
Copyright c© 2008 Tech Science Press MCB, vol.5, no.1, pp.19-25, 2008

Stability of Molecular Adhesion Mediated by Confined Polymer Repellers
and Ligand-Receptor Bonds

Jizeng Wang∗, Jin Qian∗ and Huajian Gao∗,†

Abstract: Experiments have shown that stable
adhesion of a variety of animal cells on substrates
prepared with precisely controlled ligand distri-
bution can be formed only if the ligand spacing is
below 58 nm. To explain this phenomenon, here
we propose a confined polymer model to study
the stability of molecular adhesion mediated by
polymer repellers and ligand-receptor bonds. In
this model, both repellers and binders are treated
as wormlike chains confined in a nanoslit, and
the stability of adhesion is considered as a com-
petition between attractive interactions of ligand-
receptor binding and repulsive forces due to the
size mismatch between repellers and binders. The
force on each ligand-receptor bond is calculated
from the confined polymer model, and the clas-
sic model of Bell is used to describe the asso-
ciation/dissociation reactions of ligand-receptor
bonds. The calculated equilibrium bond distribu-
tion shows that there exists a critical ligand den-
sity for stable adhesion, corresponding to a criti-
cal ligand spacing which agrees not only qualita-
tively but also quantitatively with the experimen-
tal observation. In the case of stable adhesion,
the model predicts an equilibrium separation be-
tween adhesion surfaces below 60% of the con-
tour length of the ligand-receptor bonds.

1 Introduction

Cell-matrix and cell-cell adhesion are regulated
by receptors on the membrane of one cell inter-
acting with ligands on the surface of a substrate
or another cell. A tight control of such molecular
adhesion is required by many cell functions. For
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example, it is known that fast transitions between
adhesion and de-adhesion are of key importance
to the behavior of leucocytes [1].

Living cells can regulate their adhesive inter-
actions via different mechanisms. In integrin-
mediated cell adhesion, Yauch et al. [2] showed
that α4 tail deletion exposes the β1 cytoplasmic
domain, leading to cytoskeletal associations that
apparently restrict lateral diffusion of integrins
and their accumulation into clusters, hence re-
duces adhesion. Similarly, Yap et al. [3] found
that regulation of cadherin binding sites on cell
surface by cadherin cytoplasmic tail is an impor-
tant mechanism to modulate cell adhesion. In
addition to such specific regulations of receptors
[2, 3], experiments also showed that cell adhe-
sion involves more complicated mechanisms than
mere switching between active and inactive bind-
ing states. For example, it has been recognized
that receptor-independent phenomena, such as re-
peller molecules on the cell surface, can regulate
cell adhesion [4]. A prominent example is gly-
cocalyx that is found on most leucocytes [5, 6].
In the review article by Vitte et al. [4], exper-
imental data have been described to support the
view that (i) cell adhesion is significantly influ-
enced by glycocalyx and (ii) under physiological
conditions, glycocalyx may be altered by physi-
ological or pathological stimuli to regulate adhe-
sion. It has been shown that endothelial cell ac-
tivation by chemotactic oligopeptide fMet–Leu–
Phe or ischemia can lead to release of glycoca-
lyx compontents which enhance leukocyte cap-
ture and inflammation [7], and that phagocytic
cells can modulate specific components of their
glycocalyx to regulate their binding capacity [8].

An interesting phenomenon on receptor-
independent adhesion has been reported by
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Spatz and co-workers [9, 10]. They have shown
that stable focal adhesions on substrates prepared
with precisely controlled ligand distribution can
be formed only if the ligand spacing is below 58
nm and no adhesion is possible for ligand spacing
above 73 nm, and these critical spacings seem
to be insensitive to cell types [9]. A feasible ex-
planation of this phenomenon has been provided
by Lin et al. [11] by considering the competition
between thermal fluctuations of cell membranes
and ligand-receptor binding. However, whether
the cell surface repellers such as glycocalyx can
also play a role in this phenomenon has not been
investigated. To stimulate further discussions on
this issue, here we consider an alternative model
of cell adhesion via opposing forces induced
by polymer repellers and ligand-receptor bonds.
In this model, we treat repellers and binders
as worm-like chains confined in a nanoslit in
which ligand-receptor bonds transit stochastically
between open and closed states. It will be
shown that there indeed exists a critical ligand
spacing on the order of 58nm for stable molecular
adhesion. In contrast to the membrane fluctuation
model of Lin et al. [11], the present model
provides an alternative explanation of the critical
ligand spacing observed by Spatz et al. [9, 10].
In the case of stable adhesion, the model also
predicts an equilibrium separation between the
adhesion surfaces below 60% of the contour
length of the ligand-receptor bonds.

