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With a long-term objective toward a quantitative understanding of cell adhesion, we consider an idealized theoretical
model of a cluster of molecular bonds between two dissimilar elastic media subjected to an applied tensile load. In
this model, the distribution of interfacial traction is assumed to obey classical elastic equations whereas the rupture
and rebinding of individual molecular bonds are governed by stochastic equations. Monte Carlo simulations that
combine the elastic and stochastic equations are conducted to investigate the lifetime of the bond cluster as a function
of the applied load. We show that the interfacial traction is generally nonuniform and for a given adhesion size the
average cluster lifetime asymptotically approaches infinity as the applied load is reduced to below a critical value,
defined as the strength of the cluster. The effects of elastic moduli, adhesion size, and rebinding rate on the cluster
lifetime and strength are studied under strongly nonuniform distributions of interfacial traction. Although overly
simplified in a number of aspects, our model seems to give predictions that are consistent with relevant experimental
observations on focal adhesion dynamics.

1. Introduction established the statistical theory of single molecular bonds under
force. According to this theory, bond dissociation can be regarded
as thermally assisted escape over a potential energy b¥rHer.
The application of an external force changes the energy landscape
and should therefore influence the rupture process. Indeed, both
theory and experimerfis!! have indicated that the average
survival time of a single molecular bond decreases exponentially
with increasing load level, irrespective of specific types of
tmolecular bonds. Although such a statistical description of single
molecular bonds is by now well accepted, the collective behavior
of multiple molecular bonds, such as those in cell adhesion, can
be much more complex and are less well understood. A single
bond only has a limited lifetime whereas a cluster of bonds can
survive for a much longer time because of collective effects in

Most biological cells must adhere to other cells or an
extracellular matrix (ECM) to perform normal physiological
functions such as migration, spreading, differentiation, growth,
and healind. Adherent cells are usually exposed to mechanical
stresses evoked either by the cell’'s own contractile machine or
by a variety of external factors. Experiments have revealed that
cell adhesion on a substrate is often localized to discrete contac
regions called focal adhesions (FAs) that consist of multiple
transmembrane ligareteceptor bonds connecting the actin
cytoskeleton of the cell to the substrdté.Focal adhesions are
micrometer-sized dense clusters of ligameceptor bonds linked
to complex assemblies of a variety of associated proteins. It is
therefore interesting to study the collective behavior of a cluster a stochastic ensemble.

of ligand-receptor b‘?”ds under stress. . L A pioneering theoretical framework for describing the col-
A grand challenge in molecular and cellular biomechanics is |ectjve behavior of multiple adhesive bonds was established by

to achieve the capability to effectively control cetlell and Bell,22 who applied the kinetic theory of chemical reactions to

cell—substrate interaction, for which a quantitative description predict the thermodynamic competition between bond breaking

of cell adhesion is a critical step. Experiments have shown that 5, reforming. Seifel studied the dynamic behavior of a bond

a single molecular bond has a binding energy of only{25) cluster subjected to ramping forces. Erdmann and Schivirz

keT,> which leads to a finite lifetime as a result of thermally  jeyeloped a more rigorous theory of the cluster lifetime based
activated bond dissociation even in the absence of an externaly, ihe one-step master equation in stochastic dynamics.

force. This statistical nature of single molecular bonds is an A common assumption of the existing models of cluster
important feature that must be taken into account in theories on gqnesion is equal sharing of the applied load among all closed
celladhesion. Experiments based on dynamic force spectrdséopy bonds. On the basis of this assumption, the theory of Erdmann

and theoretical models by Evans and Ritéhfeve firmly and Schwar#15predicted that the cluster lifetime monotonically
- — increases as the cluster size grows: the larger the cluster, the
*Ea“ of thedMoIether]ar agd Sﬁff?“?efomes ch’)ic'a' e o1 more stable it is. In contrast, experimental observations have
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cells tend to migrate toward stiffer regions when cultured on a F
nonhomogeneous substraté8The stiffness of the cytoskeleton
can change over several orders of magnitude in response to
different levels of cytoskeletal stress evoked either by actin
contractility or external force¥21 It has been shown that FAs
can reversibly increase or decrease in size in response to an

Cell

applied force, with force per unit area (stress) maintained near 2a
aconstant value at around 5.5 kPa for different types of éeffs. - — -
Why is there an upper size limit on focal adhesion? Can we 2353 ”L“["’ 23 X

develop models to understand the effects of the elastic properties
of the substrate and cytoskeleton on the stability and strength of
FAs? Motivated by these questions, in this article we build upon
the previous work of Erdmann and Schwir? and attempt to
develop a coupled stochastic-elasticity model that aims to
seamlessly unify stochastic descriptions of individual molecular
bonds and elastic descriptions of interfacial traction. To avoid F
overcomplications of modeling at this stage, we consider an rigyre 1. Schematic illustration of an idealized theoretical model
idealized theoretical modelinvolving a cluster of molecular bonds of adhesion between two elastic bodies via a cluster of ligand
between two semi-infinite elastic media under a tensile load. Of receptor bonds under a forEeThe bond cluster size i®20ne side
special interest is how the nonuniformly distributed interfacial of the adhesion is an elastic medium with Young's modigand
traction influences the cluster lifetime and strength. Our approach Poisson’s ratiarc mimicking the cell body, and the other side is a
can be extended to a broad range of situations involving SUPStrate with different elastic properties andvs.

