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ABSTRACT Spatial patterning of biochemical cues on the micro- and nanometer scale controls numerous cellular processes
such as spreading, adhesion, migration, and proliferation. Using force microscopy we show that the lateral spacing of individual
integrin receptor-ligand bonds determines the strength of cell adhesion. For spacings >90 nm, focal contact formation was
inhibited and the detachment forces as well as the stiffness of the cell body were significantly decreased compared to spacings
<50 nm. Analyzing cell detachment at the subcellular level revealed that rupture forces of focal contacts increase with loading
rate as predicted by a theoretical model for adhesion clusters. Furthermore, we show that the weak link between the intra- and
extracellular space is at the intracellular side of a focal contact. Our results show that cells can amplify small differences in adhe-

sive cues to large differences in cell adhesion strength.

INTRODUCTION

Cell adhesion is the central mechanism that ensures the struc-
tural integrity of tissue. It is usually studied in cell culture,
where the most prominent cell-matrix adhesion structures
are so-called focal contacts (1). Focal contacts consist of
large patches of transmembrane adhesion receptors from
the integrin-family (2). These integrin patches in the cell
membrane can reach lateral sizes of several micrometers.
On the extracellular side, integrin binds to ligands such as
the ECM protein fibronectin (3). On the intracellular side,
the receptors are linked to the actin cytoskeleton via a cyto-
plasmic plaque composed of many different proteins,
including talin, vinculin, paxillin, and «-actinin (4). This
connection to the cytoskeleton, which is often organized in
the form of stress fibers, allows transmitting forces between
cells and the ECM through focal contacts.

Cells use focal contacts to integrate biochemical and
mechanical information about their environment and to regu-
late the organization of the cytoskeleton. In particular, cell
behavior is profoundly affected by the mechanical properties
of the ECM and extracellular mechanical signals. For
example, the stiffness of elastic substrates determines focal
contact formation, cell elasticity, cell migration and cell
differentiation (5-8). If intracellular force generation is
inhibited, e.g., by the myosin II inhibitor blebbistatin, these
effects are abolished (5). On the other hand, stimulating cells
by an external shear force can induce a substantial growth of
focal contacts (9,10). These observations show the mechano-
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sensitive nature of focal contacts and their importance
for cellular decision-making. Mechanosensing through focal
contacts is probably based on a mechanobiochemical feed-
back loop involving force-induced signaling through small
GTPases from the Rho-family and activation of force gener-
ation in the actin cytoskeleton (11,12). However, the molec-
ular basis of mechanosensing is still not fully understood.
Recent evidence suggests that the integrin-fibronectin bond
as well as talin, one of the integrin binding partners in the
cytoplasmic plaque, undergo conformational changes on
stretch (13,14). Thus, investigating the mechanical proper-
ties of focal contacts is an important step toward a complete
understanding of mechanosensing.

Micro- and nanopatterned substrates with a controlled
distribution and density of binding sites for integrin receptors
have emerged as a valuable tool for investigating the impact
of the ECM structure on cell behavior. For instance, the
forces that cells actively apply at focal contact sites (15,16)
and the dependence of cell spreading, polarization, motility,
proliferation, and focal contact formation on the ECM pat-
tern (17,18) as well as on the nano-scale density (19-21)
of integrin binding sites has been investigated. It has been
shown recently that it is not only the average density of
integrin binding sites under the cell body but also the details
of their lateral spacing at the nano-scale that controls focal
contact formation and cell behavior at the microscale. For
an integrin binding site spacing >73 nm, focal contact
formation is inhibited and cells do not spread. For a spacing
<58 nm, in contrast, focal contacts and actin stress fibers
form and cells adopt a well-spread, pancake-like shape
(22,23). On surfaces with a nano-scale gradient of binding
site spacing, cells are able to sense effective differences in
binding site spacing as small as 1 nm over the cell diameter
(24). These results show that cell adhesion is extremely
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FIGURE 1 Nanopatterned surface template. (A and B):
Scanning electron micrographs of hexagonally ordered
gold nanopatterns on glass substrates with distances of 50
and 90 nm, respectively. Scale bar = 200 nm. (C) Sketch
of the biofunctionalized nanopattern system used for integ-
rin binding.
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sensitive to the organization of molecular binding sites at the
nano-scale.

