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A continuum model was proposed to study cell spreading on a flat substrate mediated by specific interaction,
long-range recruiting interaction, and the diffusion of binders. Specific interactions between the mobile recep-
tors embedded in the cell membrane and ligands coated on the substrate surface result in cell adhesion to the
substrate surface. This receptor-ligand interaction was described by a chemical reaction equation. Long-range
recruiting interactions between the receptors and the substrate were simplified by a traction-separation law. The
governing equations and boundary conditions were formulated for the entire process of cell spreading and
solved using a finite element scheme. Parametric studies were conducted to investigate the effect of system
parameters on the cell spreading kinetics. It is shown that kinetic factors play an important role in cell adhesion
and three regimes, that is, the binder reaction limited regime, long-range recruiting force-driven binder recruit-
ment limited regime, and the concentration gradient-driven diffusion limited regime, were identified.
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I. INTRODUCTION

The adhesion of cells to the extracellular matrix �ECM�
plays a crucial role in dynamic biological processes, for ex-
ample, embryo growing, cancer metastasis, tissue regenera-
tion, and inflammatory response �1,2�. A weakly bound state
is initiated by relatively weak nonspecific forces such as at-
tractive van der Waals forces and repulsive steric forces.
Subsequently, a strongly bound state is then mediated by the
specific interactions between surface proteins called receptor
and ligand �3,4�. It was shown that at molecular level, this
specific interaction serves as a stimulus for a complex cas-
cade of signaling events �5�, which subsequently triggers re-
modelling of cytoskeleton, resulting in contractile force gen-
erations and cellular morphological changes �6�.

Since the time scale for active cytoskeletal remodeling to
occur is over minutes, the cell adhesion dominated by physi-
cal properties is at much shorter time scale than the above
time scale �7�. It was also observed that cells are capable of
exerting significant forces before actin polymerization or vis-
ible stress fiber formation �8�. Therefore, in biomimetic sys-
tems which are devoid of cytoskeleton, the complexity of
cytoskeletal rearrangement or intracellular signals can be
avoided, while important insights into cell adhesion can be
still gained by studying the passive spreading process �9�.

A number of theoretical frameworks have been proposed
by assuming the dominance of physical process in cell adhe-
sion. After the general thermodynamic framework proposed
in �3,4�, it was commonly accepted that cell adhesion is me-
diated by receptor-ligand interactions. The process of cell
adhesion or deadhesion from a substrate tissue was subse-
quently modeled by adopting a traditional cohesive zone
model �10�. However, cell adhesion is a nonequilibrium pro-
cess, upon which several kinetic models have been estab-

lished subsequently. For example, a chemical reaction rate
theory was applied to describe the interaction between recep-
tors and ligands. Based on receptor diffusion and binding and
unbinding reaction, biomimetic systems such as large syn-
thetic vesicles were studied �11�. It was suggested that the
transient nature of cell spreading can be either binder diffu-
sion limited or binder chemical reaction limited �11,12�.

Although the adhering models of cell have been exten-
sively studied at the cellular scale and considerable advance
has been achieved, several issues are still in need of in-depth
understanding. First, the individual effects of specific inter-
actions and long-range recruiting interactions on cell adhe-
sion have been poorly differentiated in the existing theoreti-
cal models on cell adhesion. Considering the marked
difference in their interaction strength and length scales, it is
expected that specific interactions and long-range recruiting
forces play different roles in regulating cell adhesion. Sec-
ond, the binding and rupture kinetics of a collection of
receptor-ligand bonds were found to be affected by several
parameters, for example, interfacial stress and receptor-
ligand separation �13,14�. Therefore, how to incorporate
these effects into a kinetics model is worth studying. Third,
only when receptors at the remote part of cell membrane are
able to diffuse toward the adhesion front and arrive at close
proximity to the substrate, can they interact with ligands and
form specific adhesion. Hence the bond formation can be
limited by the cell’s ability to recruit receptors to the spread-
ing front �11,12,15,16�. However, the role that the long-range
force plays in the recruiting process has not been explicitly
considered. Since the long-range force initiates the shallow
adhesion of cell, it may also play an active role in recruiting
remote receptors. Hence the effect of long-range force in
recruiting remote receptors on the cell membrane needs to be
considered in formulating cell adhesion model.

