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As a means of better understanding cell-matrix adhesion, we consider the effects that the contact surface
shape of a cellular focal adhesion has on its adhesion lifetime. An idealized model of focal adhesion is
adopted in which two dissimilar elastic media are bonded together by an array of ligand/receptor bonds
modeled as Hookean springs on a curved surface. The cluster of bonds is subjected to a constant applied
tensile load F, and the distribution of traction forces on the individual bonds is assumed to obey the
elasticity equations of continuous elastic media. The rupturing and rebinding of bonds are described by
stochastic equations solved using the Monte Carlo method. The contact surface in the model is scaled by
an optimal shape defined as the deformed surface profile of a planar elastic half-space that is subjected to
a uniform pressure applied over the contact region with the total force equal to . Our model shows that
contact surface shape does have a substantial impact on adhesion lifetime. The model also shows that
the adhesion lifetime becomes increasingly sensitive to variations in contact surface shape as the focal
adhesion increases in size.

1. Introduction

Cell adhesion is becoming an important topic of study in all fields involving cellular research. It has
been observed that a large amount of cell activities such as cell migration, cell differentiation, wound
healing, etc. are dependent upon the ability of a cell to adhere to a variety of biological surfaces [Alberts
et al. 2002; Chen and Gumbiner 2006]. An interesting feature of cell adhesion on substrates, which
could be characterized as a cell adhering to the extracellular matrix (ECM) within an organism of study,
is that the bonds formed between the cell surface and ECM via ligand/receptor connections are usually
arranged in clusters of multiple individual bonds [Zamir et al. 2000; Zaidel-Bar et al. 2003]. These bond
clusters are of a finite size with a maximum length of only a few microns depending on the stiffness of
the system, and have been referred to as focal adhesions (FAs) due to their definite size and discreteness
[Alberts et al. 2002; Chen and Gumbiner 2006; Zamir et al. 2000; Zaidel-Bar et al. 2003; Bershadsky
et al. 2003]. There are many biological, chemical and mechanical processes which occur during the
sequences involved in cellular adhesion. However, for the purposes of this paper we will only examine
cellular focal adhesion on the basis of a mechanical model in order to develop a better understanding of
the effects of contact surface shape on FA lifetime.

There have been both theoretical and experimental studies in developing an understanding that single
ligand/receptor bonds only have finite adhesion lifetime. Even in the absence of any applied load, bond
dissociations due to thermal fluctuation are expected to occur in a statistical fashion [Evans and Ritchie
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1997; Evans 2001; Evans and Calderwood 2007]. This understanding of single molecular bonds is
currently accepted and assumed to be representative of the behavior of a large number of ligand/receptor
types in cell adhesion. However, the mechanics of multiple bond adhesions, such as those in focal
adhesions, is not understood to the same degree of single bond adhesion due to its complexity.

The study of adhesions made up of many molecular bonds was pioneered by Bell [1978], who devel-
oped a kinetic theory to predict the thermodynamic competition between bonds forming and breaking
under an applied load. The investigation of multiple bond adhesion was further progressed by the work of
Erdmann and Schwartz [2004a; 2004b] who developed stochastic equations and performed Monte Carlo
simulations to investigate the adhesion lifetime as a function of cluster size. They showed that, unlike
single bond adhesion which only has a limited lifetime, focal adhesion clusters made up of multiple bonds
could have more prolonged lifetimes. Their model showed that the larger the focal adhesion becomes
the longer adhesion lifetime it can experience. Qian et al. [2008; 2009] were the first to model focal
adhesions between cell and substrate in terms of clusters of ligand/receptor bonds between two dissimi-
lar continuous elastic media, showing the effects of varying adhesion size and system stiffness on focal
adhesion strength and lifetime. According to their results, a possible explanation for the characteristic
micron-size scale of focal adhesions is that small adhesion size leads to single-molecule-like behavior of
limited lifetime because of statistical effects whereas large adhesion also leads to single-molecule-like
behavior because of the focusing effect of stress concentration that confines the bond dissociation events
to a smaller number of bonds near the adhesion edges. Their model also showed that stiffer cell and
substrate result in larger and more stable focal adhesions than softer ones. This finding is consistent with
a range of experimental observations, including that focal adhesions are small or absent in cells cultured
on sufficiently compliant substrates, and that cells tend to actively migrate towards stiffer region when
cultured on an elastically nonhomogeneous substrate [Pelham and Wang 1997; Lo et al. 2000; Tan et al.
2003].

