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Cell-matrix adhesion depends on the collective behaviours of clusters of receptor—ligand
bonds called focal contacts between cell and extracellular matrix. While the behaviour of a
single molecular bond is governed by statistical mechanics at the molecular scale, continuum
mechanics should be valid at a larger scale. This paper presents an overview of a series of
recent theoretical studies aimed at probing the basic mechanical principles of focal contacts
in cell-matrix adhesion via stochastic—elastic models in which stochastic descriptions of
molecular bonds and elastic descriptions of interfacial traction—separation are unified in a
single modelling framework. The intention here is to illustrate these principles using simple
analytical and numerical models. The aim of the discussions is to provide possible clues to
the following questions: why does the size of focal adhesions (FAs) fall into a narrow range
around the micrometre scale? How can cells sense and respond to substrates of varied stiffness
via FAs? How do the magnitude and orientation of mechanical forces affect the binding
dynamics of FAs? The effects of cluster size, cell-matrix elastic modulus, loading direction
and cytoskeletal pretension on the lifetime of FA clusters have been investigated by theoreti-
cal arguments as well as Monte Carlo numerical simulations, with results showing that
intermediate adhesion size, stiff substrate, cytoskeleton stiffening, low-angle pulling and mod-
erate cytoskeletal pretension are factors that contribute to stable FAs. From a mechanistic
point of view, these results provide possible explanations for a wide range of experimental
observations and suggest multiple mechanisms by which cells can actively control adhesion
and de-adhesion via cytoskeletal contractile machinery in response to mechanical properties

of their surroundings.

Keywords: cell adhesion; focal adhesion; receptor—ligand bond; adhesion lifetime;
size effect; stiffness effect

1. INTRODUCTION

There have been growing research activities towards the
understanding and control of cell adhesion in the past
decades. The feature that distinguishes cell adhesion
from conventional adhesive contact in engineering
systems is the specific binding between cell surface
proteins (receptors) and complementary molecules
(ligands) on other cells or extracellular matrix (ECM).
The specific receptor—ligand recognition is often con-
sidered a lock-and-key mechanism, while the various
non-specific interactions including electrostatic and van
der Waals forces are usually negligible owing to a layer
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of polymer brush surrounding the cell surface called gly-
cocalyx [1]. There are literally hundreds of receptors that
participate in cell adhesion, which are grouped into sev-
eral main families: integrin, immunoglobulin, selectin
and cadherin. Each of these families is accompanied by
an equally diverse family of ligands [2,3]. This biological
complexity is far beyond the scope of this paper and has
been thoroughly reviewed elsewhere [2—6]. Receptor—
ligand bonds function as transmembrane linkers between
the cytoskeleton and ECM, where both mechanical cues
and regulatory signals are transmitted in both directions
across the plasma membrane for a wide range of cellular
processes such as cell spreading, migration, proliferation
and differentiation [7].

The aim of this paper is to outline some of the recent
studies exploring the mechanical principles that may be
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possibly involved in cell-matrix adhesion. Only some of
the key ideas and results are highlighted in the discus-
sions given here. The reader is encouraged to consult
various references given in the paper for more details.

2. FOCAL CONTACTS IN CELL-MATRIX
ADHESION

The adhesion between cell and ECM is often localized
to discrete contact regions called focal adhesions
(FAs) [8], as illustrated in figure la. FAs usually
evolve from small dot-like adhesions, commonly referred
to as focal complexes (FXs), which are continuously
formed and turned over under the protruding lame-
llipodia [9]. Mature and stable FAs depend on the
clustering of molecular bonds, creating an adhesion
plaque of complex macromolecular assemblies in which
many cytoskeletal filaments are anchored (figure 1b).
The recruitment of actin filaments and integrin receptors
to the contact regime is essential to FAs, and artificially
mutated integrins that lack an ability to connect with
cytoskeletal filaments often fail to cluster and are
unable to form stable adhesions [1]. Experimentally,
the adhesion clusters between cell and matrix were
found to have a characteristic length scale in the order
of a few micrometres [10,11].

The elastic properties of cytoskeleton and ECM play
an essential role in the maintenance and development of
FAs. One striking example is that stem cells will differ-
entiate into different lineage cell types on substrates of
different elastic rigidity [12]. Experiments have shown
that many cell types spread and exhibit more polarized
FAs on stiffer than on softer matrices [13—15], and cells
tend to actively migrate towards stiffer regions when
cultured on an elastically non-homogeneous substrate,
a process known as durotaxis [16]. In vitro studies of
cross-linked networks of actin bundles and other biopo-
lymer networks showed that their elastic modulus can
increase over several orders of magnitude in response
to different levels of applied stress owing to the entropic
elasticity of filaments [17,18]. Moreover, some cells such
as fibroblasts can tune the stiffness of their cytoskeleton
to match that of the substrate [19]. Other studies have
shown that a contracting cytoskeleton can be used to
sense mechanical properties of the ECM and in turn
affect cell behaviours [20]; whether stiffness tuning of
the cytoskeleton is the most important factor remains
unclear.

Serving as the mechanical anchorage between cell
and matrix, FAs are usually exposed to forces induced
by external physical interactions such as blood flow,
as well as those generated by the cell’s own contractile
machinery as stress fibres made of bundles of actin fila-
ments and myosin II motors actively pull FAs towards
the inside of the cell. The growth or shrinkage of FAs
is strongly influenced by the magnitude of forces
applied on it. Inhibition of the cytoskeletal contractility
leads to dissolution of cytoskeleton and decrease of FAs
[21], resulting in small, diffraction-limited spots with
low traction stress near the cell periphery at the base
of the lamellipodia. When myosin II activity is sup-
pressed, application of an external force, irrespective
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Figure 1. A schematic of focal contacts in cell-ECM adhesion
based on specific binding between receptors and complementary
ligands. (a) Cell-ECM adhesion localized to discrete focal
contacts. (b) Actin bundles anchored into an adhesion plaque
that connects ECM through transmembrane molecular bonds.
Focal adhesions can be exposed to cytoskeletally generated
contractile forces in actin bundles, as well as externally applied
loads outside of the cell.

(a)

of its physical origin, is found to stimulate growth of
FAs in the direction of the force [22,23]. In the case of
cell-generated tension, experiments have also shown
that the size of mature FAs can reversibly increase or
decrease in response to the magnitude of the applied
force, with force per unit area (stress) maintained
near a constant value around 5.5 kPa, which is remark-
ably similar for stationary cells of different types
[24,25], although exceptional cases in which some
small adhesions may produce non-proportionally high
forces were also revealed [25,26]. Possible mechanisms
by which externally applied forces and cytoskeleton-
generated forces could exert changes in cell adhesion
include force-induced protein unfolding with exposure
or protection of binding sequences and conformational
change of integrins (a more extended conformation is
thought to enhance binding to ECM) [27—29]. Despite
this line of studies demonstrating that forces affect
protein structure and cellular function, it remains
unclear  whether = mechanotransduction  shares
common mechanisms from physics or mechanics point
of views.