We investigate the role of the nano-scale spacing of indi-
vidual integrin binding sites for the detachment strength of
adhered cells and the stability of focal contacts under load.
We use nanopatterned substrates prepared by diblock copol-
ymer nanolithography that are functionalized with the cyclic
RGD peptide c[RGDfK(Ahx-Mpa)] that binds to the «,03
integrin with high affinity (25,26). In this way, we control
the minimal spacing of individual ay(3-integrin molecules
bound to the surface. This, in turn, controls the structure
and formation of focal contacts and the spreading of cells.
To quantify cell adhesion and focal contact strength, we
used an AFM in conjunction with phase contrast and fluores-
cence microscopy, making it possible to study the force-
induced detachment of spread cells and focal contacts.
Over the last years, the AFM has become a standard tool
to investigate adhesion strength of specific receptor-ligand
bonds, both for single molecules and for multiple bonds in
the context of single cells (27,28). However, in most studies
on cell adhesion the contact time between cell and substrate
is restricted to a few minutes (29-31). Studies on long-term
adhesion strength with contact times of several hours have
been carried mainly out with techniques such as the spinning
disk apparatus (32) and centrifugation assays (33), which
can only provide information about the average adhesion
strength in cell ensembles. Thus, the AFM-based method
for studying long term adhesion that we present here signif-
icantly extends timescale and precision for probing the adhe-
sion strength of individual cells. Furthermore, it allows, for
the first time, to study the stability of subcellular components
such as focal contacts, which only develop after long adhe-
sion time.

Previous studies have shown the cooperative effect of
integrin spacing for cell adhesion strength during the initial
cell-substrate contact (34), that is, before mature focal
contacts form. Using what we believe to be a novel method,
we studied the role of integrin spacing for the long-term
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stability of cell adhesion and the elasticity of the cell body.
We find that focal contact formation plays the key role in
controlling local cell adhesion strength and cell stiffness.
Interestingly, our experiments reveal that focal contacts pref-
erentially break at their intracellular side. This suggests that
the weak link between cell and ECM is the one between
integrin receptors and cytoskeleton rather than the cell-
ECM connection. We further investigate the dependence of
the rupture force of focal contacts on loading rate. Applying
a theoretical model for the rupture of parallel bonds under
shared load, we identify two different scaling regimes for
the dependence of cluster stability on loading rate. The quan-
titative information obtained from analyzing focal contact
stability on substrates with different integrin binding site
spacing indicates that there is a maximum packing density
for the proteins in the cytoplasmic plaque. The results pre-
sented in this study show that the intermolecular spacing
of integrins at the nanometer scale plays an essential role
for cell adhesion strength and elasticity.

MATERIALS AND METHODS
Biofunctionalized nanopatterns

Hexagonal patterns of gold nanoparticles were prepared on glass slides by
self-assembly of diblock-copolymer micelles (35). The core of the micelles
was enriched with a gold nanoparticle precursor and after dip-coating onto
glass slides the particles were deposited by a hydrogen plasma treatment.
The details of this substrate preparation are described elsewhere (22). The
spacing between adjacent gold nanoparticles, i.e., the hexagonal lattice
parameter, is determined by the diameter of the micelles and is fixed for
each substrate. Here, we used substrates with spacings of 28 *= 7, 50 =
11,90 = 15and 103 % 15 nm. Scanning electron micrographs of the hexag-
onal nanoparticle pattern on glass slides are shown in Fig. 1, A and B. The
area in between the gold dots was filled with PLL(20)-g[3.5]-PEG(2)
(SurfaceSolution, Diibendorf, Switzerland) to prevent nonspecific adhesion
to the glass (36,37). Specific integrin binding to the gold particles was
allowed by functionalizing them with the c[RGDfK(Ahx-Mpa)] peptide,
which binds with high affinity to ay35 integrin (25,26). Fig. 1 C shows the
final surface configuration used in the experiments. Binding is sterically
restricted to a single integrin per gold particle because the diameter of the
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integrin head domain is 9 nm (38), the diameter of a gold nanoparticle is
6-8 nm and the thickness of the hydrated PLL-g-PEG layer is ~8.2 nm
(39). Consequently, each gold particle provides a binding site for at most
one integrin.