So far we know that clustering multiple bonds into focal contacts greatly enhances the lifetime and
stability of cell-matrix adhesion [Erdmann and Schwarz 2004a; 2004b]. However, due to the elasticity
effects of the system, there is an upper limit in size of a focal adhesion in order for it to avoid stress
concentration effect [Qian et al. 2008; 2009]. It has also been shown that stiffness of cell and substrate is a
factor in controlling the stability of focal adhesions, and cells have a preference towards stiffer substrates
potentially due to the increased focal adhesion lifetime [Qian et al. 2008; 2009].

The present paper explores how contact surface shape can be used as a factor to control focal adhesion
lifetime. Here, the contact surface shape is defined as the initial gap between a pair of contacting surfaces
in the absence of any external loads [Gao and Yao 2004; Yao and Gao 2006]. In the special case when
one of the contact surfaces is a flat plane, the contact surface shape then corresponds to the actual shape
of the opposing partner surface. Optimization of contact surface shape is not an uncommon strategy
when trying to increase adhesion strength in contact mechanics problems. In biology, optimized surface
shapes can be seen in species that rely on nonspecific adhesion for survival such as gecko and many
types of insects, and the optimal surface shape for adhesion between two elastic media via van der Waals
interaction has been defined as the profile of the contact surface that distributes an applied load uniformly
within the adhesion region at the critical moment of pull-off [Gao and Yao 2004; Yao and Gao 2006;
Shi et al. 2006]. Following a similar line of thought, here we define the optimal contact surface shape of
focal adhesions via specific molecular bonds as the shape that gives rise to a uniform traction distribution
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among individual bonds within the adhesion domain whenever the closed bonds are evenly spaced. This
even distribution of load avoids stress concentrations along the contact edges, leading to substantially
increased lifetime of focal adhesions.

The goal of this article is to explore the effects of contact surface shape on focal adhesion lifetime.
Based on previous studies on the lifetime of multiple bond adhesion under constant tensile loads, we
plan to demonstrate the effects that altering and optimizing the geometric shape of the adhesion surface
have on focal adhesion lifetime. To do this, a range of surface shapes which are related to the optimal
shape through a numerical shape factor are studied under various focal adhesion parameters. From this
model, we plan to show:

(1) Optimizing surface shape can greatly increase focal adhesion lifetime.

(2) As focal adhesions increase in size, deviations from the optimal shape result in substantial decrease
in adhesion lifetime when compared to the cases of focal adhesions with fewer bonds.

(3) Varying system stiffness and applied tensile load on the focal adhesion have interesting effects with
respects to parts (1) and (2).

2. Model

The theoretical model under consideration is illustrated in Figure 1, in which two elastic media are seen
bonding to each other via ligand/receptor bonds. The upper elastic medium represents a biological cell
whereas the lower elastic medium is representative of the extracellular matrix. The Young’s moduli and

Substrate

Figure 1. Idealized model of a single focal adhesion between a cell and substrate un-
dergoing tensile loading. The cell and substrate are bonded together by an array of
ligand/receptor bonds. The contact surface shapes of the focal adhesion are determined
by a shape factor S which ranges in [0, 2], where S = 1 corresponds to the optimal
contact shape for an initial uniformly loaded bond cluster.
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Poisson’s ratios of these media are defined as E., v, for the cell, and Ej, v, for the substrate. It is usually
convenient to define a combined elastic modulus E* as
1 1—v? 1-2