3. THEORETICAL MODELLING OF CELL
ADHESION

Quantitative analysis and modelling of dynamic cell
attachment are crucial for advancing conceptual
insights along with technological applications. An
early theory for describing cell adhesion was established
by Bell [30] in a thermodynamic framework. The
process of adhesion or de-adhesion of cells from sub-
strates was subsequently modelled via peeling tests
that are familiar in engineering design but is made
more complicated by the biological interface and geo-
metry involved [31,32]. More recent progresses have
been made in modelling curved biological membranes
spreading on a flat substrate mediated by binder dif-
fusion [33,34], as well as receptor-mediated cellular
uptake and release of viruses or nanoparticles [35].
Erdmann & Schwarz [36,37] studied the stochastic
effects of a cluster of uniformly stressed molecular
bonds transiting between open and closed states under
the influence of thermal fluctuation. A common
assumption of the existing models on cluster adhesion



Review. Stochastic—elastic modelling framework H. Gao et al.

1219

is ‘equal load sharing’, which means that the applied
load is equally shared among all closed bonds. Based
on this assumption, the deterministic equation of
Bell’s framework [30] predicted that molecular clusters
remain stable and have infinite lifetime up to a critical
load; in contrast, more recent work by Erdmann &
Schwarz [36,37] indicated that the cluster lifetime is
always finite and increases monotonically as the cluster
size grows: the larger the cluster, the longer the cluster
lifetime.

A number of theoretical studies have been performed
to investigate how mechanical stimuli and cell-ECM
properties affect the behaviours of FAs. Nicolas et al.
[38] proposed that the FA mechanosensitivity can be
enhanced by deformation-induced increase in the affi-
nity of plaque proteins that form the adhesion.
Shemesh et al. [39] considered FA growth as a conse-
quence of enhanced aggregation of FA proteins in the
direction of force application. Bruinsma [40] described
the regulation of cytoskeletal forces generated along
actin filaments and reinforcement of the FA —actin con-
nection by force during the growth stage from initial
contacts to FXs. Deshpande et al. [41] proposed a
model of cellular contractility that accounts for
dynamic reorganization of cytoskeleton. Smith et al.
[42] showed force-induced adhesion strengthening by
considering thermodynamic interplay between elastic
response of membrane, entropy of free receptors and
enthalpy of bond formation.

In spite of the tremendous progresses in understanding
cell adhesion and dynamics of FAs over several decades,
some fundamental questions still remain unanswered. In
particular, physical and mechanical models have
attempted to address several aspects of integrin-mediated
cell-matrix adhesion: why does the size of FAs fall into a
narrow range around the micrometre scale? How can cells
sense and respond to substrates of varied stiffness via
FAs? How do the magnitude and orientation of mechan-
ical forces affect the binding dynamics of FAs? Can the
binding dynamics of FAs be modelled taking cell-ECM
elasticity into account? In the next few sections, we will
discuss some recent attempts aimed to address these
questions via a coupled stochastic—elastic modelling
framework that unifies stochastic descriptions of individ-
ual molecular bonds and elastic descriptions of interfacial
interactions (figure 2a,b,e,4,j).

4. STOCHASTIC DYNAMICS OF SINGLE
RECEPTOR-LIGAND BONDS

The specific receptor—ligand bonds are often considered
a lock-and-key mechanism, which can transit stochasti-
cally between a closed (binding) state and an open
(broken) state. A single closed receptor—ligand bond
in cell adhesion has a binding energy of 10-25kgT
(kg T: the product of Boltzmann constant and absolute
temperature) and can undergo a transition from the orig-
inal closed state to an open state owing to thermally
activated bond dissociation even in the absence of an
external force [49]. In the past two decades, intensive
studies, including experiments based on dynamic force
spectroscopy [50—52] and theoretical work by Evans &
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Ritchie [53], and more recently by Freund [54], have
been carried out to understand the dissociation of
single molecular bonds under an applied force. The pro-
cess of bond dissociation is often regarded as thermally
assisted escape over a potential energy barrier [55,56].
Application of an external force changes the energy land-
scape and therefore influences the rupture process. For
time-independent loading, both theories and exper-
iments have indicated that the dissociation rate kg of
a closed bond increases exponentially with a force
F acting on the bond as [30]:

F
Foir = ko exp (—“’) :

- (4.1)

where ky is the spontaneous dissociation rate in the
absence of the force, z, is the distance between the mini-
mum of the binding potential and the transition state
barrier and kg7 is the unit of thermal energy. For mol-
ecular bonds in FAs, 1/ky falls in the range from a
fraction of a second to around 100s [56]. It follows
from equation (4.1) that F}, = kgT/x, can be recognized
as an intrinsic force scale. Typically, 2, = 1 nm and F, is
estimated to be around 4 pN. The dimensionless lifetime
71 = kot, where t is the real time, of a single closed bond
is then 7p(1) =exp(—F/F,). Therefore, a single
molecular bond is unstable over time even without an
applied force.

For failure of a multiple-bond adhesion, such as
those in FAs, one must take into account the fact
that individual bonds can rebind after they break
until the whole adhesion is detached. The analysis of
single bond force spectroscopy [53] did not consider
such rebinding, but theoretical considerations by
Erdmann & Schwarz [36,37] indicated that bond
rebinding can greatly enhance the adhesion lifetime.
Rebinding of an open bond can occur as long as a
broken receptor and ligand comprising a pair are held
in close proximity for a sufficient amount of time. In a
recent model of bond rebinding, the whole process is
regarded as consisting of two steps (figure 3): first,
the receptor and complementary ligand have to come
sufficiently close within a binding radius k;,q to form
a complex; second, the complex reacts at a rate kgn to
form the final receptor—ligand bond [57,58]. The reac-
tion rate k,, between a ligand on a substrate surface
and a receptor tethered to a cell wall by a linear
spring with stiffness kg and rest length [, is assumed
to depend on the cell-substrate surface separation &
as [43,44,57,58]:

loin krp(8—1,)°
kon = k:gn %exp (— %) , (4.2)

where Z is the partition function for a receptor con-
fined in a harmonic potential between —, and & — [,
(figure 3).