Cell culture

REF52, stably transfected with YFP-paxillin (40) were maintained in Dul-
becco’s modified Eagle’s medium, supplemented with 10% FBS and
2 mM L-glutamine (all from Gibco Laboratories, Karlsruhe, Germany) at
37°C and 5% CO,.

Cell detachment experiments

Cells were seeded on biofunctionalized nanopatterned substrates in FBS-
reduced medium (Dulbecco’s modified Eagle’s medium, 2% FBS, 2%
L-glutamine, 100 ug/mL penicillin-streptomycin) at 37°C and 5% CO, for
5-7 h. For the cell detachment experiments, the sample was transferred to
a heated fluid chamber (BioCell, JPK Instruments, Berlin, Germany). The
temperature was adjusted to 36°C and the cell medium was changed to CO,
independent medium (Invitrogen product 18045088) supplemented with
10% FBS, 2% L-glutamine and 100 pg/mL penicillin-streptomycin (all
from Gibco Laboratories, Germany).

The experiments were carried out with a commercial AFM, which has
been specially developed for life science applications (Nanowizard and
CellHesion Systems, JPK Instruments, Germany). The AFM was set up in
conjunction with an inverted microscope (Axiovert 200, Zeiss, Gottingen,
Germany). Tipless cantilevers were delivered from Mikromasch (Tallinn,
Estonia) (NSC12, rectangular shape) and Veeco (NP-020, V-shape) (Veeco
Probes, Camarillo, CA). To facilitate data analysis, only rectangular cantile-
vers were used in quantitative experiments.

To detach a cell from a surface, the connection between cantilever and
cell must be at least as strong as the connection between cell and surface.
Hence, we functionalized the cantilevers with fibronectin (41), which
provides binding sites for at least six different integrins (42). Furthermore,
the fibronectin can induce the formation of focal contacts at the cell-canti-
lever interface, providing a cytoskeletal connection between the cantilever
and the substrate. Hence, we do not apply a force to the cell membrane
but directly to the cytoskeleton, so that the force exerted by the cantilever
is transmitted to the cell body via the focal contact and not by the cell
membrane.

Without viable cytoskeletal elements between cantilever and the cell-
nanopattern interface, e.g., if the membrane was connected to the cantilever
with glutaraldehyde, a several micron-thick membrane tube can be pulled
out from the cell without inducing cell detachment, as described by Gladilin
et al. (43).

In a detachment experiment, a cantilever was carefully lowered to the
dorsal side of a cell so that the free end of the cantilever touched the cell
surface (Fig. 2 and Fig. S3 in the Supporting Material). Typically, the canti-
lever was firmly attached to the cell after 10—15 min so that the cell was
influenced by the cantilever for a relatively short time relative to the time
(5-7 h) it adhered at the substrate before any external mechanical stimulus.
To avoid cell damage, e.g., by a rupture of the membrane during cantilever
retraction, slow cantilever retraction speeds between 0.33 and 0.83 um/s
were used. With this procedure cells remained viable after detachment.

In all experiments, the cell spreading area before detachment was deter-
mined with phase contrast microscopy. Cell detachment was followed
with fluorescence microscopy using a 40x objective (EC Plan-Neofluar,
NA = 0.75; Zeiss) and a high-resolution camera (ORCA-ER, Hamamatsu
Photonics, Herrsching, Germany) at a frame rate of 2 Hz.