— = ¢ s 2-1
E* E. + E, @b

when analyzing contact problems involving two different elastic media [Johnson 1985]. The cell/
substrate system is subject to a constant tensile load F such that the load distribution among individual
bonds is governed by elasticity equations. The two media are bonded together by ligand/receptor bonds
idealized as Hookean springs with a spring coefficient krg. It is assumed in the model that the bonds
do not have any interaction with each other. It is also assumed that when rupture occurs in a bond, the
energy required to rupture the ligand/receptor bond is much lower than the energy required to rupture the
connection of the ligand or receptor from the cell or substrate surface [Bell 1978]. What this means is
when the ligand/receptor bond is undergoing tensile loading, rupturing of the bond will most likely occur
at the ligand/receptor interface due to the less energy required for it to rupture. The bonds are evenly
spaced at distance b from each other in the lateral x-direction (Figure 1), corresponding to a bond density
of pLr = 1/b?. As can be seen in Figure 2, the initial location of each bond in the vertical z-direction
is determined by a shape factor S. The shape factor value of S = 0 corresponds to the surfaces of the
cell and substrate being modeled as horizontal planes, S = 1 corresponds to an optimized curved surface
profile that gives rise to uniform traction distribution among individual ligand/receptor bonds within the
adhesion domain under a tensile load (see details in next section), and S = 2 corresponds to an overly
curved surface in comparison to the optimal surface (S = 1). The adhesion being analyzed in this model
is defined as a single focal adhesion cluster which is made up of an array of bonds aligned axially with
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Figure 2. Schematic of a focal adhesion surface containing 40 bonds, having a system
stiffness of E* = 200kPa, and a tensile load factor of ¢ = 0.46. The surface shapes
represented are for the following shape factors: S = 0 corresponding to adhesion between
conforming surfaces, S = 1 corresponding to the optimal shape, and S = 2 corresponding
to an overly curved focal adhesion surface in comparison to the optimal case.
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an out of plane thickness b. The size of the adhesion is defined as 2a where «a is the half-width of the
focal adhesion, and the total number of involved bonds is N = 2a/b.

2.1. Optimal shape and shape factor. Following a similar concept introduced in reference [Gao and
Yao 2004], an optimal shape of contact surface is defined as the deformed surface profile of a planar
half-space that is subjected to a uniform pressure applied over the contact region with the total force
equal to F on the bond cluster. For a cluster of evenly spaced ligand/receptor bonds, the optimal contact
surface shape that gives rise to a uniform traction distribution among individual bonds within the adhesion

domain is
F + 2 _N\2
foo) =~ (<a+x>1n(“ax) +@-xm (=) +cx), (2-2)

where Cy is a length constant to satisfy the condition that the optimal shape gives z = 0 at a reference point
Xoo, Fp is a force scale related to the dissociation of single bonds (see (2-9) below), and ¢ = F/(F,N)
is a load factor representing the nominal force sustained by individual bonds (normalized by the force
scale Fp).

As can be seen in Figure 2, a shape factor S has been applied to the elasticity part of modeling in
order to study the effects of surface shape on adhesion lifetime. The shape factor § is defined in such a
way that § = 0 corresponds to two bonded surfaces in perfect conformity with each other in the absence
of external loads, S = 1 corresponds to the optimal contact surface shape defined in (2-2), and S =2
corresponds to an overly curved surface when compared to the optimal surface shape.

2.2. Elasticity model. Let us define the axial direction running parallel to the surfaces of the cell and
substrate to be x, and assume that the origin x = 0 corresponds to the center of the focal adhesion.
Also, let us define u(x) to be the difference between the stretched length of the ligand/receptor bond
located at position x and its rest length /,, and w(x) be the surface displacement discontinuity of the two
elastic media at x. The relationship between u(x) and w(x) is governed by the compatibility condition
at the cell-substrate interface, to ensure that the bond length after deformation, u(x) + [, is equal to the
displacement and shape discontinuities, —w(x) and S - f;(x), plus a constant separation #, i.e.,

uxX)+wx)+lh=h+S- f,(x). (2-3)

In our model, x; is constricted to the domain of [—a, a] and is representative of the location of a bond
in the x direction within a focal adhesion of size 2a. The elastic Green’s function that defines the relative
displacement of the combined elastic media at position x; induced by a load being applied on a bond at
xj (i # j) is given by the equation [Johnson 1985]

wij = -2F;j (In |xo — x| — In |x; — x;]) (2-4)

T E*b
where F; is the individual force acting on the bond at location x;, and x is an arbitrary reference point
chosen such that w;; = 0 at x, for a load F;. To avoid singularity, the relative displacement of the elastic
media at position x; caused by the on-site load F; acting on the bond is given by the equation [Johnson

1985]
1 F;

_JTE* 2a0b

Wi = (2apIn4 + C;), (2-5)
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where ag denotes the radius of an individual bond and is typically only a few nanometers [Arnold et al.
2004], and C; is a length constant chosen such that w;; = 0 at x.

Since we have chosen to model ligand/receptor bonds as Hookean springs, the relationship between
the extension of a bond at a position x; and the load F; applied on that bond is

Fi = kiru;. (2-6)

Combining Equations (2-3)—(2-6) gives the elasticity equation

n

3 ! 2F; (In [xoo — x;| — In|x; —x;) —L*i(za 1n4+C')+£+l
= T o0 P TE* 2agh 0 Pl R !