The rebinding rate described above depends strongly
on the surface separation. This strongly decaying be-
haviour of rebinding rate with increasing separation is
expected to play a very important role in the dynamics
and stability of molecular bond clusters when the elas-
ticity of the system is considered. For example, the
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Figure 2. Schematic illustrations of the mechanical principles of focal contacts in cell-matrix adhesion. (a,b) Small adhesion size
and stiff cell-matrix lead to uniform stress along the interface, whereas large adhesion size and soft cell-matrix lead to stress
concentration near the adhesion edges [36,37,43,44]. (¢) Schematic of a motor—clutch model where myosin motors pull an
actin bundle against integrin adhesion [45]. (d) Schematic of a mechanical model of actin stress fibre formation and substrate
elasticity sensing [46]. On one end, the actin bundle is anchored to an adhesion complex. At the other end, the bundle slides
through the cytoskeleton. (e) Elastic recoil at open bonds that increases the surface separation at these bonds and kills rebinding
events that are necessary for stable adhesion [47]. (f) Mechanosensitivity at single molecule level [27]. Application of force acti-
vates receptor—ligand bonds from inactive to active, and therefore induces FA development. (g) A force-driven mechanism for
focal adhesion mechanosensitivity [38]. Force induces compression at FA front edge, increases the affinity of the adhesion mole-
cules and leads to FA development. (h) A thermodynamic model of FA building proteins [39]. Under a pulling force, assembly of
new FA proteins to the adhesion structure reduces the mechanical stress and is energetically favourable. (i) Low-angle pulling on
stress fibres reduces the average interfacial traction in the focal contact, thereby prolonging the adhesion lifetime [44]. ( j) Cyto-
skeletal pretension induced by myosin contractility tends to smooth out the distribution of forces on receptor—ligand bonds
between individual stress fibres and matrix, thereby increasing the adhesion lifetime [48].

separated by more than a critical distance, rebinding
becomes impossible and the cluster is expected to
undergo crack-like failure from its adhesion edges
[43,44].

5. STOCHASTIC DYNAMICS OF BOND
CLUSTERS

Although the statistical description of single molecular

Figure 3. Dissociation—association transition between closed
and open bonds. The dissociation of single closed bonds is
assumed force-dependent as described by the classical Bell’s
equation. In modelling bond association, a tethered receptor is
assumed to approach and react with an opposed ligand. The
two surfaces are separated by a distance 6. The receptor is mod-
elled as a binding site tethered to the cell by a linear spring with
stiffness kg and rest length i,.

surface separation of an adhesion cluster under a remote
tensile force is generally larger at the cluster edges than
at the centre and, consequently, rebinding is less likely
to occur at the edges. Once the opposing surfaces are
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bonds is by now well accepted, the collective behaviour
of multiple molecular bonds, such as the bond clusters
in FAs, can be much more complex and less understood.
A single molecular bond only has a limited lifetime
while a cluster of bonds can survive for much longer
owing to the cooperative effects in a stochastic ensemble
[36,37]. How can this transition be modelled and can
this tell us something about the mechanics of cell
adhesion? Theoretical effort to address this question
was pioneered by Bell [30] who applied the kinetic
theory of chemical reactions to predict the thermo-
dynamic competition between bond breaking and
reforming. Subsequently, Seifert [59] studied the
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Figure 4. Effect of cluster size and applied force magnitude on
the adhesion lifetime of a cluster of molecular bonds between
two rigid bodies subjected to a force proportional to its size.
(a) The system under study consists of N; receptor—ligand
bonds, k of which are closed and equally share the total load
fN;. The N;—k open bonds rebind at a separation-dependent
rate g described in equation (5.3). (b) The lifetime 7p of the
molecular bond cluster as a function of the cluster size N, at
various load levels f (K0, /ky = 10%).

dynamic behaviour of a molecular bond cluster sub-
jected to linearly ramping forces. Erdmann & Schwarz
[36,37] developed a more rigorous theory of cluster
lifetime based on the one-step master equation [60]
in stochastic dynamics.

Experiments have shown that the size of large FAs in
stationary cells can reversibly increase or decrease in
response to cell-generated forces with force per unit
area maintained near a constant value [24,25], although
some small adhesions could produce non-proportionally
high forces [25,26]. In this sense, it will be instructive
to study the behaviour of molecular bond clusters sub-
jected to a constant average force per bond, i.e. a total
force proportional to the cluster size. Consider the case
that a pulling force fN; is applied on a molecular cluster
between two rigid bodies. The cluster consists of a total
of N; receptor—ligand bonds with stiffness kg and rest
length [, as indicated in figure 4a. The nominal force sus-
tained by individual bonds is f (normalized by the force
scale Fj, in §4). Suppose that k bonds are closed and
(N;—k) bonds are open at a given time 7 (0 < k< V).
The k closed bonds share the total applied force equally,
so that the actual force acting on each closed bond is
fNy/k. Each of the (N;—k) open bonds is assumed to
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rebind at a separation-dependent rate described in
equation (4.2).

For the given initial condition k(7= 0)= N, the
average lifetime of a molecular bond cluster, defined
throughout this paper as the mean first passage time
to reach the final failure state of £ = 0, can be calculated
analytically for the present rigid case as [61]:

Ni—1 N, ] 1 T
mr(N) = Z +ZZ f“ (5.1)
=1 j= z+1]._[ k=j— i 7l

under the reflecting boundary condition at k= N; and
absorbing boundary condition at k= 0. The above
equation can be derived by summing up the average
time for all possible pathways transiting from the initial
cluster size N; towards the absorbing boundary k=0
with their statistical weights. Under the present setting,

Ty = ]ce,ocp(fi;\ft)7 (5.2)
9k = (Nt - k)
B exp(—B(A — L)")
27\/7:7erf<<A “L)VB Tet(LvB) )

where B = krb?/(2ksT), and y = (k2 /ko)(bina/b) is a
prefactor for rebinding rate; A = /b and L, = §,/b are
the normalized surface separation and bond rest
length, respectively. The surface separation A in
equation (5.3) is also a function of kas A = Ly, + (N, /k)
(fFy/higb).

If Ny=1, equation (5.1) is reduced to 7p(l)=
exp(—f), which is just the lifetime of a single molecular
bond. In the case of zero rebinding, the second term
of equation (5.1) vanishes and the cluster lifetime
becomes 7r(N,) = S_ot, 1/r, which, in the absence
of an ap}])hed force, is further reduced to
(V) = S, 1/k, corresponding to the Ni" harmonic
number.

For typical values kg = 0.25 pNnm ', b= 32nm,
l, =11 nm and F,, =4 pN (used throughout the discus-
sions in this paper unless stated otherwise), the lifetime
71 of a molecular bond cluster is plotted as a function
of its size for various load levels in figure 4b. The rebind-
ing prefactor, kY /ky is taken to be 10%. An immediate
observation is that a single bond is always unstable,
and bond clustering prolongs the lifetime by many
orders of magnitude through rebinding. In other words,
individual molecular bonds are very weak but many
bonds together collectively result in long-term stability.
Moreover, the lifetime 71 increases monotonically with
growing cluster size N, under the assumption of equal
load sharing, which is similar to the results of Erdmann
& Schwarz [36,37] based on a separation-independent
rebinding rate.