2 Force-separation relation for a tethered
polymer chain confined in a nanoslit

For a free polymer chain of contour length L and
persistence length p, the mean-squared radius of
gyration R2

g can be expressed as [12]:

R2
g =

1
3

Lp− p2 +
2p3

L
− 2p4

L2 (1−e−L/p). (1)

When such a polymer chain is confined inside a
nanoslit of separation h, a force f will be imposed
on the opposing parallel walls. This force can be
derived based on the free energy expression given

by Chen and Sullivan [13] as

f =

−π2R2
gkBT

2+c1(p/h)+c2(p/h)2

6h3[1+c3(p/h)+c4(p/h)2]5/3
(2)

where c1 = 2.64533, c2 = 3.43067, c3 = 1.984,
c4 = 5.146. Eq. (2) shows a repulsive force when
h � L. If the two ends of the polymer chain
are tethered to the opposing walls of the slit, the
force-separation relation can differ significantly
from that in Eq. (2). In the limit of h → 0, the
effect of end tethering is expected to be small so
that Eq. (2) should be approximately valid. In
the opposite limit of h → L, the chain becomes
strongly stretched, and its force-separation rela-
tionship can be written, following Marko and Sig-
gia [14], as

f =
kBT
4p

1
(1−h/L)2 . (3)

For the intermediate range 0 < h < L, we propose
an interpolating formula on the force-separation
relation:

f =
kBT

p

[
1

4(1−h/L)2 −
1
4
− h

2L

]

−π2R2
gkBT

2+c1(p/h)+c2(p/h)2

6h3[1+c3(p/h)+c4(p/h)2]5/3
.

(4)

It can be easily verified that Eq. (4) matches
the two limiting cases of Eqs. (2) and (3). We
note that similar interpolation technique has been
used by Marko and Siggia [14] to obtain the
force-extension relation of an unconfined worm-
like chain as
p f

kBT
=

h
L

+
1

4(1−h/L)2 −
1
4
, (5)

where, in the absence of a confining slit, h repre-
sents the end-to-end distance of the chain.

Fig. 2 plots the force-separation/force-extension
relations described by Eqs. (4) and (5). It can
be seen from Fig. 2 that the force-separation re-
lation of Eq. (4) differs fundamentally from the
force-extension relation of Eq. (5). In Eq. (4),
f depends on the ratio p/L and changes from at-
traction to repulsion when the slit separation h be-
comes sufficiently small.
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Figure 1: Schematic plot of a polymer chain con-
fined in a nanoslit with (a) free (b) tethered ends.
Lateral diffusion of the tethered chain ends is al-
lowed.
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Figure 2: Comparison between the force-
extension relation of an unconfined polymer
chain, Eq. (5), and the force-separation relation
of a confined chain with both ends tethered at the
opposing walls of a nanoslit, Eq. (4).

3 Confined polymer model of molecular ad-
hesion

As shown in Fig. 3, we consider molecular adhe-
sion mediated by polymer repellers of density ρr

Repeller 

polymer 

Open ligand-

receptor bond 

h

Closed ligand-

receptor bond 

Figure 3: Schematic plot of confined polymer re-
pellers and reactive ligand-receptor bonds. Note
that both ends of a closed bond are tethered to the
slit walls.

(number per unit area) and binders of density ρt .
Among a total number of ρt ligand-receptor pairs
per unit area, ρb of them are actually closed.