In this paper, we establish a continuum mechanics frame-
work to model the adhesion of a cell to a substrate surface.
The cell is modeled as a simplified cell structure, whose*Corresponding author. FAX: 65 6776 3604; msezyw@nus.edu.sg
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membrane is a cellular phospholipid bilayer doped with a
controlled set of binder proteins and supported by a spectrin
network �11�. A fluid of fixed volume is enclosed within the
membrane. The ligands on the substrate are assumed to be
uniform and fixed; while the mobile receptors on the cell
membrane are uniformly distributed initially and may redis-
tribute when subjected to long-range recruiting forces and
specific interactions with the substrate. A traction-separation
relation is used to describe the long-range recruiting interac-
tion between the cell and the substrate, while a chemical
reaction equation is adopted to describe the specific interac-
tion between the receptors and ligands. A diffusion model is
proposed to describe receptor movement within membrane
driven by long-range recruiting force. Parametric studies will
be performed to investigate the effects of the various system
parameters on the spreading process.

II. MODEL FORMULATION

A. Long-range recruiting force

Long-range recruiting interaction between the cell and
substrate is much weaker than the specific interaction. The
long-range recruiting interaction may be a lump-sum effect
of various types of forces, for example, attractive van der
Waals forces and/or electrostatic forces �17�. Since mobile
molecules on the membrane can diffuse within the mem-
brane when subjected to external forces and concentration
gradient, it is expected that these relatively long-range attrac-
tive forces will serve as a recruiting force for mobile mol-
ecules such as receptors to diffuse to the adhesion front.

In the present formulation, the long-range force plays an
important role in recruiting the receptors on the membrane to
diffuse toward the substrate and accumulate at the spreading
front. To specify the range and magnitude of the long-range
recruiting force, a traction separation relation was used
�18,19�. For simplification, we adopt the following linear
traction-separation relation to define the traction on receptors
due to the long-range attractive interactions:

Tn = � 0 � � �c

H��r − �b��1 −
�

�c
� � � �c, � �1�

where �r is the total receptor density, �b is the density of
receptor-ligand bonds, Tn is the traction force per unit area
on the mobile receptors with a density of �r−�b, � measures
the separation between the receptors and the substrate, H is
the long-range recruiting pulling force acting on a single
receptor at the reference state �=0, and �c is the cut-off
interaction distance beyond which the long-range recruiting
force becomes negligible �see Fig. 1�.

B. Specific interaction

Cell adhesion is mediated by specific interactions between
receptors and ligands. The kinetics and mechanics of cell
adhesion are coupled because specific interaction not only
provides the mechanical load for cell-substrate adhesion but
also strongly influences the dissociation rates of receptor-

ligand bonds as well �3,4,10,13�. Studies on individual spe-
cific bonds tethered to solid surfaces have revealed that the
dissociation rate of such bonds is drastically increased upon
force application �3,4,13,20�. Besides, it was also shown re-
cently that the distance between receptor and ligand is also
an important parameter controlling the specific bond forma-
tion �14�. Based on these understandings, the following re-
action equation is proposed for the receptor-ligand forma-
tion, that is, from the shallow adhesion state to the tight
adhesion state,

d�b

dt
= kf��r − �b���l − �b�e−��/�b�2

− kr�be�/�bKT, �2a�

where �l is the ligand density on the substrate surface, kf and
kr are the forward and reverse reaction rate coefficients, re-
spectively, �b is a characteristic length, which is related to
the distance between the shallow adhesion state and the tight
adhesion state and temperature, K is the Boltzmann constant,
and T is the absolute temperature; � is the elastic energy
density stored on local receptor-ligand bonds due to the spe-
cific traction Ts,

� =
1

2
Ts� ,

Ts = �bk0� , �2b�

where k0 is the stiffness of a single receptor-ligand bond.

