponential fashion (Bell 1978; Cozens-Roberts et al.
1990), the bond strength (20 pN) may also be considered
as the force required to reduce the bond lifetime (1/kog)
until it becomes negligible with respect to the pulling
time (approximately 0.5 s). In other words, the proba-
bility of bond dissociation (viewed as a stochastic event)
is high under such force in the time scale of the experi-
ment. We identified a narrow range of forces (13-28 pN)
characterizing the rupture of fibronectin-integrin link-
ages, in agreement with sharp strength distributions
obtained for single avidin-biotin bonds (Merkel et al.
1999). Furthermore, a theoretical analysis of bond fail-
ure showing that the probability to quickly break two or
three bonds is much lower than that to break a single
bond (Evans et al. 1991) supports our finding that forces
of 28-64 pN break only one ligand-receptor bond.
However, it should be kept in mind that the detachment
force presumably increases with the rate of pulling
(Merkel et al. 1999); here, the loading rate was in the
range of 5-100 pN/s. When a bond breaks during pull-
ing, it probably does so when the force reaches its
maximum, i.e. when the laser trap passes near the upper
edge of the cell. The pulling time was kept short com-
pared to the contact time, so that the kinetic parameters
reflected the conditions imposed during adhesion, in
particular compression. However, this concern is not so
critical since decreasing the pulling velocity by a factor
of 10 did not change the adhesion probability (not
shown).

Limitations

One drawback is that we did not achieve entire speci-
ficity of the receptor-ligand interaction, apparent in the
fact that some binding was still present at zero fibro-
nectin concentration (Fig. 6A). The best agent we found
against non-specific adhesion was bovine serum, while
albumin had little blocking effect (not shown). The use
of 10% serum may introduce artifacts, e.g. soluble fib-
ronectin may compete with substrate binding sites, and



adsorption of other proteins such as vitronectin to the
glass coverslip may occur (although this phenomenon
should be minor at short time scales). On the other
hand, the biophysical parameters should be relevant to
most studies of fibroblast locomotion which are usually
done in serum-containing medium. Although specific
adhesion of fibroblasts to fibronectin was significantly
reduced by RGD peptides, we were also unable to
identify precisely which receptor was involved in fibro-
nectin recognition. It is possible that several receptors,
not only the most common osf; integrin, were impli-
cated in binding fibronectin, in which case the kinetic
coefficients would represent an average behavior. The
antibodies against o5 or f; integrin subunits did not
significantly alter adhesion. Supposedly, these did not
have any particular activating or inhibiting role, as has
been reported for some antibodies to o,f; integrins
(Masson-Gadais et al. 1999). The detachment protocol
should not damage the fibronectin receptors, which are
sensitive to trypsin only at 50-fold higher doses (i.e.
0.25%) than the ones used here (Akiyama and Yamada
1985).

There are also some uncertainties associated with
force measurements. Calibration was done with Stokes
drag on fibroblasts about 20 um above the surface. This
is probably a good approximation when one pulls on the
cell after contact by raising the trap away from the
coverslip; thus, the estimate of bond strength should be
fairly accurate. Furthermore, vertical forces are similar
to those determined for 2-11 um latex particles in the
lower range of laser power (Misawa et al. 1991) and, in
the higher range, with forces necessary to aspirate the
same cells in a thin micropipet coming from the top (not
shown). However, during compression, the laser trap is
focused on the surface, and there may be subtle optical
effects (scattering, interference) modifying its behavior.
Thus, the values of compressive force may only be good
within a factor of 2 or so, although this does not affect
the qualitative picture that bond formation increases
with compression. Finally, we cannot rule out that some
local photoactivation is taking place during contact,
enhancing the interaction. Despite these drawbacks that
can hopefully be solved in future studies, we believe that
we demonstrated the potential of our method to accu-
rately quantify cell adhesion.

Conclusion

We reported here short-term adhesion tests using optical
tweezers which, coupled to a probabilistic model of re-
ceptor-ligand kinetics, yielded information about the
number, strength, and reaction rates of bonds between
fibroblasts and fibronectin. This may serve to better
understand the locomotion of fibroblasts and their in-
teraction with the extracellular matrix in the connective
tissue. This approach also opens the way to a systematic
comparison of the biophysical properties of the different
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types of receptor-ligand interactions. Such knowledge is
important for a better understanding of how adhesive
interactions are controlled in time and space, leading,
for example, to coordinated immune responses or tissue
morphogenesis.
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