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Cell-cell adhesion and the adhesion of cells to tissues and extracellular matrix, which are pivotal for immune
response, tissue development, and cell locomotion, depend sensitively on the binding constant of receptor and
ligand molecules anchored on the apposing surfaces. An important question remains of whether the immobilization
of ligands affects the affinity of binding with cell adhesion receptors. We have investigated the adhesion of
multicomponent membranes to a flat substrate coated with immobile ligands using Monte Carlo simulations of
a statistical mesoscopic model with biologically relevant parameters. We find that the binding of the adhesion
receptors to ligands immobilized on the substrate is strongly affected by the ligand distribution. In the case of ligand
clusters, the receptor-ligand binding constant can be significantly enhanced due to the less translational entropy
loss of lipid-raft domains in the model cell membranes upon the formation of additional complexes. For ligands
randomly or uniformly immobilized on the substrate, the binding constant is rather decreased since the receptors
localized in lipid-raft domains have to pay an energetic penalty in order to bind ligands. Our findings help to
understand why cell-substrate adhesion experiments for measuring the impact of lipid rafts on the receptor-ligand
interactions led to contradictory results.
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I. INTRODUCTION

The adhesion of cells to cells, tissues, and extracellular
matrix governs numerous biological processes such as signal
transduction, tissue formation, immune responses, and cell
locomotion [1–3]. In cell-cell adhesion, both binding partners
are mobile, whereas in cell–extracellular matrix and cell-tissue
adhesion, mobile receptors on the cell membranes often bind
immobile ligand proteins presented on the apposing surface.
The adhesion is caused by the specific binding of receptors and
ligands anchored on the apposing surfaces [4,5], which is typ-
ically quantified by the two-dimensional binding equilibrium
constant [6–10],

K = [RL]

[R][L]
, (1)

with [R], [L], and [RL] the area concentrations of free receptors,
free ligands, and receptor-ligand complexes. A variety of
experimental techniques including fluorescence spectroscopy
[11–14], micropipette aspiration [15–19], atomic force mi-
croscopy [20–22], and the flow chamber [23–25] have been
used to characterize the binding constant, leading to values that
differ by orders of magnitude [26,27]. Computer simulations
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have recently shown that membrane shape fluctuations [8–10]
and localization of proteins in lipid rafts (cholesterol- and
sphingolipid-rich membrane domains) [28] significantly affect
the binding constant of the anchored proteins. The ligands are
immobilized on surfaces in micropipette aspiration [15–19]
and flow chamber [23–25] measurements, whereas in the other
studies ligands are anchored to membranes and diffuse laterally
along the membrane surfaces. A natural question arises of
whether the receptors bind more strongly or weakly to mobile
ligands than immobile ones.

Cumulative evidence indicates that cell membranes are not
structurally homogeneous, but rather consist of lipid rafts,
nanosized membrane domains enriched in cholesterol and
saturated phospholipids [29–33]. The raft domains can lead to
a heterogeneous distribution of proteins in the membranes by
recruiting them to variable extents and function as signaling
platforms to facilitate protein-protein cis- interactions on a
single membrane [34]. For the trans- interactions, however,
experiments of cell-substrate adhesion with immobile ligands
have led to contradictory results regarding the effect of lipid
rafts on receptor-ligand binding [35–40]. For example, Wang
et al. [37] reported that lipid rafts colocalize the integrin β1 and
enhance their binding to fibronectin. Norman et al. [38] found
that the disruption of lipid rafts by depleting cholesterol with
methyl-β-cyclodextrin (MβCD) increases the cell-substrate
detachment. Conversely, Murai et al. [39] showed that the lo-
calization of CD44 in lipid rafts inhibits the CD44-hyaluronan
interactions and exerts negative control on the T cell adhesion

2470-0045/2018/97(1)/012405(9) 012405-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.97.012405&domain=pdf&date_stamp=2018-01-16
https://doi.org/10.1103/PhysRevE.97.012405


LONG LI, JINGLEI HU, GUANGKUI XU, AND FAN SONG PHYSICAL REVIEW E 97, 012405 (2018)