=h+S- fz(xi), (2-7)

where n is the number of closed bonds in the focal adhesion. This relationship in (2-7) represents n
equations with n 4+ 1 unknowns (F1, ..., Fy,, h). The elastic part of the model is completed with an
additional equation coming from the global force balance

n
Z F,=F =¢F,N, (2-8)

i=1

where F' is the constant tensile load being applied to the system.

2.3. Stochastic model. The elasticity equations shown above govern how the applied load F' is dis-

tributed among all closed bonds. Each bond site within the focal adhesion in the present model has

the ability to rupture from attachment as well as rebind after rupture. These rupturing and rebinding

behaviors are represented as rate equations and are defined using the following stochastic equations.
Bond rupturing is assumed to occur according to [Bell 1978]

koft = koe /T, (2-9)

where the rate of bond rupture increases exponentially as the load acting on the individual bonds F;
increases. The rate of bond rupture as defined by Bell involves the parameters Fj, which is a force
scale typically in the piconewton range [Bell 1978], and kg, which is the spontaneous dissociation rate
of an individual bond in the absence of any type of load. The spontaneous dissociation rate can range
anywhere from 0.1 to 100 seconds depending on the bond type and environmental conditions [Evans and
Calderwood 2007].

Bond rebinding behavior is assumed to depend on the separation distance between the open receptor
and free hanging ligand as described by Erdmann and Schwarz [2007; 2006], which the reader can
consult for the next few equations. The probability of a ligand falling in close proximity to a receptor
within a reacting radius lpjnq is
— lbi7nde_kLR(5_lb)2/(2kBT)’ (2-10)
where lping is defined as the length scale within which the receptor and ligand will react to form a bond,
3 is the surface separation between cell and substrate where the open receptor and ligand are anchored,
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kpT is the Boltzmann constant multiplied by the absolute temperature, and Z is a partition function

defined as
_ |wkpT _ kLr | _kir B
Z = —2kLR {erf ((8 Ip) T ) +erf (lb kuT )} . (2-11)

From these equations, the rebinding rate can be defined as

Lbind 2

0 ‘omd k(65— 2kgT

kon = kon e Fr(6—1p)"/(2kp ), (2-12)
where k0, is a spontaneous reaction rate of open ligand/receptor pairs within the reacting radius lyjng. It

is beneficial to normalize both the rupture and rebinding rates in our model in order to define certain
analytical factors. Both the rupture and rebinding rates are defined by

rp = efilfr, (2-13)
\/F e PBi—Ly)’
g =2y, " : (2-14)
’ 7 erf (VB(A; — Ly)) +erf (Ly/B)
where A; = §;/b is the normalized bond separation, L, = [;/b is the normalized bond rest length, and
kirb?
= . 2-15
P=3 ks T (2-15)
In the bond rebinding rate equation, y is a rebinding factor defined as
KO Thina

— —on , 2-16
Y= % b (2-16)

which is a measure of propensity for rebinding to occur. Once the separation length § has reached a
value of roughly 2/, rebinding of the ligand/receptor becomes almost impossible no matter how great
the rebinding factor is [Qian et al. 2008].

In our model we consider both stochastic rebinding and rupturing of all bonds within a focal adhesion.
The binding evolution of the bond cluster is characterized by the master equation [van Kampen 1992]

dP,(1)
dt

where t = kot is normalized time, n is the number of closed bonds in the adhesion, 7, and g, correspond
to the normalized total bond cluster rupture and rebinding rates when n bonds are closed (these rates differ
from r; and g; which are rupture and rebinding rates for a single bond i), and P, (t) is the probability
that n bonds are closed at time 7. Using a Monte Carlo method, which will be discussed in the next
section, our model initially starts with n equal to the total number of bonds N within the focal adhesion.
As time passes, stochastic binding and breaking occur until n equals zero, corresponding to failure of
the adhesion as all the bonds within the focal adhesion become open.