nonuniform stress and/or nonhomogeous bond density distribu-

tions. For example, when leukocytes tether to and roll on vessel L R )
walls under blood flow, the molecular bonds near the periphery average cluster !n‘etlme IS found to approach |nf|r_1|_ty asymptoti-
cally as the applied load is reduced to below a critical value that

of the contact region are expected to be more stretched than, ) . X
those at the cent@#:251n cell—cell adhesion. the formation of is then defined as the strength of the bond cluster. Our simulations
animmunological s&/napse involves Iigaﬂtdec,eptor bonds with show that the initial growth of a small cluster tends to stabilize

different restlengths, and the adhesion complexis often organizeg2dhesion as a result of collective effects in a stochastic process,

into patterns with spatially varying bond densiyThe current N agreement with the findings of Erdmann and Schwé.
approach could serve as a basis for the further study of SuchHowever, our study also shows that as the pluster grows larger
problems. the elasticity ofthe_ system eventually results in cracklike singular
This article is organized as follows. We first derive a stress concentration near the edge of ao_lhe3|on. As a result, t_he
fundamental scaling law that controls the interfacial traction clusterllfetlme Qecreases atlarge cluster sizes bec.ause ofcr.ackllke
propagation failure. We show that the assumption of uniform

distribution based on classical elastic equations in ContaCtinterfaciaI traction adopted by Erdmann and Schw/sizis

e e i &Npproimatey val ol or e ange o lastic modl
to the adhesion cluster, there is atrangsition between uniformpandamOI adhesion size whereas nonuniform traction distribution is a
’ general rule. We discuss the effects of elastic moduli, adhesion

cracklike singular distributions of interfacial traction. Recognizing size, and bond rebinding rate on the cluster lifetime and strength

g;erglnsdc ;reT:eb(;onnélgburg:grr:s /rgeff(r)r;zlﬂe:ulavzebotﬂii a;zgggﬁceeﬁfﬁés Some discussions are also made comparing our simulation results
9 9 sto relevant experimental observations.

appropriate master equation describing the stochastic dynamic
of cluster evolution according to spatially dependent bond rupture

L : : 2. Model
and rebinding rates, with each bond considered to be an ) ) o o
independent reaction site. A Monte Carlo scheme based on the The theoretical model under consideration is shown in Figure
Gillespie algorithrd28 is introduced to solve the coupled 1. Where a cluster of liganereceptor bonds establishes an
stochastic-elastic equations, and a series of simulations areddhesion patch of sizeabetween two dissimilar elastic media

performed to investigate the cluster lifetime under differentlevels Under an applied force df. A number of molecular bonds are
fixed within the adhesion domain at an equal spacing,of

Substrate

of applied load and cluster size. For a given adhesion size, the
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P.; Weitz, D. A.Science2004 304, 1301. the other side represents an elastic substrate (ECM or another

b fﬂ;ﬁ’e@ogg Zg;t%ai J. J.; MacKintosh, F. C.; Lubensky, T. C.; Janmey, ca||) The Young's modulus and Poisson’s ratio Eee vc for

(22) Balaban, N. Q.; Schwarz, U. S.; Riveline, D.; Goichberg, P.; Tzur, G.; the cell andEs, vsfor the substrate. In such a bimaterial contact
Sabanay, I.; Mahalu, D.; Safran, S. A.; Bershadsky, A. D.; Addadi, L.; Geiger, problem, it is usually convenient to define a combined elastic
B. Nat. Cell Biol.2001, 3, 466. duluSE" a9

(23) Riveline, D.; Zamir, E.; Balaban, N. Q.; Schwarz, U. S.; Ishizaki, T.; modaulust a
Narumiya, S.; Kam, Z.; Geiger, B.; Bershadsky, A.D Cell Biol. 2001, 153

1175. 2 2
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To account for the elasticity of the system in a simple way, we 40
consider a slice of the system with out-of-plane thickrne&s

In this formulation, one period in the out-of-plane direction is
considered so th&t has the usual dimension of newtons. In this
setup, the total numbeX; of bonds within the out-of-plane
thickness obis N; = 2a/b. Each bond is modeled as a Hookean
spring with stiffnessk g until rupture.