C. Receptor diffusion on cell membrane

Both long-range recruiting forces and nonuniformly dis-
tributed density will result in receptor diffusion flux within a
bilayer membrane. For the receptor diffusion caused by den-
sity gradient, the diffusion flux on the membrane surface is

FIG. 1. Variation in receptor density caused by diffusion of the
receptors on the cell surface. Receptors can diffuse from D to B due
to the attraction of the adhesion forces and from E to D due to the
receptor density gradient.
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j� = − D
��r

�s
, �3a�

where D is the receptor diffusivity on the membrane. For
diffusion flux driven by the long-range recruiting force, it
was assumed to be proportional to the traction tangential to
the membrane surface, therefore

jT = MTn cos��� , �3b�

where M is the receptor mobility in the membrane under the
long-range recruiting force, Tn cos��� represents the tangen-
tial component of the traction. Thus, the total diffusion flux
can be written as

j = jT + j� = MTn cos��� − D
��r

�s
. �4�

Since the number of receptors in the lipid membrane is con-
served, the governing equation for the receptor density is

��r

�t
=

� j

�s
= M

��Tn cos����
�s

− D
�2�r

�s2 . �5�

Consequently, �r is a function of the time and location on
the cell membrane surface. Its distribution during the spread-
ing process is shown schematically in Fig. 1, where a portion
of the cell membrane is assumed to have adhered to the
substrate with point B at the adhesion front, point D at the
cut-off front of the interaction force, and point E in the re-
mote undisturbed zone. It is further assumed that the recep-
tors in the adhered area AB are immobilized. The receptors
in the adhesive zone BD would move along the arc BD to-
ward point B under the attraction of the long-range recruiting
forces which act downwards and had a tangential component
along the arc BD. This consequently leads to a receptor den-
sity gradient in the zone DE, causing further recruitment of
receptors from the undisturbed area toward cut-off front D.

D. Model formulation for cell structure and the substrate

In the present work, an incompressible Yeoh hyperelastic
shell was chosen to model the composite layer of the lipid
bilayer membrane and its supported spectrin network. The
strain energy potential function is given by �21�

U =
G

2
��1

2 + �2
2 + �3

2 − 3� + C30��1
2 + �2

2 + �3
2 − 3�3, �6�

where G is the initial bulk shear modulus and the parameter
C30 is taken C30=G /30 to best match experimental data �22�.
�i �i=1,2 ,3� are the principal stretches. If incompressibility
is assumed, �1�2�3=1. The Yeoh hyperelastic potential is
known to be reasonably accurate even when the maximum
strain is of the order of 100% �22�. Previous studies have
shown that the effect of membrane viscosity on cell defor-
mation was negligibly small �22�. Therefore the membrane
viscoelasticity was not accounted for in the present work.

The cytoplasm is idealized as an incompressible fluid
�21�. For simplification, the fluid was assumed to be homog-
enous in composition and density. The fluid exerts a uniform
pressure on the cell membrane. When the cell membrane

deforms, the volume of cytoplasm remains constant but the
pressure may change. The viscosity of the fluid can be ig-
nored �22�.

To simplify the model, the substrate to which the cell
adheres was assumed to be rigid. Interpenetration of the
membrane and the substrate surface was not allowed. It was
further assumed that there was no friction between the mem-
brane and the substrate surface.