FIG. 1. Simulation snapshots for adhesion of the cell membrane with lipid-raft domains (orange) and receptors (light blue) to a flat rigid
substrate with ligands (purple) via specific receptor-ligand binding. The ligands are immobilized (a) in the form of clusters, (b) uniformly, or (c)
randomly on the substrate. The cell membrane and substrate are modeled by two-dimensional square lattices. Each receptor or ligand occupies
a single square patch. A receptor binds to a ligand if they are apposing each other and within the interaction range of binding potential given in
Eq. (2). Lipid rafts in the cell membrane are represented by clusters of adjacent patches, and diffuse laterally along the membrane surface. The
mobile receptors prefer raft domains to the non–raft region of the membrane.

to hyaluronan-coated substrate. Evani and Ramasubramanian
[40] observed that the adhesion of infected monocytes to the
microchannels coated with E-selectin is enhanced due to the
disruption of lipid rafts. The change in cell-substrate adhesion
strength reflects a possible variation in both the receptor-
ligand complex number and binding affinity in the adhesion
zone.

Here we report Monte Carlo (MC) simulations of a meso-
scopic model for cell-substrate adhesion. We systematically
varied the area fraction and size of lipid-raft domains in the cell
membranes, and the affinity of rafts to the anchored receptors,
and considered three types of ligand distribution on the
substrate. Remarkably different from the positive role of lipid
rafts in facilitating receptor-ligand interactions in cell-cell
adhesion seen in our previous work [28], the effect of these
microdomains on the binding constant of membrane-anchored
receptors and substrate-immobilized ligands depends strongly
on the ligand distribution. For ligands immobilized in the form
of clusters on the substrate as shown in Fig. 1(a), their binding
with the receptors localized in the raft domains is enhanced
because of the less translational entropy loss of the rafts upon
receptor-ligand complex formation, yielding an increase of
one order of magnitude in the binding constant; for ligands
uniformly or randomly immobilized on the substrate as shown
in Figs. 1(b) and 1(c), the binding constant is found to be
smaller than that for mobile ligands anchored to supported,
planar membranes, since the receptors localized in the lipid
rafts have to pay an energetic penalty in order to bind immobile
ligands.

The rest of the manuscript is structured as follows. Section II
outlines the model for cell-substrate adhesion and the MC
simulation method as well as the physical parameters chosen
according to experiments. Our main simulation results are
presented in Sec. III, and Sec. IV summarizes our findings.
For detailed comparison, additional data are presented in
Figs. 6–10 in the Appendix.

II. MODEL AND METHOD

In our model of cell-substrate adhesion, both the cell
membrane and rigid planar substrate are represented by two-
dimensional square lattices [28,41–43] as shown in Fig. 1. Each

receptor or ligand occupies a single square patch of size a. The
adhesion energy from the specific binding of receptors and
ligands on the two surfaces assumes

Had =
∑

i

−δiUbθ (lb/2 − |li − lc|), (2)

where the square-well binding potential has the depth Ub and
width lb. lc is the average length of the receptor-ligand complex,
and li the local separation of the two surfaces at lattice site
i. δi is 1 if the two patches at lattice site i are occupied
by receptor and ligand proteins, respectively, and otherwise
0. The Heaviside step function θ (x) implies that a complex
cannot be formed if the two proteins are separated beyond the
binding range. The square-well potential in Eq. (2) mimics
the specific binding interactions of rigid proteins. For proteins
with flexible segments, their conformational entropy might
have a significant impact on binding and should be taken into
account via detailed modeling, e.g., the bead-spring model
of polymer chains. This interesting aspect goes beyond the
scope of the present work and should be addressed in future
studies.

Each lipid raft is described by a cluster of adjacent square
patches, and diffuses freely along the membrane surface. Since
the raft domains are dynamically floating in the membranes
and do not coalesce over a certain period of time [44] (e.g.,
due to the stabilization of the local membrane curvature [45]),
we impose hard-core repulsions between any two rafts. This
also allows us to study how the raft size plays a role in
cell-substrate adhesion. To account for the preferential par-
titioning of receptors in lipid-raft domains [46], we introduce
the energy gain �U for a receptor to move from the non–
raft region of the membrane to a raft domain, i.e., the raft
affinity to receptors. Unlike the mobile receptors, the ligands
are immobilized on the substrate. For receptors anchored to
flexible membranes, one has the additional Helfrich bending
energy,

Hbe = κ

2a2

∑

i

(�dli)
2, (3)

which governs the elastic deformation of the membrane. κ

is the membrane bending rigidity and �dli the discretized
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FIG. 2. Binding equilibrium constant K of receptors anchored to planar membranes and ligands immobilized in clusters on the apposing
substrate as in Fig. 1(a). The simulation data points are from systems with ligand clusters of different diameter dlc and lipid rafts of varying
area fraction φr , diameter dr , and affinity �U to receptors. Each data point is the statistical average over 20 independent runs with random
distribution of ligand clusters on the substrate. The overall concentrations of the receptors and ligands are [R]0 ≈ 560 μm−2, [L]0 ≈ 580 μm−2.
Kpl ≡ a2eUb/kBT is the receptor-ligand binding constant in the absence of lipid rafts, independent of the spatial distribution of immobile ligands
on the substrate. The dotted lines are only a guide for the eye. Note the logarithmic scale of the vertical axes.