Force and image analysis

Cantilevers were calibrated as presented in Movie Sl in the Supporting
Material. Force-extension curves were analyzed with a custom-made MAT-
LAB program (The MathWorks, Natick, MA) that calculates the total
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FIGURE 2 Series of phase contrast images showing the detachment of
a well-spread cell from a glass surface by an AFM cantilever. The cell
was allowed to adhere for several hours before the experiment. In the
images, it is clearly visible that the adhesion pins of the cell (circles) are
successively detached. Scale bar = 20 um.

detachment forces and the force magnitudes corresponding to single rupture
events. Cell boundaries, detached areas and focal contact sizes were deter-
mined with ImageJ (44). In the analysis, we only took into account such
cell detachment events in which all force steps could be identified with
rupture events at the cell-nanopattern interface. This procedure guaranteed
that cell-cantilever rupture events were not mistaken for rupture events at
the cell-nanopattern interface.

For the interpretation of cell detachment forces on different substrates,
several measures can be defined. We define the “total detachment force”
as the sum of all measured force steps in a detachment trajectory (Fig. 3 A).
Importantly, this total detachment force is not necessarily equal to the
maximum force in a detachment trajectory, because additional force can
be built up during the detachment process. The total detachment force
divided by the cell spreading area we call “global detachment force
density”. Dividing a single force step in the force curve by the correspond-
ing detached area gives the “local cell detachment force density”. In the
presence of focal contacts, the detached area was identified clearly with
the area of the ruptured focal contacts because the area in between the focal
contacts was lifted from the surface without a detectable force response. For
integrin binding site spacings >90 nm, no focal contacts were formed and
force steps coincided with the detachment of extended cell-surface contact
zones (Movie S2).

Theoretical description of adhesion clusters

In a focal contact, the force transmitted through the actin cytoskeleton is
applied to the adhesion bonds via the cytoplasmic plaque. Although the
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FIGURE 3 (A) Force-extension curve for the detachment of a cell from
a nanopattern (integrin binding site spacing 50 nm) showing the force
measured as function of cantilever position. (B—F) Series of YFP-fluores-
cence images during the detachment of the cell used for the force curve in
A. Detached areas are marked with yellow arrows, corresponding force steps
are marked in A. In B, the outline of the cantilever is indicated. By
comparing the force curve with the fluorescence images the ruptures of focal
contacts can be resolved. The rupture event in D is in detail considered in
Fig. 4. In the cell shown here we identified 24 paxillin clusters on a cell
spreading area of 2804 um>. The ratio of focal contact area to cell spreading
area was 5%.

exact distribution of forces and also the exact positioning of the weakest
links inside the focal contact are unknown, the simplest model assumption
is that there exists a layer of parallel bonds that share the load equally.
The rupture behavior of such an adhesion cluster under a linear increase
of the pulling force F(f) = rt has been modeled previously (45,46).
Following the seminal work of Bell (47), our model assumes that the instan-
taneous rate at which a bond breaks increases exponentially with the force
Fy(t) exerted on the bond, ko = ko exp(Fy(f)/Fo). The unstressed off-rate
ko and the intrinsic force scale F(, are molecular properties of the bond.
Due to the assumption of equal load sharing, Fy,(f) = r#/N(f), where N(?) is
the number of closed bonds at time . As long as closed bonds still exist
and ensure spatial proximity, open bonds can rebind with a constant on-
rate k,,. The average force needed to break the adhesion cluster is deter-
mined mainly by two parameters: the maximum number of bonds in the
cluster, Ny, and the loading rate applied at the whole cluster, r (in nN/s).
The model predicts two distinct scaling regimes of slow and fast loading:
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N Fopln(ko/(koe)) : 1 < NeghoFo (slow loading)
F
NegFoln (m) : 13> NegkoFy (fast loading)