III. SIMULATION MODEL AND NUMERICAL
PROCEDURE

An axisymmetic finite element model was used to simu-
late the cell adhesion problem. The deformation of the cell
was computed using a commercially available general pur-
pose finite-element package ABAQUS �21�. The membrane
was modeled by shell element. A user subroutine following
ABAQUS regulations was coded to delineate the formation
and dissociation of the receptor-ligand bonds. Hydrostatic
fluid elements were used to analyze the mechanical response
of the fluid-filled cavity. It should be noted that the finite
element computation was a highly nonlinear static analysis
due to the cell membrane hyperelasticity and contact inter-
faces. To ensure numerical stability of the solution, a small
damping factor was introduced in the calculations.

The spreading process was simulated in an incremental
manner in a number of steps. Each incremental step consists
of two parts. In the first part, the traction forces acting on the
cell surface were calculated and diffusion of the receptors on
the membrane surface was analyzed. Finite element proce-
dure was developed to solve this diffusion equation. These
calculations were performed based on the current cell con-
figuration. After the traction forces at all element nodes were
obtained, the new receptor densities were computed. In the
second part, the deformation of the cell under the long-range
recruiting forces and the specific bond forces were analyzed
on the ABAQUS platform, while ensuring that the contact con-
dition was satisfied. The bond forces and bond density were
computed in the abovementioned user subroutine at each it-
eration increment. The updated cell shape and densities of
the receptors were then utilized for the next step. As the
simulation proceeds step by step, the cell spreads on the
substrate in response to the long-range recruiting force and
specific tractions until the deformation and receptor diffusion
reached equilibrium without net receptor flux on the mem-
brane and without further increase in the adhesion area. The
analysis is therefore terminated.

The values of typical parameters of our model for biologi-
cal systems were chosen based on previous works �22–24�:
the shear modulus of cell wall G=6 kPa and the thickness of
cell wall h=20 nm; the cell radius R0=3.1 	m; the long-
range force coefficients H=1 pN and �c=0.1 	m; the bond
rupture/rebinding parameters kf =10−1 	m2 /s, kr=10−5 /s,
k0=10−3 N /m, and �b=0.01 	m; the receptor diffusivity
D=10−3 	m2 /s and mobility M =2.5
105 	m /	N·s; the
ligand density �l=5000 	m−2 and initial receptor density
�r0=300 	m−2; the diffusion time step �t=10 ms. The ini-
tial configuration is chosen as a spherical cell with a uniform
distribution of receptors on its surface making a point contact
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with a flat surface covered by a uniform and fixed distribu-
tion of ligands.

Our simulation results were reported using the following
normalization scheme: length was normalized by the diam-
eter of the cell, i.e., a0=D0; time by t0=a0

2 /D, energy by
E0=KTR, where K is Boltzmann constant and TR is the room
temperature; force by F0=E0 /a0.

IV. RESULTS

A. Simulation results for the typical case

Figure 2 shows the spreading kinetics for the typical case.
Initially, there is no specific adhesion, and the binding starts
from a small contact area with shallow adhesion mediated by
long-range recruiting force between the cell and the sub-
strate. At the early stage, the specific force increases rapidly
due to the rapid increase in receptor-ligand bond number.
Subsequently, the binding area growth levels off and gradu-
ally stabilizes at equilibrium state. The equilibrium is
achieved only when no net diffusion fluxes occur on the
surface and the reaction to form receptor-ligand bonds
reaches steady state.

The adhesion of a biomimetic cell onto a solid substrate
was studied previously �11,25�. When the coverage of recep-
tors on the cell is much lower than ligands on the substrate,
which is the case in our present model, it was found that the
spreading front motion following the square root law a�	t,
namely, a2� t, where a is the radius of the binding area and
t is the spreading time. In a subsequent experimental study
�9�, a similar power law a� tn was obtained with an exponent
n=0.48
0.06. It was recognized that this square root law is
only valid when the receptor-ligand bond formation is much
faster than receptor diffusion on the membrane; otherwise
the exponent drops down to n=0.27
0.04 �9�. However,
none of these observations exactly match our results. It is
found that in Fig. 2, only the initial part of the curve can be
fitted by the linear relation between the binding area and the
spreading time �a2� t�. Subsequently the exponent levels off
in the later stages. In the present model, both the cell size
and the number of receptors available for forming bonds are