2.1. Continuum Modeling on Interfacial Traction: The
Stress Concentration Index.To understand how interfacial
traction is distributed within the adhesion patch, let us first
consider a special case when all bonds are closed. In this case
the interfacial traction can be expressed@9 = p rk rU(X),
wherexis a lateral coordinate along the interface with the origin 0.5
located at the center of the adhesion patchgr)ds the extension 1
of a bond relative to its rest length under the applied fdtce 0.0 T T ; T T T T T y
At any given positiorx, the elastic extension(x) of the bonds 00 02 o4 06 os 10
and the relative normal surface displacemefit) of the two x/a
elastic bodies should satisfigx) +w(X) = h, wherehis a constant. Figure 2. Distribution of interfacial traction *for different values of
Differentiating the interfacial streggx) with respect toc while the stress concentration index= apirkir/E".
recognizingu'(x) = —w'(x) gives

a=0.1
a=1.0
a=10

o =00

o/(F/2ab)

a(X) (7)

_F_ 1
mab [ 2rq2

corresponding to the interfacial traction distribution for a 2D

external crack? In this case, the stress distribution at the edge

of adhesion is actually singular. For the intermediate range 0

o < oo, maximum stress generally occurs at the edge, and

©) minimum stress appears at the center of the patch. The numerical
results in Figure 2 show that, forvalues smaller than 0.1, the
interfacial stress is nearly uniformly distributed within the
adhesion patch whereas for values larger than 1 stress
concentration emerges near the edge of the patch, similar to the

4) crack singular solution in eq 7. We shall referot@s the stress
concentration index.

0 0
% = —prKr % (2)

However, the surface displacement gradiev(k)/ox of the elastic
bodies can be related to the interfacial tractigr) as®

owx) 2 ra o(s) ds
x nE*f*a X—$s

Combining egs 2 and 3 yields

d0(X) 200 1 o(d) ds
X mwJ1x—8

wherex and$ are coordinates normalized by the adhesion half- ~ 2.2. Elasticity Modeling of the Force Distribution on

width a and Discrete Bonds.Before we consider the random events of
dissociation/association in a group of discrete molecular bonds,
1-vd 1-vg we will discuss the elastic equations that will be used to determine
a = ap gk r E. + E. (5) the distribution of load on each bond. For a bond location

within the adhesion domain, the displacement induced by a

isidentified as a controlling parameter to determine how interfacial different bogld atlocatior (i = j) is given by the elastic Green’s
traction o(x) is distributed within the adhesion domain. For function as
example, in the limito. — 0, we have the solution

1
o(X) = constant (6) Wi = ﬂE*bZFi(In X =1 = InIx = ) (8)
indicating that the applied forde is equally shared among all ] ) )

bonds within the patch, as in the assumption adopted by Erdmannwherer; is the force on bond af andx.. is an arbitrary reference

and Schwar2#15 However, in the opposite limit. — o, the point that will not influence the force calculation. To avoid
solution becomes singularity, the self-displacement gtinduced by the forcé;

that is modeled as an equivalent uniform pressure with half-
width ag is given by?®

(30) Tada, H.; Paris, P. C.; Irwin, G. Rhe Stress Analysis of Cracks Handbook
3rd ed.; ASME Press: New York, 2000.
(31) Arnold, M.; Cavalcanti-Adam, E. A.; Glass, R.; Bhmel, J.; Eck, W.;

Kantlehner, M.; Kessler, H.; Spatz, J. EhemPhysCher004 5, 383. 1 =
(32) Chesla, S. E.; Selvaraj, P.; Zhu, Blophys. J.1998 75, 1553. = | -
(33) Erdmann, T.; Schwarz, U. &ur. Phys. J. 2007, 22, 123. Wi JtE* 2a0b (260 In 4+ C|) (9)

(34) Erdmann, T.; Schwarz, U. 8iophys. J.2006 91, L60.
(35) van Kampen, N. Gstochastic Processes in Physics and Chemilsioyth-
Holland: New York, 1992.

(36) Long, M.; Goldsmith, H. L.; Tees, D. F. J.; Zhu, Biophys. J1999 76,
1112.

(37) Tees, D. F. J.; Coenen, O.; Goldsmith, HBiophys. J1993 65, 1318.

(38) Zuckerman, D. M.; Bruinsma, R. Phys. Re. E 1998 57, 964.

(39) Small, J. V.; Geiger, B.; Kaverina, |.; BershadskyNat. Re.. Mol. Cell.
Biol. 2002 3, 957.

(40) Wang, J.; Gao, HJ. Mech. Phys. Solid2008 56, 251.

whereag denotes the radius of individual bonds with the typical
value on the order of a few nanomeférand C; is a length
constant chosen to satisfy the condition tlkatcauses zero
displacement ak... Applying the geometrical relation(x) +
w(x) = h atx; where a close bond is located and substituting the

(41) This is commonly referred as a plain strain problem in solid mechanics. linear spring lawF = k ru; yield
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n 1

3~ 2In =)~ n g =) -
== aE b

F, F
—— (28,In4+C)+——h=0 (10)
b Keg

*

nE

wherenis the current number of closed bonds within the adhesion
domain. Then + 1 unknowns k4, F,..., Fy, h) are solved from
the aboven equations together with the global force balaice

n

;Fi=F

Once then + 1 unknowns 1, Fy,..., Fp, h) are obtained, the
separation); between the two elastic mediaxatvhere an open
bond is located can be calculated as

(11)

n

0. =h+| ! 2F(In | | —1In| )
= - —2F(n|x, — x| —In|x — x|) —
R P R
1 F
-—(28,In4+C)| (12)
7E 23gb

wherely is the rest length of the liganeteceptor bond.
2.3. Stochastic Modeling of Bond Dissociation/Association.
The above elasticity formulation allows us to determine the force

distribution acting on each closed bond and the surface separatiotind Of the binding site is th
at each open bond within the adhesion domain at any instant

during cluster evolution. However, according to single-molecule

mechanics, a given bond may be closed at one instant and break
at another as a result of thermally activated escape from the

binding potential well.