M

Here, pln(a) denotes the product logarithm, which is defined as the solution x
of xexp(x) = a, and e is the Euler number. Noq= N, ko/(ko + kon) < Ny is the
number of closed bonds in the unstressed steady-state. The product koF sets
the characteristic scale for loading. At slow loading the rupture force
increases linearly with the number of bonds in the cluster and is independent
of loading rate. For fast loading, rebinding becomes irrelevant and the
rupture force scales with the logarithm of loading rate, similar to single
bond rupture under linear loading (48,49). Equation 1 also shows that in
both scaling regimes the rupture force depends on the maximum number
of molecules in the cluster, N;, which can be assumed to be proportional
to the area of the adhesion cluster, N, = A/Aq. Here A is the molecular
area occupied by one bond. The controlled binding site spacing, d, in our
experiments sets the lower limit Ay = d?v/3/2. Expressing Eq. 1 in terms
of the area, yields for the rupture force of focal contacts per focal contact
area:

(Fo/Ao)pIn(kon/ (koe)) :

ko7 r/A
(Fo/Ao/k0+konln< T

ko(Fo /Ao)gs 3%

r <K NeqkoF()
F/A =

> r>> Neqk()F() .

@

RESULTS

Elastic deformations and abrupt rupture during
cell detachment

Fibroblasts spread out and maximize their adhesion area on
a ligand-coated surface. For sufficiently large adhesion
time and sufficient ligand density on the surface, mature
focal contacts form that serve as discrete contact points
pinning the cell to the surface. Consequently, detaching
a cell from a surface is not a continuous peeling process,
but proceeds in discrete steps in which the pins detach.
Fig. 2 shows a typical example of cell detachment with the
AFM, where the cell body is significantly stretched before
the adhesion pins are successively detached. Fig. 3 shows
an exemplary cell detachment and the corresponding force-
extension curve. While the cell is stretched, the force
increases nearly linearly. Each abrupt drop of force corre-
sponds to the rupture of adhesion clusters. After a rupture
event, force is redistributed over the remaining contacts
and increases again due to retraction of the cantilever until
the next adhesion cluster fails.

Adhesion bonds are not the weak links of mature
focal contacts

To investigate the cell detachment process on a subcellular
level, we recorded the fluorescence signal of YFP-paxillin,
which is incorporated into the cytoplasmic plaque and can
be used as a marker for focal contacts. In general, the number
of focal contacts per cell and the focal contact area varied
strongly from one cell to the other. In most situations, the
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FIGURE 4 Paxillin fluorescence (A) before and (B) after the detachment
of the region that ruptured in Fig. 3 D. Arrows mark the focal contacts.
Comparison of A and B shows that the focal contacts remain partly on the
substrate after detachment of the cell body. (C) Excerpt of a force curve.
The steps shaded in gray correspond to the rupture of the focal contacts in
A and the dashed line represents the elastic elongation of the cell body
before focal contact detachment.

cells had three to five areas where they were pinned to the
surface.

An example of a cell detachment from a substrate with
50 nm integrin spacing is shown in Fig. 3, B-G. Often,
several focal contacts were located close to each other in a
pinning area so that they ruptured in the same detachment
event. Surprisingly, we found that large parts of the fluores-
cent paxillin content of focal contacts can still be detected
on the substrate after detachment of the cell body (Fig. 4, A
and B). This indicates that focal contacts preferentially
rupture at their intracellular side whereas the integrin remains
bound to the substrate. The amount of paxillin remaining on
the substrate varied strongly from one focal contact to the
other (Fig. 4, A and B, and the Supporting Material sec-
tion S4). Nevertheless, an internal rupture of focal contacts
as a result of vertical pulling force appears to be a universal
property of focal contacts and was observed throughout the
experiments. Due to the internal rupture of the focal contacts
it is important to note that all measured rupture forces char-
acterize the cohesion strength of the focal contacts rather
than the direct cell-substrate interaction.

Integrin spacing controls cell detachment forces

In our experiments, focal contacts were only formed on nano-
patterned substrates with an integrin binding site spacing of
28 = 7 and 50 = 11 nm, in agreement with the work of
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FIGURE 5 (A) Total cell detachment forces. (B) Global detachment force

density. (C) Local detachment force density. All values are plotted versus the
binding site density. Error bars in the density of integrin binding sites denote
the SD. Error bars in the detachment force denote the SE. (D) Dependence of
the cellular force constant on the spacing of integrin binding sites and, as
focal contacts are only formed for spacings <50 nm, there is also a depen-
dence on focal contact formation. Error bars denote the SE.