The ligand-receptor bonds are assumed to un-
dergo reversible transitions between the open and
closed states:

LRopen ⇔ LRclosed. (6)

The kinetics of bond association/dissociation as
a function of the force f on the bond can be de-
scribed by the classic model of Bell [18] as,

dρb
dτ

= γ(ρt−ρb)−ρbe f/Fb (7)

where τ = k0t is a normalized time, k0 being the
dissociation rate in the absence of a force, γ is the
dimensionless rebinding rate, and Fb = kBT/xb,
xb being a measure of the distance between the
minimum and the escape barrier of the binding
potential. The force f in Eq. (7) can be obtained
from Eq. (4) as

f =
kBT
pb

[
1

4(1−h/Lb)2 −
1
4
− h

2Lb

]

−π2R2
gbkBT

2+c1(pb/h)+c2(pb/h)2

6h3[1+c3(pb/h)+c4(pb/h)2]5/3

(8)

where Lb and pb are the contour and persistence
lengths of the closed bonds, and the mean-squared
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radius of gyration R2
gb can be obtained from Eq.

(1). We should note that the Bell model corre-
sponds to the first order approximation of a one-
step master equation in describing bond associ-
ation/dissociation as discrete Markov events [15,
16].

At steady state, Eq. (7) becomes

γ(ρt −ρb) = ρbe f (heq)/Fb . (9)

According to Eq. (2), the repulsive stress of poly-
mer repellers can be expressed as

σr = ρrπ2R2
grkBT

2+c1(pr/heq)+c2(pr/heq)2

6h3
eq[1+c3(pr/heq)+c4(pr/heq)2]5/3

(10)

where Lr and pr are contour and persistence
lengths of the repellers, and the mean-squared ra-
dius of gyration R2

gr is given by Eq. (1). On the
other hand, the attractive stress of closed ligand-
receptor bonds is given by

σb = ρb
kBT
pb

[
1

4(1−heq/Lb)2 −
1
4
− heq

2Lb

]

−ρbπ2R2
gbkBT

· 2+c1(pb/heq)+c2(pb/heq)2

6h3
eq[1+c3(pb/heq)+c4(pb/heq)2]5/3

(11)

according to Eq. (4). The repulsive and attractive
forces must balance, i.e.

σb = σr. (12)

It will be convenient to introduce the following
dimensionless parameters

ρ =
ρb

ρt
, z =

heq
Lb

, β1 =
pr

Lb
, α1 =

pb

Lb
,

β2 =
π2ρrR2

grkBT

6L3
bρtFb

, σ =
σb

ρtFb
=

σr

ρtFb
,

α2 =
π2R2

gbkBT

6L3
bFb

, α3 =
kBT
pbFb

. (13)

From Eq. (9), we have

ρ =
γ

γ +eσ/ρ (14)

where we have used the relation σ/ρ = f/Fb.
Now we can rewrite Eqs. (10, 11) as

σ = β2
2z2 +c1β1z+c2β 2

1

(z3 +c3β1z2 +c4β 2
1 z)5/3

, (15)

σ
ρ

= α3

[
1

4(1− z)2 −
1
4
− z

2

]

−α2
2z2 +c1α1z+c2α2

1

(z3 +c3α1z2 +c4α2
1 z)5/3

, (16)

and combine Eqs. (14 -16) into

β2
2z2 +c1β1z+c2β 2

1

(z3 +c3β1z2 +c4β 2
1 z)5/3

(γ +eσ/ρ)

= γα3

[
1

4(1− z)2
− 1

4
− z

2

]

− γα2
2z2 +c1α1z+c2α2

1

(z3 +c3α1z2 +c4α2
1 z)5/3

(17)

From Eqs. (14, 16, 17), we can calculate the nor-
malized equilibrium density ρ of closed ligand-
receptor bonds, the normalized interfacial stress
σ and the normalized equilibrium separation z of
the two surfaces.

4 Results and discussions

4.1 ρr = 0

In the case of ρr = 0, Eqs. (14, 16, 17) become

ρ =
γ

γ +eσ/ρ , (18)

σ
ρ

= α3

[
1

4(1− z)2 −
1
4
− z

2

]

−α2
2z2 +c1α1z+c2α2

1

(z3 +c3α1z2 +c4α2
1 z)5/3

, (19)

α3

[
1

4(1− z)2 −
1
4
− z

2

]
=

α2
2z2 +c1α1z+c2α2

1

(z3 +c3α1z2 +c4α2
1 z)5/3

. (20)

In this case, it can be seen that the initial density of
ligand-receptor bonds ρt does not play any role in
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the stability of adhesion. It is not clear if the ther-
mal fluctuation of membrane, as studied by Lin et
al. [11], would be sufficient to destabilize adhe-
sion even in the absence of any polymer repellers.
Further experiments will be needed to clarify this
issue.
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Figure 4: The normalized density of closed bonds
as a function of the dimensionless parameter β2

which scales in quadratic proportion to the ligand
spacing.