finite. This limitation hinders the growth of binding area as
the spreading proceeds. Consequently, the cell adhesion will
necessarily come to saturation eventually. Hence this differ-
ence is attributed to the finite-size effect. Figure 3 shows the
normalized specific force and the receptor-ligand bond num-
ber varying with time in the whole spreading process. It is
evident that once the cell approached the substrate, specific
force was built up due to the substantial increase in the
receptor-ligand bond density.

B. Parametric studies of system parameters

To further understand how cell spreading kinetics depends
quantitatively and qualitatively on system parameters, we
perform parametric studies to investigate the influence of
system parameters. In our parametric studies, typical values
of the system parameters were employed unless stated oth-
erwise.

1. Effects of long-range recruiting force parameters H and �c

Figures 4 and 5 show the normalized binding area as a
function of spreading time at different values of H and �c,
respectively. It is seen that increasing either H or �c leads to
an increase in spreading rate and binding area. However, the
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curves overlap at the initial stage and tend to saturate when
H increases �see Fig. 4�, whereas these two characteristics
are absent when varying �c �see Fig. 5�. This can be ex-
plained by the different influences of these two parameters at
different spreading stages. In the initial adhesion, �c deter-
mines the size of the zone under long-range recruiting force,
while H affects the strength of this force. It is obvious that
the effect of �c is significant from the very beginning, while
the effect of H is not apparent, that is, the curves at different
values of H overlap at the initial stage. In the subsequent
adhesion �dominated by specific force�, �c determines the
size of the membrane region within which the receptors are
under the long-range recruiting force, thus can be pulled
down toward to the adhesion front to form bonds. The coef-
ficient H controls the magnitude of this pulling force. In-
creasing H implies an elevated receptor influx, and hence an
accelerated bond formation and spreading velocity. However
when H is too large, its influence becomes less significant,
which means that other factors emerge to control the adhe-
sion.

As shown in Fig. 1, there could be three kinetic processes
for the cell adhesion: �1� the receptor diffusion flux driven by
the receptor concentration gradient, j1=−D

��r

�s ; �2� the recep-
tor diffusion flux driven by the long-range recruiting forces,
j2=MTn cos���−D

��r

�s ; and �3� the bond formation rate at the
adhesion front controlled by

d�b

dt =kf��r−�b���l−�b�e−�� / �b�2

−kr�be�/�bKT. The slowest process among them will be the
major limiting factor to the adhesion.

Figure 6 displays the receptor density distribution along
the cell arclength at the late stage of spreading. It is seen that
when H rises to 5 pN, the receptor density at the cut-off
position of the long-range recruiting force drops to nearly 0,
indicating that receptors are already drained out at this posi-
tion. This happens because when H is too high, the receptor
influx to the adhesion front j2 is so high that there would not
be adequate time for receptors to diffuse to the cut-off front
to compensate for the reduction in receptor concentration.
Therefore, it can be concluded that the saturation observed
for high values of H results from the limitation of j1, that is,
the receptor diffusion from the undisturbed zone to the ad-
hesive zone.

2. Effects of forward reaction rate coefficients kf and �b

Both kf and �b directly affect the forward rate of bonding
reaction. The coefficient kf influences the maximum value of

the rate, while the characteristic length �b determines the
range within which the bond formation will most likely hap-
pen.