The bond dissociation rate increases exponentially with load

ad?
Kot = ko€ (13)

whereFy is a force scale typically in the piconewton range and
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Figure 3. Association rateg; of an open bond as a function of
surface separation.

where the partition functiorZ satisfying the normalization
conditionf‘ifb'b P(uydu=1is
+ erf(lb

[T [ [k ks
Z= e (erf((é l,)

2k T 2kBT)) (15)

The probability that the receptor comes within a reacting radius
i34

_lbing

ka0 = 1)
ex 2T

"z (16)
Hence, the overall association rate is
I K r(0 — 1p)°
— | 0_bind _ IR b
kon - kon 7 eXF{ ZkBT (17)

wherek,? is the reaction rate between the binders.
Therefore, the reverse/dissociation rate for a closed bond at

ko is the spontaneous dissociation rate in the absence of thelocationx can be written in a dimensionless form as

applied load. For bonds in focal adhesioksfalls in the range
from a fraction of a second to around 108 €hesla et at2used

a micropipette technique to measure the kinetic rate constants

of individual bonds by considering the 2D diffusion of bonds
between opposing surfaces.
The bond association ratk,, is assumed to depend on the

separation between aligand and receptor as described in references

33 and 34. To form a binding complex, a ligand and its

complementary receptor have to come sufficiently close to each
other to react. To model this process, we consider the reaction

r= % =¢ (18)

wheref; = Fi/Fy, is the normalized bond force acting on it, and
the forward/association rate for an open borid %

_ & _ ﬁ expA(A; — Lb)z)
ko ZV\/; erf((A; — L)VpB) + erf(LvB)

9 19)

between a binding site on the substrate and a receptor tethereqyhereg = k rb%(2ksT), ¥ = (Koril/ko)(lsindD) is a prefactorA

to the cell wall by a linear spring with stiffnedgg and rest
lengthl,. At a given separatiod, the probability density function
for the receptor to have displacemenis3334

2
1 k rU
P(u)y =S exp— yue[—l, 6 —1 14
=7~ g7 uelluo —bl  (14)
(42) The corresponding discrete elastic equations in 3B are
n n
F. F. F.
LY J4 A0 h-oad)F =F
aE . T PE % ke L
j=1j=i =1

wherer; is the distance between bondnd bond. All the other symbols have
the same definition as those in the 2D case.

= oi/lb is the surface separation normalized by bond spalging
and L, = Iy/b is the rest length of the bond after the same
normalization. Note that the forward rate described above depends
strongly on the surface separation. The dimensionless parameters
p andL, are estimated from relevant typical values listed in
Table 1, which are used in the Monte Carlo simulations to be
described shortly. Figure 3 plots the behavior of the forward rate
gi for different values of/ as the normalized surface separation

A varies between 1 and 3. Interestingly, for the rangewfider
consideration, we see thgt decays in a similar manner and
becomes nearly zero when the opposing surfaces are separated
beyond about 2 times the bond rest length. This means that the
chance of rebinding is very low once the surface separation
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Table 1. List of Parameters Used in the Coupled Monte Carlo where the next event will be bond rupture at rati the bond
Simulations is currently closed and bond rebinding at rgtéf the bond is
parameters values currently open. The values of bond reaction rateandg;, can
total number of bondsy, 2-100 be obtained from the force distribution among closed bonds and
spacing between neighboring bontgnm) 32 surface separation at open bonds calculated from the elasticity
focal adhesion size@um) 0.064-3.2 analysis. For the entire bond cluster, we have a series of reaction
ligand-—receptor bond density, g (um~?) ~1000 rates denoted as,, with u referring to a bond location, which
single bond stiffness.r (PN/nm) 0.25 is equated to the calculatedr g; depending on the current bond
combined elastic modulug (kPa) 1-1000 : : :
P - state. Previously, a number of numerical algorithms were
factor of rebinding ratey 1-100 L
rest length of bonds, (nm) 11 developed for the study of bond kinetics in cell adhesfotiin
force scale in bond dissociatiof, (pN) 4 the present study, we apply the so-called “first reaction
radius of individual bondsa, (nm) 5 method?®728 of Gillespie’s algorithm, following Erdmann and

_ _ ) Schwarzi*1> We generate a series of independent random
exceeds 3. We expect that this strongly decaying behavior of nymbersg, for individual reaction sites that are uniformly

the rebinding rate will play a very importantrole inour combined  gistributed over the interval [0, 1]. The time for the next reaction

stochastic-elasticity theory of adhesion clusters because thejschosen to be the smallest among a series of vayesttulated
surface separation is generally larger at the cluster edge than afccording t8728 ‘

the center and consequently rebinding is less likely to occur at

the edge. Once the opposing surfaces are separated by more than In &
a critical distance (aboutlg at our prescribed parameters), dr, = — £ (22)
rebinding becomes impossible, and the cluster is expected to &,
undergo cracklike failure from the adhesion edge.
We consider a cluster with all bonds closed initially. The or, in other words,
bonds undergo stochastic breaking or rebinding described by the
master equatici dz = min(dr,,) (23)
dP,(7) . At the same time, the location for the next event is identified to
dr 90— 1(1) P 4(0) + be the reaction site where d is chosen. The event type for the