6. ROLE OF CELL-MATRIX ELASTICITY IN
THE DYNAMICS OF BOND CLUSTERS

In the presence of elastic deformation of cell and ECM,
the reverse and forward rates in equations (4.1) and
(4.2) would also depend on the local force and surface
separation at a bond location within the adhesion
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domain. The analytical solution to the original master
equation is generally unavailable in the case of
compliance-induced spatially dependent rupture and
rebinding rates. The effects of cell-ECM stiffness on
cluster lifetime have been incorporated into the stochas-
tic dynamics of bond clusters through an elastic Green’s
function approach [43,44]. A Monte Carlo scheme has
been developed based on Gillespie’s algorithm [62,63]
to numerically solve the spatio-temporal process gov-
erned by the master equation. The basic idea is to cast
stochastic trajectories of cluster evolution in accordance
with the above described reaction rates and then average
over many independent trials to obtain useful statistical
information. Qian et al. [43,44] have applied the so-called
‘first-reaction method’ [62,63], which was also adopted
by Erdmann & Schwarz [36,37] in their simulations
under the assumption of equal load sharing. In the simu-
lations, each bond location (closed or open) is considered
an independent reaction site. At any step during the
cluster evolution, reactions were selected through
random number sampling to determine whether the
next event is bond breaking or rebinding, and when or
where the next activity would occur. The ‘first-reaction
method’ [62,63] is to generate a series of independent
random numbers &,, v=1, 2, ..., N; uniformly distribu-
ted over the interval [0, 1] and calculate the reaction time
for individual reaction sites according to 7, = —1In §,/a,,
a, referring to rupture—rebinding rates at individual
bond locations. The time for the next reaction is
chosen to be the smallest among 7,, i.e. 7, =min (7).
At the same time, the location for the next event is
identified to be the reaction site u where 7, is chosen.
The event type for the next reaction is ‘rupture’ if the
bond at site w is currently closed and ‘rebinding’ if it is
currently open.

Any changes of bond state require an update of bond
force and surface separation in the elasticity part of the
model, which is then used to determine the subsequent
reaction rates. This stochastic—elastic coupling usually
starts with the initial condition that all bonds within
the adhesion domain are closed, and proceeds until all
bonds are open. The total elapsed time is recorded as
the cluster lifetime 7.

7. SIZE WINDOW FOR STABLE FOCAL
ADHESIONS

The experimental observation that focal contacts in
cell-matrix adhesion lie within a narrow size range in
the order of a few micrometres [10,11] has puzzled the
community for a long time. Based on the solution to a
one-step master equation, Erdmann & Schwarz [36,37]
demonstrated that molecular clusters below a critical
size behave like a single bond with a finite lifetime
while those above the critical size survive over a much
prolonged time owing to the collective effect of cluster-
ing (figure 2a). Therefore, adhesion size can play a very
important role in the stability of a bond cluster: small
clusters can easily switch between adhesion and
de-adhesion, similar to FXs which are subjected to
frequent turnover, while large clusters tend to have a
much longer lifetime similar to stable FAs. Built upon
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the work by Erdmann & Schwarz [36,37] Qian et al.
[43,44] included the effects of elasticity and non-uniform
stress distribution on the stability of a single or a
periodic array of adhesion clusters under normal or
inclined loads, with results predicting a size-dependent
transition between uniform and crack-like distributions
of interfacial traction, a window of cluster size for rela-
tively stable adhesion and an optimal size for maximum
strength (figure 2b). Analysis by Lin & Freund [64]
based on a direct analogy between FAs and periodic
cracks led to similar conclusions. Here we discuss
these size effects using a theoretical model involving a
periodic array of adhesion clusters of molecular bonds
between two dissimilar elastic media subjected to a
tensile stress o, applied at an inclined angle 6 with
respect to the cell-ECM interface (figure 5a), following
the analysis by Qian et al. [44].

Both cell and substrate are modelled as semi-infinite
elastic media with Young’s modulus and Poisson’s ratio
Ec, ve and Fg, vg, respectively. It will be convenient to
define a reduced elastic modulus E* according to the
convention of contact mechanics [65]:

1 1-— v% 1-— v%
— = . 7.1
FEx Ec + Eg (7.1)

Consider the situation that interfacial adhesion
arises solely from the receptor—ligand bonds modelled
as Gaussian chains having a finite stiffness kg and
zero rest length. All bonds are assumed to be closed
at the initial state and subsequently can transit statis-
tically between open (broken) and closed (linked)
states as described by Bell [30]. The bonds are grouped
in adhesion clusters of size 2a which are periodically dis-
tributed at a distance of 2¢ along the interface. Within
each cluster, the bonds are uniformly distributed at spa-
cing b, corresponding to a bond density of p g = 1/b°
The average bond density along the interface is
Prr = aprr/c. Owing to the periodic nature of the pro-
blem, only one cluster with a total number of bonds
N;=2a/b is considered. A plane strain elasticity
model is adopted to determine the distributions of
interfacial traction and separation within the bond
cluster.

The present setting can be viewed as a combination
of the bond dynamics obeying one-step master equation
[60] and the periodic crack model in interfacial fracture
mechanics [66]. In the absence of molecular bonds, the
model is reduced to a periodic array of interfacial
cracks between two elastic media and in the limit of
rigid elastic media, it is reduced to the type of cluster
model discussed by Erdmann & Schwarz [36,37].

Using the elastic Green’s functions for semi-infinite
media [65], it can be shown that the normal and shear
tractions along the interface, o(z) and 7(z) obey the fol-
lowing integral equations [44]:

a;(;) -2 (J 1(s) cot (’T(”;—Zs)) ds+ 2cBa(x)>

c')cgifl?) = % (Jja a(s) cot (%) ds — 20&'@»’)) g
(7.2)
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Figure 5. A stochastic—elastic model of focal contacts illustrating the effect of adhesion size and cell-substrate elasticity on the
adhesion lifetime. (@) Schematic illustration of a periodic array of adhesion clusters between two dissimilar elastic media under an
inclined tensile stress 0. (b) The lifetime 7 of the periodic adhesion clusters as a function of the cluster size N, for different values
of the reduced modulus E*. The pulling angle 6 is fixed at 45°. The selected values of E* are 1, 10, 100 and 300 kPa. (¢) The lifetime

71 of the periodic adhesion clusters as a function of the pulling angle 6 at various levels of applied stress when N, =

40 and F* = 10 kPa.

All plots are based on kY /ky = 3200 and ¢/a= 2, and are adapted from Qian et al. [44].

where

g 1 {(1 —2v¢)(1+ ve)

(1- 21}5)(1 +vg)
3 - } (7.3)

Es/E~

corresponds to one of the Dundurs constants [67] for
elastic problems in a bimaterial system. Biological
materials are often modelled to be incompressible with
Poisson’s ratio of nearly 1/2, in which case B = 0.
Thus, how the interfacial traction is distributed
within the adhesion domain is found to be solely
governed by a stress concentration index [44]

_ aprrhir

RN (7.4)

which is linearly proportional to the adhesion size, the
bond stiffness and density, and inversely proportional
to the reduced elastic modulus of cell and substrate.
In the limit when a — 0, it is clear that both normal
and shear interfacial tractions will be uniformly distrib-
uted within the adhesion domain. In the opposite limit
when a — o0, both o/(z) and 7(z) become crack-like with
square root singularity near the adhesion edges. For
intermediate values of «, numerical analysis of equation
(7.2) indicates that the interfacial tractions are nearly
uniform for a smaller than 0.1, while crack-like stress
concentration emerges near the adhesion edges for «
values larger than 1.0 [44]. In particular, the elastic
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modulus of both cell and substrate needs to be suf-
ficiently large in order to keep « small enough for
equal load sharing.