= 8n1Po1 (D) + o1 (D) Pog1 (1) = [ (2) + 80 (D) ] Pa(2), (2-17)

3. Numerical method

To analyze (2-17) we use a Monte Carlo method based on Gillespie’s algorithm [1976; 1977]. Initially all
bonds within the focal adhesion are assumed to be closed. The evolution of the adhesion is characterized
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total number of bonds, N 6-90
spacing between neighboring bonds, b 32nm

focal adhesion size, 2a ~ 0.2-3 um
bond rest length, [;, 11 nm
radius of bond, ag 5nm

single bond stiffness, krr 0.25 pN/nm
combined elastic modulus, E* 2-400 kPa
rebinding rate factor, y 100

load factor, ¢ 0.44-0.52
force scale in bond dissociation, Fj 4pN

shape factor, S 02

Boltzmann’s constant x temperature, kg7 4.1 pN-nm

Table 1. Parameters used in the model of a focal adhesion between a cell and a substrate.

by cycles in which bond rupturing or rebinding occurs. Whether a closed bond will rupture or an open
bond will rebind is determined by the probability of these actions occurring. The idea is to determine
using randomized numbers and probability the likely location of a particular bond rupturing or rebinding
for each cycle during the focal adhesion’s lifetime until every bond in the focal adhesion is open. The
likelihood of bond rupture/rebinding to occur at a specific location becomes dependent on the elastic
solutions of the model at that current cycle time, and is globally based on the parameters used to define
the specific focal adhesion under study, which are listed for our model in Table 1. It is necessary to note
that because of the stochastic behaviors of both bond rupturing and rebinding for the focal adhesion, many
simulations of each particular parameter set of focal adhesion must be performed and their output results
averaged in order to formulate a reasonable assessment representative of the behavior of the adhesion.

In the present study, we analyze our model using the “first reaction method” of Gillespie’s algorithm,
following [Erdmann and Schwarz 2004a; 2004b]. In the first reaction method, a series of independent
numbers are randomly generated in which they are uniformly distributed from O to 1. Each random
number &; is assigned to a specific bond site such that & = (&1, ..., &y) where N is the total number of
bonds in the focal adhesion. The normalized reaction time for each specific bond site is calculated as
[Gillespie 1976; 1977].

In Si
d T=—, (3- 1)
qi

where ¢g; is either the normalized rebinding rate if the bond classified by index i is open or the normalized
rupture rate if the bond is closed. The normalized reaction time for the particular cycle is chosen to be
the minimum component of d; such that,

dt = min(dT;), (3-2)

where the location of actual reaction taking place is identified as where the shortest reaction time is
chosen. This means that if the chosen bond at the reaction location is currently closed, the bond will
rupture, and if the chosen bond is currently open, it will rebind, and the normalized time between the
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reaction just prior to this one and the reaction just after this one is dt. Each time this reaction occurs
constitutes one cycle and the number of cycles continues to grow until all bonds in the focal adhesion
are open, which we have defined as the point when adhesion fails. The normalized lifetime of the focal
adhesion is defined as the sum of all the reaction times for each cycle,

n
r=Y du., (3-3)
k=1

where p is the total number of cycles leading up to adhesion failure. This process is repeated a prescribed
number of times and a normalized mean lifetime is determined.

4. Results

The first class of focal adhesions we chose to model were three types of focal adhesions with varying
combined elastic modulus E* values of 200 kPa, 100 kPa, and 20 kPa. For the model we chose a rebinding
factor y = 100 which is representative of highly favorable rebinding conditions [Qian et al. 2008; 2009],
and a load factor ¢ = 0.46 which corresponds to the applied tensile load on the system being p = 1.78 kPa
where p = F/2ab and F = ¢ F;, N. The model is defined to represent a focal adhesion being experimented
on at room temperature, corresponding to a value of kg7 = 4.1 pN - nm. Each ligand/receptor bond of
the adhesion was modeled as a Hookean spring with a spring coefficient of ki g = 0.25 pN/nm, which
has been estimated as an appropriate value when modeling fibronectin/integrin bonds [Erdmann and
Schwarz 2006]. The force factor defined for bond rupturing was chosen to be a constant value Fj, =4 pN
[Erdmann and Schwarz 2004a; 2004b]. The ligand/receptor dimensions were defined to have a rest length
[, = 11 nm [Zuckerman and Bruinsma 1998] and an individual radius of ¢y = 5 nm [Arnold et al. 2004].
Each ligand/receptor bond is evenly spaced a distance » = 32 nm from each other, with the length of
the entire focal adhesion defined as 2a and the total number of bonds in the adhesion as N = 2a/b. As
shown in the left column of Figure 3, for each value of E*, we varied the number of bonds making up the
focal adhesion from 6 to 90, and for each focal adhesion size we varied the shape factor S within [0,2]
in order to analyze each focal adhesion’s mean lifetime. This range in number of bonds corresponds to
a focal adhesion size of roughly 200nm - 3 um.