Fs1(7) Poya(7) — [r(7) + 9,(7)]P(7) (20) next reaction is rupture if the bond at sités currently closed
and rebinding if it is currently open. Any change in bond state
wheret = kit is the normalized timePy(z) represents the  requires an update of the bond force distribution and surface
probability thatn bonds are closed at time andr, andg, are separation on the elasticity part of the model, which is then used
the total dissociation and association rates for the state of 0 determine the subsequent reactions. This coupling proceeds
closed bonds, respectively. If the applied I6adF/Fy is equally until all of the bonds within the adhesion domain are open, and
shared among all of theclosed bonds, then we would haue the total elapsing time is recorded as the cluster lifetime. The
= ne’". However, because the lo&i$ nonuniformly distributed Monte Carlo simulation based on the above algorithmiis equivalent

among closed bonds as a result of the elastic interactions, theto the original master equation as long as the number of trajectories

total dissociation rate is is sufficiently large. To investigate the stability of molecular
bond clusters in the presence of nonuniform force distribution,
n we adopt the following procedure:
r,= e (21) (1) Create an adhesion domain consistingNefuniformly

i= distributed bonds. Record bond locatioggreaction sites). All
) o ) bonds are set to be closedwat 0.
It can be shown that the total dissociation rate for a uniform 2y sojve the interfacial force distribution based on discrete
distribution of tractions, = ne’™, corresponds to the minimum  g|astic equations as formulated in egs 10 and 11. Record forces

stationary point of i, € under the conditio L fi=f.Inother  ; acting on each closed bond, and calculate surface separation
words, any spatial variation of force distribution fromthe uniform s, at each open bond according to eq 12.

case would increase the total rupture probability and cause the (3) Calculate reaction rates for all reaction sites:a, = r;
cluster to be less stable. Therefore, assumirg ne’” tends to for closed bonds, and, = g for open bonds.

overestimate the cluster lifetime or Strength. (4) Generate a set of independent random nun'@ﬁwhich
. are uniformly distributed over [0, 1], for each individual reaction
3. Numerical Method site and insert them into eq 22. Record the smallesadd the

The Monte Carlo method based on Gillespie’s algoriff?, corresponding: as the time and location associated with the

as performed by Erdmann and Schwé&i#2under the assumption  next bond reaction, respectively.

of equal load sharing by all closed bonds, can be used to solve (5) Change the bond state at siteThe bond status at site

the master equation numerically. The basic idea of such is changed to open if it is currently closed and to closed if it is

simulations is to cast stochastic trajectories for cluster evolution open. Setr = t + dr.

in accordance with the above-described reaction rates and average (6) Go to step 2 and loop until all bonds within the adhesion

over many independent trials to obtain useful statistical informa- area are open. Record the final lifetime for the current trajectory.

tion. Atany instant during the cluster evolution, random numbers  The flow chart of this coupled numerical procedure is illustrated

are generated to determine whether the next activity is bondin Figure 4. Many such trajectories are calculated to obtain the

breaking or rebinding and how long the next reaction will take. average behavior of the bond cluster. We will discuss in the next

For our modeling with spatial degrees of freedom, it is necessary section how the cluster lifetime is influenced by the applied load

to determine where the next event should occur. Therefore, weand develop a strength theory of bond clusters based on the

consider each bond location to be an independent reaction siteanalysis.
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oc T 100
Initiate bonds (reaction sites) (x,u )N, (a) 1 N, =40,F =10KPa, =1,b=32nm, k,, =0.25 pN/nm, F, = 4pN
Setn=N, att=0 ]

Solve Equations 10, 11 for force distribution (f, ),,
Calculate separation by Equation 12 (s, )N. -

F[(2ab)=0.150 KPa

Calculate reaction rates for each bond: [a” )N

; 0.153KPa
(a, =r, for closed bonds; a, = g, for open bonds)

Number of closed bonds, n

0.156 KPa

Generate random number series (fk )N

Calculate reaction times by Equation 22: {df#)N 1 —_— —_—

Pickdz = min(d'r# )and the corresponding u 0 ® mNoma“z?d ime. © 80 100 120
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150 -

Figure 4. Flow chart of a Monte Carlo simulation method coupling

stochastic descriptions of molecular bonds and elastic descriptions
of cell—substrate interaction.