Guided by the scaling law in equation (7.4), a series
of two-scale elastic-Monte Carlo simulations have been
performed to investigate the dynamics of bond clusters
coupling the elastic descriptions of adhesive contact at a
large scale and stochastic breaking—rebinding of mole-
cular bonds at a small scale [44]. The lifetime 71 of
the periodic clusters is shown in figure 5b as a function
of the cluster size N; for different values of the reduced
elastic modulus F* between 1 and 300 kPa. The loading
angle 0 is fixed at 45°. The simulation results indicate
that there exists a size window for relatively stable
adhesion. In all cases, the traction distribution along
the cell-ECM interface is non-uniform and the failure
becomes increasingly crack-like at increasing cluster
size. Very small clusters resemble single molecule behav-
iour with limited lifetime and large clusters fail by
severe stress concentration near the adhesion edges.
Increasing the reduced elastic modulus tends to stabilize
and strengthen the adhesion by alleviating stress con-
centration within the FA domain. It is observed that
the size window of stable adhesion shifts and broadens
as the cell and substrate stiffen, which can be under-
stood from the point of view that large values of F*
decrease the stress concentration index a towards the
regime of uniform interfacial traction. The concept of
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a size window for stable adhesion here is similar to
another study on a single cluster under normal tensile
load [43] and should be a general feature of molecular
adhesion clusters between elastic media because sto-
chastic effects are expected to dominate at small
scales and crack-like failure dominates at large scales.
Increasing adhesion size or decreasing cell-ECM
modulus tends to increase «a towards the regime of
crack-like stress concentration, hence reducing the
lifetime and stability of FAs.

The lifetime 7 of the periodic cluster array is plotted
as a function of the pulling angle 6 at various stress
levels in figure 5¢. Here N, =40 and E* = 10 kPa are
fixed in the calculation. For a given magnitude of the
applied stress 0., decreasing 6 tends to stabilize the
adhesion. In fact, the adhesion lifetime asymptotically
approaches infinity as the pulling angle is reduced to
below a critical threshold. This is especially interesting
in view of the fact that cells generally flatten when suc-
cessfully adhered to a substrate and immediately
suggests a regulation mechanism by which cells can
switch between long- and short-lived adhesions by adjust-
ing pulling direction around the critical angle (figure 23).

Thus, a possible explanation for the characteristic
micrometre-size scale of FAs is that small adhesion
size leads to single-molecule-like behaviour of limited
lifetime because of statistical effect, whereas large
adhesion also leads to single-molecule-like behaviour
because of the focusing effect of stress concentration
that confines the bond dissociation events to a smaller
number of bonds near the adhesion edges. Optimal
adhesion is achieved only at intermediate adhesion
sizes.  Additionally, cell-matrix stiffening and
low-angle pulling by cytoskeletal stress fibres help to
stabilize FAs.

8. EFFECT OF SUBSTRATE-
CYTOSKELETON STIFFNESS ON
DYNAMICS OF FOCAL CONTACTS

A recent study by Chan & Odde [45] investigated ECM
rigidity sensing of neuronal filopodia via a stochastic
model of the ‘motor—clutch’ force transmission system
shown in figure 2¢, where integrin molecules function
as mechanical clutches linking F-actin to the substrate
and mechanically resisting myosin-driven F-actin retro-
grade flow. The model predicts two distinct regimes in
retrograde flow speed and integrin traction force, and
the predicted critical matrix stiffness leading to differ-
ent regimes is of the same order as the brain tissue.
Stiffer substrates result in a rapid build-up of tension
within individual engaged integrins and an abrupt dis-
engagement from substrates. In this case, the F-actin
bundle is continuously slipping over the substrates.
On softer substrates, in contrast, the rate of tension
increase in the clutch is slow enough that a sufficient
number of integrin bonds remain engaged at the early
stage of adhesion. At a critical time, the failure of a
single bond results in catastrophic failure of all bonds.
This force transmission from myosin-driven F-actin ret-
rograde flow to FAs has been experimentally identified
by the clutch between integrins and ECM, with
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interesting results showing that the immobilization of
FAs relative to the ECM occurred at a constant tension
[68], and forces of similar magnitude were built up over
similar timescales for FAs on soft (0.6 kPa) and stiff
(2.8 kPa) matrices [69]. In other recent studies on
clutch dynamics, a kinetic model has been introduced
to simulate the turnover processes of actin filaments,
integrin bonds and the involved FA proteins [70];
Sabass & Schwarz [71] considered the competition
between the binding dynamics at the moving cell—
substrate interface and the frictional dissipation inside
the cell; Li et al. [72] explained the observed biphasic
relationship between actin retrograde flow speed and
traction force [73] from the perspective that force trans-
mission is limited by bond breakage at high speeds and
the build-up of force within FAs is limited at low
speeds. A more sophisticated model of ECM rigidity
sensing was proposed recently by Walcott & Sun [46],
who coupled FA resistance against myosin-driven
activity, a Hill-type of force—velocity relation of
myosin pulling [74] and actin cytoskeleton reorganiz-
ation under force to show that the stiffness of the
substrate directly influences differential formation of
stress fibres in the cytoskeleton and ultimately leads
to changes in intracellular biochemistry (figure 2d). In
this study, stiffer substrates are shown to be more
favourable for stress fibre aggregation because of more
rapidly built-up cytoskeletal force.

Qian et al. [43,44] have previously shown that the
soft matrix-induced stress concentration at adhesion
edges can decrease the lifetime of a molecular cluster,
as reviewed in §7. However, the elasticity-induced
stress concentration is only one of the devastating
effects on the lifetime and stability of focal contacts.
A more striking effect is that the surface separation
between cell and substrate after a closed bond is
released also depends sensitively on substrate stiffness,
irrespective of the stress concentration effects at
adhesion edges [47]. The local elastic recoil following a
bond rupture can lead to large surface separation,
thereby preventing future rebinding of the bonds
(figure 2e). To demonstrate this additional effect of
elasticity on adhesion lifetime, let us consider molecular
bond clusters subjected to a uniform tension applied
directly along the interface between cell and substrate
[47]. For a single adhesion patch under a uniform tensile
stress p over the adhesion domain —a < z < q, as indi-
cated in figure 6a, the governing equation under plane
strain situation is [65]

do(x) N EPLRkLR Ja a(s) — pd

dr mw E* T— 8

s, (8.1)

where o(z) is the traction within the adhesion region
sustained by molecular bonds, and E* has been defined
in equation (7.1). The solution to equation (8.1) is
simply o(z) = p when all of the bonds are closed. It is
seen that, instead of a remotely applied force which
tends to induce a non-uniform distribution of bond
forces within the cluster [43], the uniformly applied
stress p at the interface ensures that all bonds are nom-
inally subjected to an equal force. In this setting, the
effects of an initial non-uniform stress distribution
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Figure 6. A stochastic—elastic model of focal adhesion demonstrating the effect of cell-substrate compliance in suppressing the
rebinding of bonds in the absence of initial stress concentration within the adhesion domain. (a) A single adhesion patch between
two elastic media subjected to a uniform tensile stress p directly applied along the interface. In this case, the applied load is
initially equally shared among all bonds, independent of the system elasticity. (b) The cluster lifetime 7 as a function of the
reduced modulus E* for different cluster sizes. The load level fis fixed at 0.5. (¢) The ratio of total events between bond rebinding
and bond rupture influenced by the reduced modulus E* of the cell and the substrate ( f= 0.5). (d) Analytical results of the
cluster lifetime 7r for the cases of rigid media (upper) and zero rebinding (lower) compared with the Monte Carlo simulations
for stiff (E* = 10 MPa) and soft (E* = 10 kPa) cell and substrate ( f= 0.5). All plots are based on k0, /k = 10%, and are adapted
from Qian & Gao [47]. (b,c) Filled squares, eight bonds; filled circles, 20 bonds; filled triangles, 40 bonds; filled inverted triangles,