Laplacian of the local membrane-substrate separation li at
lattice site i [4,42,43].

We employ the standard Metropolis MC method to simulate
the membrane-substrate adhesion systems. There are three
types of MC trial moves including the lateral movement
of receptors and raft domains, and vertical displacement of
the membrane patches in the case of a flexible membrane.
The proportion of those trial moves in each MC step is
chosen according to the physical time scales. For more
details, see Ref. [28]. We emphasize that the exact values
for diffusion coefficients of the proteins and raft domains
do not alter the binding constant K, since K is an equilib-
rium quantity independent of the dynamic properties of the
system.

We have simulated the adhering membrane with an area
of 600 × 600 nm2 and periodic boundary conditions. For the
square-well potential, we take binding energy Ub = 5kBT ,
potential range lb = 1 nm, and complex length lc = 15 nm
[41,42]. We choose typical values of several hundred molecules
per square micrometer for the overall receptor and ligand
concentrations [42]. The raft domains have a diameter ranging
from 30 to 100 nm [47]. The raft affinity �U = −2.0kBT

and −3.0kBT are adopted so that the protein concentration
in lipid rafts is within the experimentally reported range of
around 103-104 μm−2 [48]. Considering the variation of raft
concentration in the membrane contact zone accompanying
the intercellular interaction process [46], we vary the area
fraction of the raft domains up to 50% of the membrane
surface area [49,50]. Additionally, the bending rigidity of lipid
membranes κ is typically 10kBT [8]. We choose κ = 10kBT

for the non–raft membrane patches, and 10kBT or 20kBT for
the raft domains in the case of flexible membranes [51]. In our
simulations, we calculate the binding constant K from the area
concentrations according to Eq. (1). For ligands immobilized
in the form of clusters or immobilized randomly on the
substrate, the simulation results are the statistical average over
20 independent realizations.

III. RESULTS AND DISCUSSION

A. Receptors anchored to planar membranes

Localization of receptors in lipid rafts affects their binding
to ligands immobilized on the planar substrate. Figure 2 shows
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FIG. 3. Binding equilibrium constant K of receptors anchored to planar membranes and ligands immobilized uniformly on the apposing
substrate as in Fig. 1(b). The meaning of all symbols is the same as in Fig. 2.

the measured binding constant K rescaled by Kpl as a function
of area fraction φr of lipid rafts with different size and affinity to
receptors. Here,Kpl ≡ a2eUb/kBT is the receptor-ligand binding
constant in the absence of lipid rafts, independent of the
spatial distribution of immobile ligands on the substrate. Kpl

also denotes the binding constant of the same but mobile
receptor and ligand proteins anchored to two apposing planar
membranes without shape fluctuations, irrespective of whether
the membranes are homogeneous or with lipid-raft domains.
Given the raft size dr and affinity �U to receptors, as well as
ligand cluster size dlc, the binding constant K varies with the
raft area fraction φr, and there exists a maximum even much
greater than Kpl.

Such enhancement of binding can be understood from
the translational entropy of lipid-raft domains in the cell
membrane. The binding of a first receptor (R1) localized in a
raft of area A to an immobile ligand (L1) causes a translational
entropy loss �S0 ≈ kB ln(A/Ame) + kB ln(a2/A). Here, Ame

and A represent the translational phase space volume of the raft
before and after the binding; a2 and A are the corresponding
terms for the receptor R1. Given the complex R1−L1, a second
receptor (R2) in the same raft binds to another ligand (L2) with
a translational entropy loss �S1 ≈ kB ln(A1/A) + kB ln(a2/A),
where the area A1 available for raft translation under the
constraint of complexes R1−L1 and R2−L2 depends on the
distance between L1 and L2 (see Fig. 6 for the dependence