Arnold et al. (22). Cells exposed to an integrin binding
site spacing of 90 + 15 and 103 = 15 nm showed extended
adhesion zones. Hence, we used the integrin spacing to
control focal contact formation to evaluate its impact on cell
detachment force. We compared the total detachment force
(Fig. 5 A), the global detachment force density (Fig. 5 B)
and the local detachment force density (Fig. 5 C). Fig. 5, A-C,
show that all three measures of detachment force increase
with increasing binding site density. Interestingly, the local
detachment force density increases by a factor of 14.3
between 90 and 50 nm binding site spacing, where the binding
site density increases only by a factor of 3.2. As focal contacts
are only present for spacings <50 nm, the local detachment
force density appears to be cooperatively increased by the
presence of focal contacts for spacings <50 nm.

Cell elasticity depends on the presence of focal
contacts

As reported by Arnold et al. (22), integrin spacing is an
important parameter for the formation of actin stress fibers
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and might consequently also influence cell elasticity. To
evaluate the elasticity of the cells as a function of integrin
spacing, we analyzed the slopes in the force-extension curves
before detachment events (Fig. 4 C). In this analysis, the cell
is regarded as a Hookian spring and the cellular force
constant is an effective parameter to describe the stiffness
of that part of the cell that is predominantly loaded before
rupture. Results for the averaged cellular force constants as
a function of integrin spacing are given in Fig. 5 D. Cell
stiffness drops considerably between spacings of 50 nm
and 90 nm, but does not change significantly with integrin
spacing for spacings >90 nm and <50 nm, respectively.
This result supports the idea that integrin spacing also
induces a reorganization of the cytoskeleton, which may be
linked to focal contact formation.

Cell detachment forces differ for slow and fast
loading

The results described above indicate that focal contact forma-
tion induces significant changes in the organization of the
cytoskeleton and stability of local detachment force density.
On nanopatterned substrates with an integrin binding site
spacing of 28 *= 7 and 50 £ 11 nm, the local detachment
force density, F/A, is calculated from the rupture forces of
focal contacts. To examine how the rupture forces of focal
contacts are influenced by integrin binding site spacing, we
carried out a force spectroscopic analysis. The loading rate
applied to the complete cell before a detachment event
was calculated by multiplying the cellular force constant
(in nN/um, Fig. 4 C) with the cantilever retraction speed
(in um/s). To calculate the loading rate, r, applied to a focal
contact, we assume parallel loading of focal contacts and
that load is distributed among the loaded focal contacts in
direct proportion to their size. However, due to the anisotropic
cell geometry and the tilt of the cantilever, corrections must
be applied. In particular, focal contacts were often not loaded
in parallel, but successively so that some focal contacts were
unloaded whereas others were already detached. Such un-
loaded ““‘loose contacts’ can be identified by comparing the
cellular force constants in several detachment events; in the
absence of loose contacts, the measured force constant
decreases in subsequent detachment steps, because less and
less cellular material is strained. If in contrast the force
constant increases after a detachment step, more cellular
material is strained after the detachment than before. This
indicates that one or more contacts that are pulled on after
a detachment were loose before. The loose contacts can in
detail be verified by comparing fluorescence images, where
the background fluorescence of the cell body shows if a partic-
ular part of the cell is under tension or not, e.g., by showing
changes in the cell shape and the fluorescence intensity. Using
this strategy, we only distribute the loading rate among the
actually loaded focal contacts to receive the loading rate r
applied to an individual focal contact.

Biophysical Journal 98(4) 543-551

Selhuber-Unkel et al.

d=28 nm

- N -
o N L
L L B

Force per area (nN/pmz)
(0]

6r [ ]
i -
| |
1 T =Y.
3 n
0 s |
0,1
B Loading rate per area (nNN/um?’s)
L ' A I IIIIIII.' '.