Figure 7 shows the binding area as a function of spreading
time for different values of kf. It is observed that a change in
kf from 0.01 to 0.2 	m2 /s leads to an obvious increase in
both the spreading velocity and binding area. The change in
spreading kinetics is remarkable as kf increases from 0.01 to
0.1 	m2 /s. The curve for kf =0.01 	m2 /s exhibits a much
weak power law compared to the other two. This is a regime
limited by the bond formation rate �reaction-limited regime�,
a case reminiscent of the observations in �9�: as the binding
rate is no longer much faster than diffusion time, the spread-
ing front motion displays a power law with exponent n
=0.27
0.04. Beyond 0.1 	m2 /s, the change in spreading
kinetics is attenuated as kf is further increased, which means
that the limiting factor that dominates the adhesion has
shifted from the bond formation rate to diffusion fluxes �ei-
ther j1 or j2 as shown Fig. 1�. By plotting the receptor dis-
tribution for different kf at the late stage in Fig. 8, we found
that there were still enough free receptors at the cut-off lo-
cation. Therefore, it is concluded that the diffusion influx j2
limits the adhesion at high values of kf. When kf is too large,
that is, the bond formation rate is so high that there will not
be enough time for free receptors to move from the cut-off
location to compensate for the reduced receptor concentra-
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tion at the adhesion front. As a consequence, saturation was
obtained.

Figure 9 shows the binding area as a function of spreading
time at different �b, where �b is the characteristic length,
within which the probability of bond formation is close to 1,
while beyond which this probability drops to 0 rapidly; Thus
similar to kf, an increase in �b effectively facilitates the re-
ceptor consumption at the spreading front. Therefore the
curves in Fig. 9 display the same trends as �b increases, and
saturation was also observed at higher values of �b. To elu-
cidate the limiting factor which causes the saturation, we
plotted the receptor distribution at different values of �b at
the late spreading stage in Fig. 10. It is shown that the valley
point at the long-range recruiting force cut-off position is
still larger than 0. This implies that it is the limitation of the
diffusion influx j2 that causes the saturation for high values
of �b, similar to the limiting effect of kf.

3. Effects of reverse reaction rate coefficient kr

It was shown that when the receptor-ligand bonds are un-
der stress, their lifetime may be decreased �13�. Therefore, a
reverse reaction rate was introduced in the present model,
and the rate has a base value of kr when a receptor-ligand
bond is free of stress. Figure 11 shows the binding area as a
function of spreading time for several different values of kr.
An order of increase in kr gives rise to a less than 5% de-

crease in the binding area. The insignificant change reveals
that during the spreading process, bonds are just slightly
stressed. Therefore the effect of reverse reaction rate is in-
significant. However, in the peeling and pulling test, it is
expected that the reverser reaction rate would play an impor-
tant part in controlling the cell unbinding kinetics
�13,26–29�.

V. DISCUSSION and CONCLUSIONS

Adhesion of cells to the extracellular matrix has been ex-
tensively explored by both experimental studies and theoret-
ical models. Different spreading kinetics were proposed be-
tween the adhesion area and the spreading time under
different conditions �11,12,30�. Experiments also showed
different spreading kinetics under very different cell types
and receptor and ligand details �9�.

In the present work, a simplified cell system model was
employed to reveal rich kinetic phenomena in the study of
cell adhesion. A continuum modeling framework has been
established. Several refinements have been made over the
previous models. First, long-range recruiting force and the
specific interaction have been separated based on their very
different natures and functions. Second, finite-size effects of
the cell and the number of receptors were included. Finally, a

s (µm)

R
ec

ep
to

r
de

ns
ity

ρ r
/ρ

r
0

2.9 3 3.1 3.2 3.3
0

0.2

0.4

0.6

0.8

1

1.2

1.4
kf=0.1µm2/s

kf=0.01µm2/s kf=0.2µm2/s

FIG. 8. Distribution of the normalized receptor density ��r /�r0�
along the normalized arclength �s /a0� at the final stage of spreading
with different values of kf.