4.2 ρr �= 0

In cell adhesion, a common type of polymer
repellers is glycocalyx, one kind of which has
the contour length around 1μm, the persistence
length about 0.6nm, and the number density on
the order of several thousand per square microme-
ters [19]. For typical values, take pr/Lb = 1/100,
Lr/Lb = 5, γ = 1 and Fb = 4pN in numerically
solving Eqs. (14, 16, 17). Fig. 4 illustrates the
normalized density of closed bonds as a function
of dimensionless parameter β2 under different ra-
tios of pb/Lb. It can be seen from Fig. 4 that the
adhesion would fail when β2 (∝ 1/ρt) exceeds a
critical value. Fig. 5 shows that the equilibrium
separation heq is always smaller than 0.6Lb and
larger than 0.1Lb.

For further discussions, we take ρr = 3000/μm2

and, for a typical ligand-receptor pair, we con-
sider binding between activated α5β1 integrin
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Figure 5: The normalized equilibrium separation
as a function of the dimensionless parameter β2

which scales in quadratic proportion to the ligand
spacing.
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Figure 6: Dependence of the normalized equilib-
rium separation heq/Lb on the repeller-to-binder
density ratio ρr/ρt .

to fibronectin, for which recent single molecule
experiments have shown parameter values of
k0=0.012 Hz and Fb ≈ 9pN, corresponding to
Ub ≈ 24kBT . The rebinding rate can be estimated
to be around γ = 0.2. The closed bond of acti-
vated α5β1 integrin binding to fibronectin has a
contour length of 62 nm and a persistence length
of 0.4 nm [19, 20].

Using the above parameters, Figs. 6 and 7 show
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Figure 7: Dependence of the normalized equi-
librium density of closed bonds ρb/ρt on the
repeller-to-binder density ratio ρr/ρt .

that there exists a critical initial bond density of
288/μm2, corresponding to a critical ligand spac-
ing of about 59 nm, which is very close to the
experimentally observed critical spacing [9, 10].
In other words, it requires a minimum ligand den-
sity to stabilize molecular adhesion against non-
specific repulsive forces due to glycocalyx. These
results indicate that polymer repellers can play a
significant role in the stability of cell adhesion
and their effect can potentially explain the phe-
nomenon of critical ligand spacing in cell adhe-
sion.

5 Conclusions

We have established a simple model based on the
behaviors of confined polymers to explain the ex-
perimental observation by Spatz and co-workers
[9, 10] on the existence of a critical ligand spac-
ing for stable cell adhesion. The point of view
advocated in this model is that the competition
between attractive forces due to ligand-receptor
interaction and non-specific repulsive forces due
to polymer repellers can play a significant or
dominant role in cell adhesion. In the analy-
sis, we have proposed a stress-separation rela-
tion for tethered polymer chains inside a nanoslit
to estimate competing forces due to polymer re-
pellers and ligand-receptor interactions. The clas-

sic model of Bell [18] has been used to describe
the association/dissociation reactions of ligand-
receptor bonds. Calculations based on this model
provided an explanation of the experimental ob-
servation [9,10] that there exists a minimum lig-
and density for stable cell adhesion, correspond-
ing to a critical ligand spacing which seem to
agree not only qualitatively but also quantitatively
with experiments.

In contrast to the membrane fluctuation model of
Lin et al. [11], our model has focused on the crit-
ical conditions under which molecular adhesion
can be stabilized against the non-specific repul-
sive forces of glycocalyx. It seems that both the
membrane fluctuation model of Lin et al. [11] and
the present model can quantitatively explain the
observed critical ligand spacing, indicating con-
siderable uncertainties in model building as well
as parameter selections in this area of research.
Further experiments will definitely be needed to
fully resolve the issues involved.
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