14 | d=50 nm "
e
=
pd
£
©
Q
@©
@
o
(0]
o
(@]
L

Loading rate per area (nN/pmzs)

FIGURE 6 Dependence of the rupture forces of focal contacts on the
loading rate, normalized to the cluster area. The values are shown for (A)
28 nm and (B) 50 nm integrin binding site spacing. The scaling functions
were fitted to the data and the two regimes of slow loading (dashed line)
and fast loading (/ine) can be identified. The empty squares were not taken
into account for the fit to exclude values that are too close to the transition
between the loading rate regimes. The error of a single data point is esti-
mated to be ~10% both in rupture force and loading rate.

As the cytoskeletal connections of focal contacts differ
from one contact to the next, the cellular force constant
and hence the loading rate is different for each focal contact.
The loading rates applied to focal contacts thus varied over
more than two orders of magnitude, although the cantilever
retraction speed was not changed by more than a factor of
three. By not significantly changing the cantilever retraction
speed, we avoided errors that could arise from probing
different cellular timescales and inducing different visco-
elastic relaxation responses of the cell.

Fig. 6 shows results for the local detachment force density
in focal contacts, F/A, on substrates with integrin binding site
spacings of 28 nm (Fig. 6 A) and 50 nm (Fig. 6 B) as a func-
tion of the area-normalized loading rate, 7/A, i.e., the loading
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TABLE 1 Fit values obtained by using the theoretical analysis
of adhesion cluster stability

Integrin binding site spacing 28 nm 50 nm
Integrin binding site density 1473 ym™> 461 um2
FolAo 9.4 nN/um? 5.9 nN/um?
ko 0.04 57! 0.03 s
kon 0.044 57! 0.015s7!

rate applied at a focal contact divided by its size. In agree-
ment with our theoretical expectations, two scaling regimes
can be identified in both graphs, which were fitted with
Eq. 2. The data show that the rupture forces are independent
of loading rate for the regime of slow loading (Fig. 6, dashed
line). For fast loading (Fig. 6 full line), rupture forces show
a logarithmic dependence on loading rate. The presence of
the two scaling regimes shows that the adhesion clusters
are large enough for applying our theory, which does not
include stochastic effects. Fitting the two regimes with
Eq. 2 allowed us to estimate the molecular stress, Fo/Ao,
the rebinding rate, k,,, and the unstressed unbinding rate,
ko (Table 1).

The results obtained by this analysis are consistent. The
rupture force per area, Fo/Ap, decreases with increasing
integrin binding site spacing. The unbinding rate of single
bonds, ko, is of the same order of magnitude for the two sub-
strate types, as expected for an intrinsic property of the bond.
The rebinding rate k,, increases with increasing binding site
density, in agreement with the increase in binding sites on
the surface.

DISCUSSION

We have used RGD-functionalized nanopatterns that provide
binding sites for individual integrin molecules to investigate
the role of integrin binding site spacing for cell elasticity, cell
adhesion strength, and focal contact stability in mature cell
adhesion. Such long-term adhesion requires very different
experiments than initial adhesion because the cells are spread
out on the substrates and have formed stable, micrometer-
sized adhesion clusters. Due to the large adhesion strength
at this timescale, standard protocols as they are normally
used in AFM-based single-cell force microscopy experi-
ments (29-31,34,50) have to be adapted to this new situa-
tion.

We have developed a method that is capable of investi-
gating cell adhesion forces at adhesion timescales of 5-7 h
by using AFM in conjunction with optical microscopy.
The AFM cantilever is functionalized with fibronectin so
that a cytoskeletal connection between the adhesion points
at the cantilever and at the surface forms and the cytoskel-
eton can transmit forces from the dorsal side of the cell to
the adhesion zones at the surface. As fibronectin also binds
a,03 integrins—as does the RGD on the substrates—the
cell-cantilever contact could diminish the cell-substrate
binding strength by a depletion of the integrin contacts.
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However, this effect is limited in our experiments because
the cantilever was touching the dorsal side of the cell for
no longer than 10—15 min before cell detachment. Moreover,
fibronectin is also binding to other integrins in the cell
membrane (42) and a large excess of fibronectin-binding
molecules is available in the membrane (51).