Time (unit of t0)

B
in

di
ng

A
re

a
(u

ni
to

fa
02 )

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

δb=0.005µm
δb=0.01µm
δb=0.015µm

30 1 4x10- 42

FIG. 9. The curves of binding area vs spreading time at different
values of the specific characteristic length �b.

s (µm)

R
ec

ep
to

r
de

ns
ity

ρ r
/ρ

r
0

2.9 3 3.1 3.2 3.3
0

0.2

0.4

0.6

0.8

1

1.2

1.4
δb=0.015µmδb=0.005µm δb=0.01µm

FIG. 10. Distribution of the normalized receptor density ��r /�r0�
along the normalized arclength �s /a0� at the final stage of spreading
with different values of �b.

Time (unit of t0)

B
in

di
ng

A
re

a
(u

ni
to

fa
02 )

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

kr=10- 4/s
kr=5x10- 4/s
kr=10- 5/s

1.5x10- 40 0.5 1

FIG. 11. The curves of binding area vs spreading time at differ-
ent values of the reverse reaction rate coefficient kr. It is seen that
the effect of reverse reaction rate coefficient kr is insignificant.

SUN et al. PHYSICAL REVIEW E 79, 061907 �2009�

061907-6



chemical reaction equation was introduced to describe the
bonding and debonding events between receptors and
ligands. Effects of both the interfacial stress and receptor-
ligand separation were considered. The results of the calcu-
lations exhibited different spreading stages mediated by dif-
ferent mechanisms and revealed different distinct regimes in
which adhesion is limited by different mechanisms. By in-
troducing the recruiting role of long-range attractive forces,
we demonstrated three possible limiting regimes for the cell
adhesion: �1� the receptor concentration gradient driven dif-
fusion limited regime, �2� the long-range recruiting force
driven diffusion limited regime, and �3� the bond formation
rate limited regime. Among them the slowest process will be
the major limiting factor to the adhesion. The relative mag-
nitude of the three parameters, that is, D, H, and kf, controls
which process is the limiting one. Our simulations have
shown that when D is small, while other remaining two are
large, the receptor concentration gradient driven diffusion
will be the limiting process. When H is small while other
remaining two are large, the long-range recruiting force
driven diffusion will be the limiting case. When kf is small
while other remaining two are large, the bond formation pro-
cess is the limiting one. It is also shown that the effect of the
reverse reaction rate kr is insignificant due to lower stress
state for receptor-ligand bonds.

To model the more realistic situation in cell adhesion,
several issues still need to be addressed. First, the present
long-range recruiting force takes a very simple form, thus
may not describe the actual form for the long-range recruit-
ing force. A double-minimum free-energy model was pro-
posed and was attested experimentally �3,4�. How to incor-

porate this double-minimum free-energy model into the
present model would be an interesting research issue. Sec-
ond, the actively driven cytoskeletal remodeling is in need of
consideration. The present simulations only describe the
early stages of cell adhesion, while in longer time scales, the
actin cytoskeleton couples to the adhesion domains, leading
to a cascade of intracellular signaling events and the forma-
tion of focal adhesion. This suggests that the nature and
strength of the cell-substratum interactions may also involve
activities of the cell cytoskeleton �2,31–35�. Third, in our
present work, the traditional composite structure for the cell
membrane is assumed and represented by the shell theory
�36,37�. It is understood that alternative models were also
proposed and suggested a sparse connection between the
lipid bilayer and spectrin network �38,39�. Under this condi-
tion, the cytoskeleton-membrane structure may not be rea-
sonably treated as a composite layer with a finite shear
modulus. Therefore, the model accounting for the mechani-
cal properties of cell membrane is still an issue of debate.
Fourth, membrane fluctuation needs to be taken into account.
Numerous studies have revealed the importance of mem-
brane fluctuation in cell adhesion processes. For example, it
can induce a membrane protein segregation �40,41�, and it
can also influence the nucleation and the effective binding
affinity of cells �42,43�. Hence how to incorporate membrane
fluctuation into the present continuum model is an important
future work.
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