100 bonds.

within the cluster are excluded from the analysis, but
the cell-substrate stiffness can still strongly influence
the adhesion lifetime because soft media substantially
diminish the separation-dependent rebinding rate as a
result of the elastic recoil at open bonds (figure 6a).
In a cluster of molecular bonds at the cell-substrate
interface, breaking one bond bears some resemblance to
a microcrack of size 2b (b is the bond spacing) in an
infinite elastic media. A rough estimate of the elastic
recoil at the centre of the crack is 8, = 4pb/E* [75].
In addition, the tensile stress p also induces an average
separation between the cell and the substrate, which is
equal to 8, = pbz/ krr, where krr is the bond stiffness.
Equation (4.2) then suggests that the rebinding rate
of the broken bond is governed by the non-dimensional

parameter
kr (4 b
= —+—|pb.
=y 2]<;BT<E*+kLR>p
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(8.2)

Since the rebinding rate is proportional to exp (—x?),
the larger the y, the smaller the rebinding rate. The
effect of soft elastic modulus on decreasing rebinding
rate is clearly seen.

Figure 6b shows the cluster lifetime 7r as a function of
the reduced elastic modulus F* for different values of the
cluster size N;. The nominal load sustained by individual
bonds, i.e. f as defined in §5, is identical in all cases.
For cell-ECM with physiological FE* value within
1-100 kPa, the cluster lifetime is reduced by two orders
of magnitude from stiff to soft cases (figure 6b). For given
parameters kp = 0.25 pN nm ™' and b= 32nm, 6, and
S, are actually comparable when E* is around 10 kPa. In
this case, the elastic recoil causes large reductions in cluster
lifetime by decreasing the probability of rebinding. This is
confirmed by tracking the ratio of total events between
bond rebinding and bond rupture during the cluster
evolution, as indicated in figure 6¢.

At a fixed cluster size, focal contacts become more
and more stable as cell and ECM stiffen, approaching
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the behaviour of clusters between two rigid bodies,
given by equation (5.1). For very soft cell-ECM, the
surface separation at open bond locations is so large
that rebinding becomes almost impossible. Removal
of all rebinding terms in equation (5.1) gives

N, 1

(M) ;keXP(ﬂ\ft//ﬂ) (83)
under the condition of equal load sharing. This result
can serve as an estimate of lifetime for a molecular
cluster between very soft cell and substrate. As
shown in figure 6d, the Monte Carlo simulations of
the cluster lifetime 7r for stiff (E* =10MPa) and
soft (E* =10kPa) cell-substrate agree well with the
analytical predictions for the cases of rigid media
and zero rebinding (equations (5.1) and (8.3)).

Guided by the scaling law in equation (8.2), the
cooperation of molecular bonds in FAs is also strongly
influenced by the spacing between neighbouring bonds:
the larger the spacing b, the larger the parameter y
and the smaller the rebinding rate. This is qualitatively
consistent with the experimental observation that FA
is inhibited and cells do not spread for ligand spacing
larger than 73 nm, while formation of focal contacts
and cell spreading to a pancake-like shape can operate
normally only for ligand spacing smaller than 58 nm [76].

Therefore, the way that cytoskeleton—ECM stiffness
influences FA stability does not rely solely on how the
load is transmitted in the adhesion region. Even for
molecular clusters under initially uniform pulling
forces, the cell-substrate elasticity can destabilize
FAs by suppressing the rebinding of open bonds.
While the effect of stress concentration in adhesive
contact is well known in contact mechanics theory [77]
as well as in applications such as gecko adhesion
[78,79,80], the role of elasticity in suppressing bond
rebinding is a unique feature of molecular adhesion.
The sensitivity of FAs to cell-substrate stiffness cannot
be alleviated simply by removing stress concentration
in the system.

9. EFFECT OF CYTOSKELETON
PRETENSION ON CELL-MATRIX
ADHESION

It is well known that the action of myosin motors
induces pretension in the cytoskeleton [81,82]. There
is ample experimental evidence that intracellular ten-
sion in cytoskeleton is crucial for FA stability [21].
One pathway for the cytoskeletal forces to the growth
of FAs can be that these forces could switch the
mechanosensing proteins within FAs from an inactive
state to an active state by inducing protein conformational
change, which could then up- or downregulate FA growth
[40]. Nicolas et al. [38] proposed that the FAs mechanosen-
sitivity can be enhanced by a deformation-induced increase
in the affinity of plaque proteins that form the adhesion
(figure 2¢g), which can account for observations of anisotro-
pic FA growth with tension [22]. Alternatively, Shemesh
et al. [39] suggested that the growth of FAs can be under-
stood as a one-dimensional molecular aggregation process
governed by thermodynamic principle (figure 2h), in
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which assembly of new plaque proteins to the pulled
adhesion structure reduces the mechanical force and is
energetically favourable. The pretension can also regulate
the strength of FAs by altering the FA-associated protein
interactions (figure 2f). For example, transmembrane
protein asB3; forms force-enhanced ‘catch bonds’ with the
ECM protein fibronectin [27]. Such catch bonds were
initially proposed by Dembo et al. [31], experimentally
observed for the first time for leucocyte binding proteins
[83], and have been thoroughly reviewed for molecular
interactions in cell adhesion [84—86].