of binding constant K on the ligand distance). For the case
of a ligand cluster as depicted in Fig. 1(a), one can attain
A1 ≈ A and then �S0 < �S1 since A is much smaller than
the membrane area Ame. The less translational entropy loss
of lipid rafts therefore facilitates the formation of additional
complexes. The translational entropy consideration explains
the increase of apparent binding constant K with the area
fraction φr of the rafts for a small value of φr, and would
generally apply to rafts of noncircular shapes. After reaching
the maximum, K decreases with φr since the local receptor
concentration in each raft reduces down to the overall ini-
tial concentration [R]0. Comparison of Figs. 2(a) and 2(b)
suggests that large raft affinity leads to strong binding of
the receptors to immobile ligands, and the ratio of maximal
binding constant K for each raft size at �U = −2kBT and
−3kBT is around e1 ≈ 2.8. It is interesting to point out that
the greatest maximal K occurs for the raft with the same
size as the ligand cluster, irrespective of the raft affinity and
overall concentrations of receptors and ligands as can be seen in
Figs. 2 and 7.

In addition to the enhancement, preferential partitioning in
rafts might also hinder the binding of receptors to immobile
ligands. As shown in Figs. 2(a)–2(c), the binding constant K
can be less than Kpl for a small area fraction of relatively
large rafts. The decrease in K results from the excessive free
receptors in a raft that need to overcome raft affinity in order
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FIG. 4. Binding equilibrium constant K of receptors anchored to planar membranes and ligands immobilized randomly on the apposing
substrate as in Fig. 1(c). The data points are the statistical average over 20 independent runs with random distribution of ligands. The meaning
of all symbols is the same as in Fig. 2.

to bind with the immobilized unbound ligands outside of the
region apposing the raft on the substrate; see the number of
excessive receptors as a function of raft area fraction in Fig. 8
corresponding to the diamond data points in Fig. 2(c). A close
inspection of Figs. 2 and 7 reveals that strong raft affinity, large
size of raft relative to ligand cluster, and large ratio of overall
concentrations [R]0/[L]0 lead to large excess of receptors and
therefore small K.

We now turn to the binding of mobile receptors to ligands
uniformly or randomly immobilized on the substrate as illus-
trated in Figs. 1(b) and 1(c). Figures 3 and 4 show that the
binding constant K measured for both distributions of ligands
is less than Kpl over the wide range of raft area fraction φr

for different overall concentrations of receptors and ligands.
Smaller raft affinity �U and concentration ratio [R]0/[L]0

yield less excess of receptors localized in rafts and thus greater
binding constant K. Comparison of Figs. 3 and 4 indicates
that the receptors bind more strongly to randomly distributed
ligands than to uniformly distributed ones. This can be at-
tributed to local aggregation of randomly immobile ligands
that requires less translational entropy loss of the rafts upon
receptor-ligand binding as discussed in the previous case of
ligand clusters. The results in Fig. 4 for random distribution of
immobile ligands on the substrate are a statistical average over
20 independent realizations. For individual realizations, we

do observe K > Kpl at [R]0 ≈ 140 μm−2, [L]0 ≈ 280 μm−2,
φr > 0.4, and dr = 110 nm.

B. Receptors anchored to flexible cell membranes

The membranes in cell-substrate adhesion are often sub-
jected to thermal excitations and undergo shape fluctuations.
We consider the binding of receptors anchored to flexible
membranes and ligands immobilized in the form of clusters,
uniformly, or randomly on apposing substrates. The measured
binding constants in Figs. 5(a)–5(c) show similar dependence
on the raft area fraction φr as for planar membranes without
shape fluctuations, but the numerical values are considerably
smaller since the thermally excited shape fluctuations of
flexible membranes disfavor the formation of receptor-ligand
complexes. In the case of ligand clusters, the binding constant
K can exceed Kpl for flexible membranes, implying that the
enhancement due to translational entropy of rafts overweighs
the suppression from shape fluctuations of the membranes. For
uniform distribution of ligands on the substrate, both excess
of receptors in rafts and membrane shape fluctuations lead to
the binding constant K being smaller than the constant K0 for
flexible homogeneous membranes without lipid-raft domains;
see Figs. 5(b) and 9 (�U = −3.0kBT , [R]0 ≈ 140 μm−2,
[L]0 = 625 μm−2). Figures 5(c) and 5(d) illustrate a delicate
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FIG. 5. Binding equilibrium constant K of receptors anchored to flexible membranes and ligands immobilized on the substrate apposing
the membranes. The bending rigidity of the membranes is chosen to be κ = 10kBT . The ligands are immobilized (a) in the form of clusters,
(b) uniformly, or (c,d) randomly on the substrate. The horizontal dashed lines indicate the receptor-ligand binding constant K0 for the flexible
membranes without lipid-raft domains. The meaning of all symbols is the same as in Fig. 2.