Figure 3, top left, shows a clear increase in adhesion lifetime as the contact surface shape progresses
towards the optimal shape, especially as the focal adhesion increases in size. However, as the adhesion
increases in size, the optimal shape remains to have the maximum adhesion lifetime, but any discrepancies
from this optimal shape result in a much lower adhesion lifetime. This is most clearly seen in Figure 3,
top right, in which the adhesion lifetime is plotted against the number of bonds for shape factor values
S =0,0.8, 1. The optimal shape represented in the graph by S = 1 clearly has the longest adhesion
lifetime. However, as the adhesion grows in size, subtle variance from the optimal surface shape results
in a drastic change in adhesion lifetime, which can be seen by comparing the lifetimes of S = 0.8 and
S = 1. The difference between the two focal adhesion shapes is geometrically subtle, but the effect it has
on adhesion lifetime becomes very drastic as the focal adhesion grows in size. These shape effects have
also been studied in other areas of biology with regards to gecko adhesion, and similar results pertaining to
adhesion strength were seen [Gao and Yao 2004]. A significant difference in adhesion lifetime appears
to occur once the focal adhesion expands to 50 bonds when comparing the two surface shapes. This
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Figure 3. Effects of varying surface shape as defined by numerical shape factor values
ranging within [0,2] on focal adhesion lifetime for different focal adhesion sizes ranging
from 6 to 90 individual bonds. From top to bottom, £* = 200 kPa, 100 kPa, 20 kPa.
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difference in lifetime increases more drastically as the adhesion continues to grow in size. This drastic
reduction in adhesion lifetime for larger bonds with varying adhesion surface geometry from the optimal
shape can be understood by the fact that generally stress concentrations are more severe as the focal
adhesion increases in size [Qian et al. 2008; 2009]. What the optimal shape does for adhesion lifetime
is to remove the preexisting stress concentrations from the bond cluster at its initial state. Therefore,
the optimal contact shape can improve the lifetime of a cluster of bonds more significantly in larger
adhesions.

The next type of focal adhesion modeled can be seen in Figure 3, middle left, in which the number
of bonds within the adhesion varies from 6 to 90, the shape factor’s observed range in [0, 2], and the
combined elastic modulus £* = 100 kPa. Comparing the focal adhesion lifetimes between E* = 200 kPa
and E* = 100kPa shows that the adhesion lifetimes are much smaller for the softer system. This is
concurrent to the results shown in other studies of system stiffness and adhesion lifetime [Qian et al.
2008; 2009]. Besides this difference in magnitude of adhesion lifetime, the behavior of the data in the
case of E* = 100 kPa seems to differ when compared to the results shown in Figure 3, top left. The focal
adhesion still has the longest lifetime on the optimal contact surface shape, but the largest focal adhesion
size does not correspond to the longest adhesion lifetime. This is more clearly seen in Figure 3, middle
right, where the maximum adhesion lifetime is achieved for the optimal shape S = 1, when the adhesion
contains about 50 bonds. After this critical size, the lifetime of the focal adhesion appears to shorten as
the number of bonds increases. Similar behavior occurs for § = 0.8 where the critical number of bonds
is 30, and for the flat surface S = 0 where the critical number of bonds is 10. A possible reason for this
behavior, which has been previously studied for flat surface adhesion [Qian et al. 2008; 2009] is that as
focal adhesions increase in size, they develop large stress concentrations at edges of the focal adhesion,
and these stress concentrations result in crack-like failure of the focal adhesion, thereby decreasing its
lifetime. Since the optimal shape was defined as the cell surface shape which results in the initially even
distribution of load among all closed bonds, as the focal adhesion continues to cycle in which bonds
are rupturing and rebinding, we believe that crack-like singularities begin to form within the adhesion
domain and eventually dominate adhesion lifetime. This behavior of decreased adhesion lifetime with
increasing adhesion size is also seen in the top row of Figure 3 for E* =200kPa for the majority of
nonoptimal cases, and we believe if the adhesion size continues to increase in bond number this behavior
would then be seen even in the optimal case, as has been displayed for E* = 100 kPa.