The basic mechanical principle of the effect of pre-
tension on FA stability is still a subject of debate.
A possible clue to this question has emerged from the
recent finding that pretension in spatula hairs of
geckos can dramatically enhance the critical pull-off
force at small peeling angles [87]. In general, cyto-
skeletal contractility has at least two effects on FAs.
The first effect is that it stiffens actin networks in the
cytoskeleton, thereby increasing the adhesion lifetime
by increasing the reduced elastic modulus of the
system [43,44], as discussed in the previous two sections.
The second effect is that the contractile force generates
pretension in the stress fibres, which may also change
the adhesion lifetime (figure 2j). Chen & Gao [48]
investigated the effect of cytoskeletal pretension on
focal contacts by considering an individual stress fibre
attached to a rigid substrate via a cluster of molecular
bonds subjected to a horizontal pulling force P, as illus-
trated in figure 7a. The stress fibre is modelled as an
elastic beam with tension stiffness FA, where F is the
Young modulus and A is the cross-sectional area.
A cluster of receptor—ligand bonds with stiffness kg
is assumed to be equally spaced at a distance b along
the interface between the fibre and the substrate. The
bonds can break and reform stochastically according
to reaction rates similar to those described in equations
(4.1) and (4.2). Following Kendall’s [88] elastic thin film
peeling model, the ratio between the maximum bond
force at the contact edge and the applied force can be
estimated as [48]

(9.1)

where A = krb/(FA) is recognized as a force concen-
tration index at the fibre—substrate interface. As the
bond forces are generally concentrated in the vicinity
of the contact edge, equation (9.1) indicates that the
force concentration would decrease as the force concen-
tration index A is reduced. Harder stress fibres and/or
softer molecular bonds lead to smaller force concen-
tration near the contact edge (figure 7b). The concept
that the interfacial force distribution is governed by
the force concentration index A is similar to that devel-
oped by Qian et al. [43,44] where interfacial traction
distribution between two elastic media is governed by
the stress concentration index a.

In the presence of a uniform pretension Py within the
stress fibre, the force concentration factor near the
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Figure 7. A stochastic—elastic model of focal adhesion between an elastic fibre under pretension and a rigid substrate. (a) A stress
fibre adhered to a substrate via molecular bonds. The fibre is subjected to a pretension before the fibre—substrate binding. (b) The
force distribution along an array of molecular bonds. The smaller the force concentration index A, the more uniform the inter-
facial force distribution. The paramters for the calculation are kg = 0.25 pN nm ™!, N, =500 and P= 16 pN. (¢) Effect of a
stairwise increasing pattern of pretension, from 0 to 49P,/50 at uniform steps over 50 equal segments along the stress fibre,
on the distribution of interfacial forces within the molecular bonds. The force concentration index A is fixed at 1.0 (kg =
0.25 pNnm ', N, =501, P=16 pN). (d) The adhesion lifetime versus the magnitude of pretension in the stress fibre for various
combinations of the force concentration index A and the adhesion size N; (y= 1.0, F;,=1pN and P = 36 pN). All plots are

adapted from Chen & Gao [48].

contact edge is modified to

Fmax — \/Z
P 14 PyVA/(kgu)’

(9.2)

where u is the maximum displacement of bond upon
breaking. This result immediately shows that the pre-
tension tends to lower the force concentration near
the contact edge, and sufficiently large pretension can
make the bond force distribution nearly uniform
along the fibre—substrate interface, as indicated in
figure 7c.

Systematic Monte Carlo simulations have been con-
ducted to investigate the effect of pretension on the
adhesion lifetime by varying the fibre stiffness, the
adhesion size, and the magnitude and distribution of
pretension in the stress fibre. The results show that
the presence of pretension in the stress fibre tends
to shift the interfacial failure mode from a crack-
like propagation in the absence of pretension to
almost uniformly distributed bond rupture, hence
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dramatically enhancing the adhesion lifetime [48].
This is in excellent agreement with the theoretical
interpretation in equation (9.2). In a demonstrating
example shown in figure 7d, the pretension is assumed
to increase stairwise from 0 to P over four equal seg-
ments over the entire stress fibre. As the magnitude
of pretension increases, the adhesion lifetime can be
prolonged by several orders of magnitude. There
exists an optimal magnitude of pretension for the
maximum adhesion lifetime. Too small or too large
contractile forces are both detrimental to the stability
of molecular adhesion.

The above analysis suggests that pretension within
cytoskeletal stress fibre tends to shift the interfacial fail-
ure mode from crack-like propagation towards uniform
bond rupture within the adhesion domain, thereby
greatly increasing the adhesion lifetime. These results
provide possible clues to the molecular mechanisms by
which cell adhesion can be actively controlled through
the magnitude and pattern of myosin activities within
the cytoskeleton.
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10. CONCLUSIVE REMARKS

The studies discussed in this paper have been aimed at
illustrating some of the basic mechanical principles of
FAs between cell and ECM using simple analytical
and numerical models. Various models differ in their
assumptions concerning the physical mechanisms
underlying the mechanical and dynamic behaviour of
focal contacts in cell-matrix adhesion. Given the com-
plexity of biological systems, it should not be surprising
if in practice different mechanisms act in parallel.
Although the existing experimental evidences are far
from allowing definitive conclusions to be drawn regard-
ing different theoretical models and simulations, these
efforts do provide interesting insights into a number
of physical and mechanical aspects of cell-matrix
adhesion.

Theoretical models suggest that the reason for FAs
to lie in a narrow size range from a few hundred nano-
metres to a few micrometres [10,11] might be that the
growth of FAs eventually leads to crack-like delamina-
tion failure near the adhesion edges. From this point
of view, the growth of FAs is self-limiting, and the
optimal size window for stable adhesion is in the sub-
micrometre to micrometre range, depending on the
rigidity of the cell and the substrate. The effects of
the reduced elastic modulus F* of cell and matrix on
bond rebinding and adhesion lifetime, independent of
how the load is distributed within FAs, imply that
very soft substrates tend to diminish the adaptive capa-
bility of cells by suppressing bond rebinding irrespective
of the cytoskeleton stiffness, which may prevent short-
lived FXs from maturing into stable FAs. This is also
in qualitative agreement with the experimental obser-
vations that stable and large FAs can only form on
sufficiently rigid substrates [15,16]. The fact that FAs
on stiff substrates are more stable provides a possible
driving force for cells to migrate towards stiffer parts
of the substrate. On hard substrates, the reduced elastic
modulus E* tends to be dominated by the stiffness of
the cytoskeleton. The cytoskeletal contractile forces
can stiffen the cytoskeleton by decreasing entropic elas-
ticity of the actin network, as suggested by the in vitro
studies of cross-linked biopolymer networks [17,18], and
therefore benefit the long-term stability of FAs. This is
consistent with the experimental observations that
cytoskeletal contractile forces are necessary to stabilize
cell adhesion [21]. The role of cytoskeletal contractility
is also demonstrated through an alternative view that
pretension in the cytoskeletal stress fibres tends to
shift the interfacial failure mode from crack-like pro-
pagation towards uniform bond breaking, thereby
stabilizing FAs. The dependence of adhesion lifetime
on the pulling angle of stress fibres has also been dis-
cussed: low-angle pulling dramatically increases the
adhesion lifetime. Therefore, cell spreading and flatten-
ing over a substrate result in low-angle pulling on FAs
and therefore benefit stable adhesion. All these results
are consistent with related experimental observations
and suggest multiple mechanisms by which cells can
actively control adhesion and de-adhesion by modulat-
ing the cytoskeleton or adjusting the pulling force/angle
of stress fibres. Generally, intermediate adhesion size,
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rigid substrate, cytoskeleton stiffening, cytoskeletal pre-
tension and low-angle pulling are factors that
contribute to stable FAs, whereas extreme adhesion
size, soft substrate, cytoskeleton softening, dissolution
of actin network and high-angle pulling are factors
that tend to destabilize FAs.