Observing the fluorescence of YFP-marked paxillin mole-
cules in the cytoplasmic plaque during cell detachment,
we found that only part of the paxillin is removed. This indi-
cates that focal contacts break predominantly on their
intracellular side, that is, the link between receptors and cyto-
skeleton breaks instead of the receptor-ECM bonds. This
result is reminiscent of studies on cell migration, where an
integrin release at the rear end of the cell has been reported
(52-54). An intracellular breakage of focal contacts has
also been observed by Franz and Miiller (55), who de-roofed
cells with short ultrasonic bursts. They report that the
remaining parts of the focal contacts on the surface contain
paxillin and F-actin and that the structure of the focal contact
remained intact even in the rare event of actin stress fiber
rupture. The inhomogeneous distribution of actin in a focal
contact (56) can be a possible reason for the partial detach-
ment of paxillin.

A well-known reaction of focal contacts stimulated by an
external force with a tangential component is that they grow
in the direction of the applied force (9,10,57). In our exper-
iments, we never observed a lateral growth of focal contacts.
This might have several reasons. First, the detachment
process was probably too fast for the cell to significantly alter
the focal adhesion area, in particular as stress was gradually
built up so that the effective time where high stress was
applied to the cells was <1 min. Second, force was applied
to the cell in the vertical direction so that the tangential
component was possibly too small to induce a lateral growth
of the focal contact. It would be of great interest to further
elucidate the mechanisms of focal contact growth and
rupture as a function of the direction and magnitude of
applied load.

It is well-known that cells adapt their stiffness to the envi-
ronment, mainly through reorganization of the actin cyto-
skeleton (8). We determined the stiffness of the cell body
before each detachment step by measuring the slope of the
force-extension curve (Fig. 4 C). We found that, on average,
this stiffness is increased by a factor of four due to focal
contact formation and that binding site density seems to
play a minor role in determining this parameter (Fig. 5 D).
This result is plausible, as the state of the actin cytoskeleton
is tightly coupled to focal contact formation. Without the
presence of focal contacts, the actin forms a loose network
of fibers in the intracellular space, while it tends to conden-
sate close to focal contacts to form stress fibers (22,58).

Our experimental approach was complemented by a theo-
retical investigation of focal contact stability. We applied
a mean field description to determine the rupture strength
of the adhesion clusters. Although the determination of
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loading rate on a focal contact was based on a number of
assumptions, the experimental results reproduced the theo-
retically predicted two scaling regimes very well and gave
reasonable values for the parameter values (Fig. 6). Interest-
ingly, the focal contact rupture force density (Fo/Ag) does not
increase in direct proportion to the binding site density
(Table 1). As the focal contact rupture forces are measures
of the cohesion strength of the focal contact plaque rather
than of the strength of the extracellular connection, this
observation indicates the existence of a maximum packing
density of the adhesion plaque. Our data show that this
maximum packing density is already reached on substrates
with integrin spacings of 28 nm. This observation should
be further investigated, for example by studying the fluores-
cence intensity of different focal contact proteins as a function
of binding site density. However, the hierarchical organiza-
tion of the focal contact plaque suggests a well-defined
spacing and orientation of its proteins and hence the exis-
tence of a maximum packing density is not surprising.

In conclusion, we have shown that the intermolecular
spacing of integrins at the nanometer scale plays a crucial
role for cell adhesion strength, cell elasticity, and focal contact
stability and that it is possible to study the detachment forces
of well-adhered individual cells. We believe the results and
the method presented in this study are a starting point for
further experiments studying related questions concerning
the mechanical properties of focal contacts, the role and
mechanism of focal contact rupture and growth, and the influ-
ence of intermolecular spacings at different timescales.
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