100

4. Results and Discussions 50

We first simulate the lifetime of a focal adhesion cluster shown strength
in Figure 1 that consists of 40 bonds under different levels of AW
applied load. The spacing between neighboring bonds is set at 0 T T T

. . 0.0 0.1 0.2 0.3 0.4 0.5 0.6

b = 32 nm, corresponding to a bond density of around 1000 F/ 2ab (KPa)
um=2, We assigrE” = 10 kPa for the combined elastic modulus
of the cell and substrate. The liganteceptor bond stiffness, ~ Figure 5. (a) Representative simulation trajectories of a molecular
ker, is taken to be 0.25 pN/nm following an estimate for the bond cluster of fixed size evolving under three different levels of
fibronectin-integrin bond®* Under these parameters, the stress an applied load. (b) Mean lifetime of the cluster as a function of the

e - AR load. The lifetime asymptotically approaches infinity as the load
concentration indext is calculated to be 16, which implies a = yeaches a critical value defined as the cluster strength.
severe stress concentration at the edge of adhesion. The force
scaleFy is fixed at 4 pN'#15and the radiusy of each bond is To investigate the size effects on cluster strength, we have
taken as 5 nm! For the rebinding rate, we set= 13334and performed a series of Monte Carlo simulations by varying the
I, = 11 nm38 These parameters are summarized in Table 1. We number of bonds from 2 to 100. For the chosen bond spacing
simulate the cluster lifetime by imposing different levels of load of b = 32 nm, the adhesion domains under investigation have
on the adhesion patch. Figure 5a plots some representativesizes ranging from 64 nmto 3u2n. We consider different values
simulation trajectories for three different levels of apparent stress, of the combined elastic moduli&® between 1 kPa and 1 MPa.
F/2ab. Reducing the load generally stabilizes the cluster and The rebinding rate factor is set to be 1.0. In the results drawn
leads to longer lifetime. The average lifetime € kot) over in Figure 6a, we observe that clusters with fewer than four bonds
hundreds of trajectories is plotted as a function of the apparentpossess a limited lifetime even in the absence of the applied load,
stresg-/2abin Figure 5b. We see that the lifetime asymptotically similar to the behavior of a single bond. Their strengths are
approaches infinity as/2ab decreases to below a critical value. considered to be zero. Clusters with more than four bonds begin
Loads larger than this critical value dramatically decrease the to exhibit long-term stability under a finite load because of the
mean lifetime and cause the cluster to be unstable. We definecollective effect of clustering. At a fixed cluster size, increasing
the cluster strengtic/2abas the critical load at which the cluster  the combined elastic modulus generally results in a stronger,
lifetime asymptotically approaches infinity. In numerically more stable cluster. This can be understood from the point of
determining the cluster strength, we pick= 100 (i.e., a 100- view that a high elastic modulus decreases the stress concentration
fold prolonging ofky). Once the mean survival time of a cluster indexa toward the regime of uniform interfacial traction. Bt
exceedst., We say that the cluster is stable under the =1 MPa, the cluster strength monotonically increases with the
corresponding load, and the critical loadratis defined as the  growing cluster size within the calculated adhesion size, which
strength. We point out that the cluster strength based on thisis similar to the results based on the equal-load-sharing assumption
prescribed time scale depends on the selection.pbut the considered by Erdmann and Schwiér? that essentially cor-
dependence is weak because the taidtime curve for the responds to a cluster of bonds between two rigid bodis<(
cluster has a very large slope near the critical load. We find that «). The stress concentration indexis 4 for Ny = 100 andg"
at the load corresponding t@ = 100 a further load reduction =~ = 100 kPa, suggesting a moderate stress concentration near the
of merely~2% would double the lifetime. Therefore, we believe patch edge. Our simulation results suggest that this extent of
that a different selection af,, sayr., = 1000, will lead to only nonuniform force distribution has induced cracklike failure of
a minor change in the predicted strength values. the cluster, as reflected by the fact that the cluster strength
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shows strong size effects. For the curve correspondirtj te

100 kPain Figure 6b, there is an optimal size of around 20 bonds
that gives rise to a maximum cluster strength. Clusters larger
than this size are less stable because cracklike failure occurs as
a result of the high stress concentration near the adhesion edge.
The curves foE" = 10 and 1 kPa show similar behaviors with
maximum strength at an optimal adhesion size. For the curve of
E" = 1 MPa in Figure 6b, including that in Figure 6a, our
simulations did not capture the optimal size because we have
limited our simulations to clusters with fewer than 100 bonds.
We believe that sufficiently large clusters will eventually
encounter a severe stress concentration and will present
catastrophic cracklike failure from the adhesion edge. The concept
of optimal adhesion size for the maximum strength should be
a general feature of molecular adhesion clusters because of
statistical effects on small scales and cracklike failure on large
scales. The effects of adhesion size and elastic modulus on the
cluster strength can be explained on the basis of the stress
concentration index.: increasing adhesion size or decreasing
elastic modulus tends to increastoward the regime of cracklike
stress concentration, hence comprising the stability and strength
of the cluster.