The bottom row of Figure 3 shows the results for a focal adhesion with combined elastic modulus
E* =20kPa. The data acquired for this focal adhesion differs greatly in comparison to the £* = 200 kPa,
100 kPa cases mainly because the longest adhesion lifetimes seem to occur when the adhesion is very
small. Also, the longest adhesion lifetime for most of the adhesion sizes seems to occur when the
geometry of the adhesive surface is flat. Not until the adhesion reaches a size of roughly 70 bonds does
the behavior of the focal adhesion lifetime seem to resemble that of the behavior shown in the above two
cases. However, even in the case of optimal shape involving 90 bonds where the adhesion lifetime is
longest, it still is shorter when compared to the adhesion lifetimes for any adhesion size and shape factor
analyzed. From this data it appears that once the system reaches a critical stiffness threshold between soft
matter and very soft matter, the effects of bond size on the adhesion outweigh the potential strengthening
effects of shape on the adhesion. It also appears that optimizing the shape seems to decrease adhesion
lifetime slightly, which differs in behavior from the previous two cases. However, the reasoning for these
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Figure 4. The effects of varying system stiffness as defined by the combined elastic
modulus E* on focal adhesion lifetime for an adhesion made up of 40 bonds with a load
factor of ¢ = 0.46. Left: focal adhesion lifetime as a function of the surface shape factor
for values of E* = 2, 20, 100, 200, 400 kPa. Right: focal adhesion lifetime as a function
of system stiffness for the flat surface case (S = 0) and the optimal surface case (S = 1).

unexpected results could be because the load applied to the adhesion defined by a load factor of ¢ = 0.46
is too great. The range in mean normalized lifetimes of all the adhesion sizes for the E* = 20 kPa case
only extends a normalized time frame of 0.1 which, when compared to the cases of E* = 100kPa and
200kPa, is roughly 10 and 10,000 times smaller. In order to get a more thorough analysis of the effects
of shape on a system of very soft stiffness, the load factor would have to be reduced in such a way that
from the data shown here, a normalized time range of at least 1 would have to be represented. This
would allow for a better representation of the effects of shape on adhesion systems with very soft cell
and substrate.

For further understanding on the effects of contact surface shape on adhesion lifetime, an adhesion
made up of 40 bonds was analyzed under varying stiffness values and varying load factor values. In
Figure 4, a 40-bond focal adhesion was analyzed with a load factor of ¢ = 0.46, a rebinding factor of
y = 100, and the combined elastic stiffness of the system ranged E* = 2 kPa, 20kPa, 100 kPa, 200 kPa,
400 kPa. From the left part of the figure, we see that the adhesion with optimal surface shape has the
longest adhesion lifetime for the cases of E* = 100kPa and greater, and it appears that the adhesion
lifetime gets exponentially longer as the stiffness of the system doubles in magnitude. Also as expected,
due to the medium focal adhesion size, the difference between slight deviations from the optimal shape
does not seem to have the drastic effect it had for larger bond sizes. However, it can be seen in Figure 4,
right, that there is a large difference between adhesion lifetime between the optimal surface shape and
the flat surface shape. This difference is large enough such that any attempt of optimizing the shape
of the adhesion would have a substantial increase in the lengthening of adhesion lifetime, especially in
cases where the system stiffness is large.
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Figure 5. The effects of varying applied tensile load acting on the cell/substrate as
defined by the load factor ¢ on focal adhesion lifetime for an adhesion made up of 40
bonds with a combined elastic modulus of E* = 200kPa. Left: focal adhesion lifetime
as a function of the surface shape factor for values of ¢ = 0.52, 0.50, 0.48, 0.46, 0.44.
Right: focal adhesion lifetime as a function of the applied load for the flat surface case
(S = 0) and the optimal surface case (S = 1).

In Figure 5, a similar 40-bond focal adhesion is considered with a combined elastic modulus of E* =
200kPa, a rebinding factor of y = 100, and the load factor for the adhesion is varied such that ¢ =
0.52,0.50, 0.48, 0.46, 0.44. As with the previous model involving varying system stiffness, the focal
adhesion with the optimal surface shape has the longest adhesion lifetime and the difference in lifetime
appears to increase exponentially as the load decreases, which is to be expected. The effects the shape
of the adhesion surface has on adhesion lifetime seem to be more substantially affected by decreasing
the load factor than varying the stiffness, which is shown by the greater normalized lifetime difference
between the optimal and flat surface cases displayed in Figure 5, right. However there appears to be
substantially more sensitivity to deviations from the optimal shape as the load decreases in magnitude
in comparison to the effects of deviation from the optimal shape for the increasing stiffness case. This
can be taken to mean that decreasing the applied tensile load on an adhesion of large size with some
geometrical variance from the optimal shape would be less effective in increasing the focal adhesion
lifetime than would be done by increasing the system stiffness.