Theoretical models described in the present paper
suggest the following principles of focal contacts in
cell-matrix adhesion:

— Principle of enhancing adhesion by bond clustering.
Compared with isolated receptor—ligand bonds, clus-
tering of multiple bonds into focal contacts greatly
enhances the lifetime and stability of cell-matrix
adhesion.

— Principle of enhancing adhesion by increasing the
reduced elastic modulus of cell and matriz. The dis-
tributions of bond force and surface separation at
the cell-matrix interface depend on the reduced
elastic modulus of the cell-matrix system, as
defined in equation (7.1). A small modulus, which
could result from the presence of a soft matrix or dis-
solution of cytoskeleton, has two devastating effects
on focal contacts. First, it induces severe stress con-
centration near the adhesion edges and crack-like
failure around the rims of focal contacts (figure 2b).
The stress concentration effect places an upper
limit on the size of focal contacts. Second, small
modulus tends to increase local surface separation
at open bonds and make them difficult to reform
the adhesion, effectively killing the possibility of
bond rebinding (figure 2e). The second effect indi-
cates that the role of elasticity is intrinsic in
molecular adhesion between soft materials and
cannot be alleviated simply by removing stress con-
centration in the system.

— Principle of enhancing adhesion by low-angle pull-
ing. The adhesion lifetime depends on the
direction of stress fibres that exert forces on the
focal contacts, as shown in figure 5¢. For a given
magnitude of pulling force, there usually exists a
critical angle below which the adhesion lifetime
rapidly rises to long-term stability. This effect is
analogous to a more inclined stress fibre exerting
smaller average traction on the adhesive interface,
as illustrated in figure 2i. This principle may have
important implications on how cells control
adhesion/de-adhesion during cell migration.

— Principle of enhancing adhesion by cytoskeletal pre-
tension. Cytoskeletal pretension induced by myosin
contractility tends to smooth out the distribution of
forces on receptor—ligand bonds between individual
stress fibres and matrix, thereby increasing adhesion
lifetime by orders of magnitudes (figure 2j). This
important effect of cytoskeleton contractility may
provide a very effective control for cells to regulate
adhesion with ECM through metabolic activities in
the cytoskeleton. The basic principle can also be
understood from the fact that the energy release
rate of a thin film on a rigid substrate can be effec-
tively reduced by a moderate pretension in the film.
In the absence of any pretension in the film, the
energy release rate for interfacial delamination is
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G = *h/(2E), where o is the stress in the debonded
part of the fibre induced by the applied force, h is
the film thickness and F is the Young modulus of
the film. In the presence of a pretension oy in the
bonded part of the film, the energy release rate is
reduced to G'= (o — 0y)°h/(2E), indicating that a
moderate pretension can effectively reduce the driving
force for interfacial delamination. The effect of pre-
tension on interfacial adhesion can have general
implications in the mechanical properties and
functions of muscles and muscular—skeletal junctions.

11. OUTLOOK

At this point of time, the biophysical or biomechanical
modelling of FA mechanosensitivity is still at a very
primitive stage of research. Increasingly sophisticated
models may be necessary to take into account
increasing biological complexities, e.g. inside-out and
outside-in signalling in both directions across the cell
membrane, because cell adhesion is believed to involve
complexities far beyond simple passive mechanical
attachments. Integrins, the principal receptors on
animal cells for binding most ECM proteins, can
switch between different conformations, rendering
different levels of affinity to their ligands on the ECM
side in response to intracellular proteins (e.g. talin), lig-
ation on ECM or divalent cations [1]. All these
structural changes and signalling events have yet to
be integrated into any theoretical models. Nevertheless,
as we discussed here, it seems useful to formulate some
possible ground rules based on some basic physical and
mechanical principles, which could assist in the inte-
gration of relevant biological aspects into a coherent
theoretical framework. The mechanics of FAs provides
an excellent opportunity for researchers with back-
grounds in physical and biological sciences to work
together. A major effort on the biological side will be
to continue elucidating the relationship between mol-
ecular structures, functions and signalling pathways,
which can be a critical input for appropriate modelling
in the future.

The stochastic—elastic modelling framework [43,44,
4748] used to address the questions posed in §§7-9 of
this paper has been built upon the classical model of
Bell [30] and its recent extension by Erdmann & Schwarz
[36,37]. This framework unifies stochastic descriptions of
individual molecular bonds and elastic descriptions of
interfacial adhesion. Of special interest has been how
the spatially distributed interfacial traction and separ-
ation governed by the system elasticity influence the
lifetime and strength of adhesion clusters. This paper
has reviewed different aspects of the model including the
size- and angle-dependent lifetime and stability of FAs
[43,44], the role of cell-matrix stiffness in the rebinding
kinetics of molecular adhesion [47] and the effect of cyto-
skeletal pretension in stabilizing cluster adhesion [48].
More generally, such an approach can be extended to a
broad range of situations involving spatially dependent
bond traction, bond separation and/or non-homogeneous
bond density. For example, when leucocytes tether to and
roll on vessel walls under blood flow, molecular bonds near
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the periphery of the contact region are expected to be
more stretched than those at the centre [89,90]. In cell-
cell adhesion, the formation of an immunological synapse
involves multiple types of receptor—ligand bonds with
different rest lengths, and the adhesion complex is often
organized into patterns with spatially varying bond density
[91,92]. The stochastic—elastic coupling approach could
serve as a basis for further study of such problems.

An implicit assumption made in the stochastic—
elastic models of FAs [43,44,47] is that these adhesions
are operating near their rupture limit during FA assem-
bly and growth. We caution that this assumption has
not been experimentally proved and should be further
investigated. Experimentally measured traction stress
is only a direct measure of the tension that is trans-
mitted from the contractile actin cytoskeleton to the
ECM via FAs; there is currently no way of knowing
whether this force transmission is limited by the
amount of tension generated or by weak -elastic
elements within the actin cytoskeleton or FA. Before
this issue is fully clarified by experiments, one way to
proceed is to make some reasonable assumptions and
then look for possible inconsistencies/contradictions in
subsequent research. Much of the current modelling
effort in cell-matrix adhesion has followed this
approach and therefore requires further experimental
validation over the coming years.

While the discussions in this paper are consistent with
some of the findings that FAs alter their behaviour as a
result of changes in cluster size, cell-matrix rigidity and
cytoskeletal contractility, the precise mechanisms remain
elusive. While a clear picture of FA mechanosensitivity
is not yet available, there are new techniques that
enable systematic and accurate in wvitro or in wvivo
measurements of molecular bond kinetics [27], FA mol-
ecular architecture [93], cell-generated forces [94], FA
protein recruitment [95], ECM deformation [96], etc.,
which would be important in establishing the validity of
modelling efforts. The development of theoretical studies
and a deeper understanding of the underlying physical
principles on FAs are essential prerequisites for the
design of more effective experiments. We believe that
further communications between theoretical models and
experimental investigations can significantly improve
our understanding of the complex processes involved in
the dynamics of focal contacts in cell-matrix adhesion.
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