The maximum cluster strength at an optimal adhesion size
serves as a critical threshold for adhesion. Stress levels higher
than this value destabilize the clusters to the regime of limited
lifetime for clusters of any size. For a nonzero applied load
below the threshold, there exists a size window for stable adhesion.
Clusters within this size window have strengths that are higher
than the applied load, and clusters outside the window have
strengths that are lower than the load. On the basis of the definition
of cluster strength, clusters within the size window will achieve
long-term stability, and clusters outside the window have limited
lifetimes. It is therefore interesting to plot the cluster lifetime as

Figure 6. Strength of a molecular bond cluster as a function of & function of adhesion size at a fixed load Iev?l, as shown in

adhesion size for different values of the combined elastic modulus Figure 7. We replotted in Figure 7a the curveidf= 10 kPa

E" from 1 kPa to 1 MPa. The rebinding-rate facter,is taken as in Figure 6b for a closer examination of the size effect on cluster

(@) y = 1and (b)y = 100. strength. In this calculation, we take an apparent stress of 0.53

decreases with increasing cluster size. The effects of stresskpa' Figure 7b plots some representative simulation trajectories

concentration are more pronounced for lower values of the elasticf_Or t_hree_ C'“Stef sizesunder this fixed I_oad. We seethata prol_on_ged
moduli, as indicated by the curves fBf = 10 kPa ancE’ = lifetime is possible only for clusters with around 10 bonds (within

1 kPa in Figure 6a. an out-of-plane thickness equal to the bond spacir_1g_). Sm_al_ler
We notice that the calculated strength values are quite low cluster_s are notstable bec_a_use the numberof_ bonds |5|nsuff|C|_ent
under the present parameters (e-g0,4 kPa forN, = 100, E" tq gchleve Iong-term. stability and the behavior of the cluster is
= 100 kPa, and’ = 1, corresponding to a load level of 0.4 similar tp that qf a single bond. However, Ifslr.ge.r clusters also
pN/bond). In recognizing its exponential dependence on the have a Ilm[ted lifetime because of the elz?lst|0|ty induced stress
applied force, we expect that the dissociation rate will be concentration that tends to focus thelac'uon on a small number
significantly enhanced by the elevated stress at the adhesiorPf bonds near the edge of the adhesion patch. The normalized
edge. This effect will be more pronounced at higher load levels Mean lifetime of molecular bond clusters is plotted in Figure 7¢

atwhich the cluster strength should also become more sensitive®S @ function of adhesion size. The results clearly display a size
to the elastic modulus and adhesion size. window beyond which clusters cannot achieve long-term lifetime

A higher rebinding rate causes the cluster to become Strongerunderthe load. The_corresponding results based on the_ assum_ption
and the cluster strength to be more sensitive to the elastic modulu°f €qual load sharing would show a monotonously increasing
and adhesion size. To confirm this, we consider a different type cluster lifetime with growing cluster size. In contrast, our results
of bond with higher affinityy = 100. All of the other parameters show that a prolonged lifetime is possible only for clusters of
remain the same as in the caseyof 1. Figure 6b plots the intermediate size when the elasticity of the system is considered.
cluster strength as a function of the adhesion size when theSmall adhesion size leads to single-molecule-like behavior
combined elastic modulus is chosen to be between 1 kPa and 1Pecause of statistical effects whereas large adhesion also leads
MPa. This rebinding rate provides a stronger stabilizing effect t0 single-molecule-like behavior because of the focusing effect
on the bond cluster, and as a result, clusters with as few as twoOf the stress concentration that confines the bond rupture/
bonds can achieve a long lifetime at a finite force. In this case, dissociation eventsto a smaller number of bonds near the adhesion
the bond strength is indeed more sensitive to the combined elasticedge.
modulus of the system and to the adhesion size. At afixed cluster ~ Although we do not expect that the highly idealized stochastic-
size, increasinde” tends to stabilize and strengthen the cluster elasticity model considered in this article can capture the
by removing the stress concentration. The cluster strength alsocomplexity of real focal adhesion, it seems that our analysis still
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(a) 050 will persist irrespective of the cytoskeleton stiffness, which may
] L/ Max. Strength prevent short-lived focal complexes from maturing into large
FAs. On hard substrates, the combined elastic modulus tends to
be dominated by the stiffness of the cytoskeleton. This would
allow the cell to control adhesion/de-adhesion actively by
monitoring the contractile forces in stress fibers connecting to
an FA. Generally speaking, a larger number of bonds and more
uniform interfacial traction tend to stabilize molecular adhesion.
From this point of view, rigid substrates, cytoskeleton stiffening
] b via contractile forces, and intermediate adhesion size are some
0.30 1 P of the factors that contribute to stable cell adhesion whereas soft
T Lo \\ substrates, cytoskeleton softening by dissolution of the actin
] P network, and extreme adhesion size are factors that tend to
0.20 P . ] . ] destabilize cell adhesion.
0 20 40 60 80 100 Our model provides a simple answer to the question of why
2a/b(N) FAs usually fall into a narrow size range from a few hundred
nanometers to a few micrometers. Small adhesions are unstable

0.55

0.50
E"=10KPa,y =100

0.45 4 b=32nm,k,, =0.25pN/nm, F, =4pN
0.40

0.35

For / 2ab (KPa)

100 I :
(b) f F/(2ab)=0.53 KPa, E' =10KPa, y =100 because of the statistical nature of molecular bonds. There exists

b=32nm,k,, =0.25pN/nm, F, = 4pN

a critical cluster size for transition from single-molecule-like
behavior to stable adhesion patch behavior. However, the growth
of an adhesion patch ultimately leads to cracklike singular
interfacial traction, hence becoming self-limiting. Therefore, the
upper size limiton FAs can be understood from the point of view
of severe stress concentration induced by the elastic interactions
between the cell and substrate via molecular bonds. These results
are all qualitatively consistent with relevant experimental
observations.