5. Conclusion

In this paper we have examined an idealized model of a cell/substrate focal adhesion bonded together
by ligand/receptor bonds evenly spaced along curved surfaces. The focal adhesion was modeled as a
bond cluster between continuous elastic media undergoing an applied tensile load which is distributed
as traction forces on each bond. Initially all bonds in the adhesion were considered to be closed and the
magnitude of the distributed traction forces on individual bonds was determined by the geometrical shape
of the contact surface. The contact surface shape was defined by a numeric shape factor S in proportion to
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an optimal shape that renders the applied tensile load being uniformly distributed among all closed bonds
whenever these bonds are evenly spaced within the adhesion domain. The model accounted for both bond
rupturing and rebinding via stochastic equations, which were analyzed numerically using Monte Carlo
methods. A series of simulations were performed using a coupling of elastic and stochastic equations
in order to model several sets of focal adhesions in which the effects of contact surface shape were
observed with respect to the adhesion lifetime. In our model we have chosen to define adhesion lifetime
as the time taken for all bonds within the adhesion to go from their initial state to failure. The calculated
adhesion lifetimes were normalized using kg, the spontaneous dissociation rate of an individual bond in
the absence of any type of load. The following main conclusions can be drawn from our analysis.

(1) As the contact surface shape begins to change from flat towards the optimal shape for adhesion, the
lifetime of the focal adhesion increases to a maximum value. The optimal surface shape is defined to have
a shape factor of § = 1. Depending on the size of the focal adhesion and the number of ligand/receptor
bonds within the adhesion, the advantage of having an optimal surface shape in increasing adhesion
lifetime becomes more significant as the adhesion increases in size.

(2) The larger the adhesion size becomes, the more drastic the effect slight deviations from the optimal
contact surface shape have on the focal adhesion lifetime. Similar behavior has been demonstrated for
adhesion of elastic media via van der Waals forces [Gao and Yao 2004; Yao and Gao 2006], as well as
vesicles adhering on curved substrates [Shi et al. 2006].

(3) As the size of a focal adhesion increases, the effect of the increased adhesion lifetime due to optimal
surface shape begins to be overtaken by crack-like singularity behaviors which result in earlier failure of
the focal adhesion. This transition of adhesion behavior leads to the observation of a critical adhesion
size that corresponds to a maximum adhesion lifetime for the prescribed focal adhesion parameters. Even
though the optimal surface shape almost always corresponds to the maximum adhesion lifetime (except
in the case of very soft matter), as the focal adhesion increases in size, the adhesion lifetime begins
to decrease after extending past a critical focal adhesion size. This is consistent with the behavior that
occurs with flat surface focal adhesion as it increases in size [Qian et al. 2008; 2009].

(4) In comparing the cases of increasing system stiffness or decreasing the magnitude of the applied
tensile load in order to increase focal adhesion lifetime, it seems that both cases amplify the effects of
optimal shape by a greater magnitude in comparison to the nonoptimized flat adhesion surface orientation.
However, decreasing the applied load seems to be less effective in mitigating the effects of reduced
adhesion lifetime due to deviations from the optimal surface shape in comparison to increasing system
stiffness for a single focal adhesion. It is worthwhile to note that the sensitivity of focal adhesions
to cell/substrate stiffness cannot be alleviated by removing stress concentration through optimal shape
design. Even for molecular clusters under initially uniform pulling forces, the cell/substrate elasticity
can destabilize focal adhesions by suppressing rebinding of open bonds [Qian and Gao 2010].

Experiments have shown that nanostructured surfaces have great impacts on cellular behavior and
tissue engineering. The concepts developed in this paper should be understood as a theoretical model
displaying the effects of surface geometry on adhesion lifetime for molecular adhesion based on specific
ligand/receptor bonds. The present study shows from Monte Carlo simulations of discrete bond evolution
that the contact surface shape could greatly influence the stability of cell-matrix adhesion. The analysis
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by Wang and Gao [2010] based on a continuum formulation of cell-substrate interaction led to similar
shape-dependent adhesion. This principle of optimal adhesion shape has already been quantitatively
demonstrated by experiments in the case of nonspecific adhesion [Waters et al. 2011] and is now being
analyzed and studied for specific adhesion as well. Once proven, we could contemplate further controlled
experiments to explore using the micro- and nanoscale surface geometry to probe cell-matrix interactions.
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