MNumber of closed bonds, n

5. Conclusions

We have developed an idealized stochastic-elasticity model
of two elastic bodies joining over an adhesion patch consisting
Normalized time, of multiple molecular bonds. The model is aimed at the seamless
unification of elastic descriptions of adhesive contact on large
scales and statistical descriptions of single-bond behaviors on
small scales. A series of Monte Carlo simulations have been
conducted to investigate how the lifetime and strength of a
200+ 1 molecular cluster are influenced by the adhesion size, the bond

1 rebinding rate, and the elastic stiffness of the €slibstrate
150 - system. The main conclusions of the present work are summarized

_.- Stable Window as follows. ) o )
iy (1) Coupled stochastic-elasticity equations have been used to
model the stability and strength of a patch of molecular bonds
\ joining two elastic bodies with spatially nonuniform interfacial

/' '\ traction for different elastic moduli and adhesion sizes. In
J . ~ principle, the approach may be extended to other related problems
04 B B such as leukocyte rolling and immunological synapse formation.
A Monte Carlo-based numerical procedure has been employed
to solve the coupled stochastic-elasticity governing equations
numerically.
Figure 7. (a) Strength of a molecular bond cluster as a function of ~ (2) A dimensionless parameter= ap rk r((1 — vc?)/Ec +
adhesion size fdf' = 10 KP and = 100. (b) Representive simulation (1 — y&?)/Eg), has been identified as a controlling factor in
trajectories for three different cluster sizes under a fixed load of 0.53 determining how the interfacial traction is distributed within the

kPa. (c) Mean cluster lifetime as a function of adhesion size at the . ; : : .
fixed (Io?a\d. The results show a size window beyond which clusters adhesion domain. Whemis small, the applied load IS equal_ly_
cannot achieve long-term stability. shared among closed bonds, and the cluster behavior is similar
to that studied by Erdmann and Schwét2>However, wher
provides some feasible explanations for a range of experimentalis large, severe stress concentration and cracklike failure occur
observations. First, our model shows that increasing the combinedat the adhesion edge.
elastic modulus of the cellsubstrate system helps to stabilize (3) Our analysis shows that the combined elastic modulus of
multiple adhesive bonds by removing the stress concentrationthe cell and substrate plays an important role in controlling the
in the adhesion domain. This is at least in qualitative agreementinterfacial force distribution and cluster stability. On very soft
with the observations that stable, large FAs are formed only on substrates, cracklike interfacial traction cannot be alleviated by
sufficiently rigid substrates. The definition of the combined elastic cytoskeleton stiffening?-2*which may prevent short-lived focal
modulus in eq 1 implies that very soft substrates will dominate complexes from maturing into large FAs. On relatively stiff
over the property of the cell in that cracklike interfacial traction substrates, cells can actively control the cytoskeleton stiffness

—_
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via their motor contractile machinery. In this case, cytoskeleton roles of specific proteins in cell adhesighwe have assumed
stiffening can alleviate the stress concentration and allow the immobile ligand-receptor bonds at the celsubstrate interface.
focal adhesions to achieve long-term stability. This is consistent |n reality, bond diffusion is likely to be important and should be
with experimental observations that focal adhesions formed onjncorporated into future researéhWe have limited ourselves

zﬂgs?at?[zgate are generally more stable than those on softery, g|astic systems in the sense that any bond association

. . . . . dissociation event is sensed instantly by the cell and substrate
(4) Adhesion size also plays an important role in controlling . .
the bond force distribution and cluster stability. Growing adhesion Whefeas real blo_loglcal C?"S couk_j sr_\ow much.more complex
size ultimately leads to highly nonuniform interfacial traction, "onlinear and viscoelastic constitutive behaviors. We have
which tends to destabilize cluster adhesion via cracklike failure. considered only a normal load with all bonds stretched in the
Our analysis shows that the cluster lifetime is prolonged only same direction and, in doing so, have ignored the effects of
within an optimal size window. The lower bound of the window tangential forces. In contrast, the loading conditions at focal
is associated with the transition from single-molecule-like adhesion sites can be much more complex with a significant
behavior with a finite lifetime to statistically stable adhesion, amount of tangential force. In spite of these limitations, it is
whereas the upper bound is due to cracklike failure at large sizes.encouraging that the predicted behaviors of such an idealized
Finally, we point out some critical assumptions made in our model are essentially consistent with relevant experimental

model in mimicking focal contacts in cell adhesion. The present ey ations. The development of more sophisticated models/
study on FA dynamics has been conducted under an idealized

L .- “~ "approaches is currently underway.
framework based on elasticity theory and stochastic binding/ P y y
unbinding whereas experiments are often focused on the biologicalLA702401B