interplay of receptor excess and membrane configurational
entropy for random distribution of ligands. At large overall
concentrations, the receptor excess dominates and K < K0;
at small overall concentrations, the receptor-ligand complexes
are mostly formed within or near the rafts apposing the
substrate region with aggregation of randomly distributed
ligands, favoring the configurational entropy of the membrane.

Lipid-raft domains are often more rigid than the non–raft
regions of the membranes [51]. We have also simulated mem-
branes with raft domains of bending rigidity 20kBT and non–
raft patches 10kBT , and obtained in Fig. 10 similar dependence
of binding constant K on raft area fraction φr as in Fig. 5 for
membranes without bending rigidity contrast. This bending
rigidity contrast leads to slightly enhanced binding of the
immobile ligands to the receptors anchored to fluctuating mem-
branes for the three types of ligand distribution, since the rigid
raft domains have less conformational entropy to lose upon the
binding of ligands to the receptors localized in the rafts.

IV. CONCLUSION AND OUTLOOK

We have investigated the impact of lipid rafts on the binding
of membrane-anchored receptors and substrate-immobilized
ligands by using Monte Carlo simulations of adhesion of
multicomponent membranes to a flat substrate. We find that

the binding constant of membrane-anchored receptors and
substrate-immobilized ligands can be enhanced or reduced
by the presence of lipid-raft domains in the cell membrane,
dependent on the distribution of immobile ligands on the
substrate. For ligands immobilized in the form of clusters,
the binding constant can even be one order of magnitude
larger than that of the same but mobile receptors and ligands
for two planar, supported membranes without thermal shape
fluctuations as shown in Fig. 2. Such enhancement is attributed
to the translational entropy of lipid-raft domains localizing the
receptors, and indicates a cooperative binding different from
that for receptors and ligands anchored to elastic homogeneous
membranes without rafts as in Ref. [9], which originates
from shape fluctuations of the membranes. Interestingly, the
greatest maximal value of binding constant occurs when the
raft domains match the size of the ligand cluster.

In addition to the enhancement, our results in Figs. 3
and 4 for ligands immobilized uniformly or randomly on the
substrate reveal that lipid-raft domains might also function as a
negative regulator of binding since the excessive free receptors
localized in raft domains have to overcome the raft affinity
in order to bind the unbound substrate-immobilized ligands
outside of the region apposing the raft. We anticipate that
the aggregation of receptors due to other mechanisms such
as protein-protein cis- attraction [52,53] could also lead to
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FIG. 6. Binding equilibrium constant K of receptors anchored to
planar cell membranes and ligands immobilized on the apposing
substrate as a function of ligand separation ls. The cell membrane
consists of one single lipid-raft domain with diameter dr = 110 nm.
The horizontal dashed line indicates the binding constant K for mobile
ligands.

receptor excess and therefore impact the binding to immobile
ligands.

The results in Figs. 5 and 10 for flexible adhering
membranes are qualitatively similar to those of planar
membranes without thermal fluctuations. For ligands randomly
immobilized on the substrate, the binding can be stronger than
in the case of homogeneous membranes without lipid-raft
domains as shown in Fig. 5(d), indicating the interplay
between membrane conformational entropy and the receptor
excess in lipid-raft domains.

Our findings help to explain the seemingly contradictory
results regarding the role of lipid rafts in the binding of

membrane-anchored receptors and substrate-immobilized lig-
ands in cell-substrate adhesion experiments [35–40], where
the distribution of immobile ligands on the substrate should
be carefully taken into account. We provided straightforward
physical arguments as confirmed by the simulation data to
corroborate our findings. Together with previous work on
the impact of lipid rafts on the receptor-ligand binding in
cell-cell adhesion [28], our studies suggest that lipid rafts
might function differently as required in cell-cell adhesion and
the adhesion of cells to tissues and extracellular matrix under
physiological conditions.

Our statistical model does not take into account the complex
cytoskeletal network that anchors to the cell membranes. As
pointed out in Ref. [42], the anchoring to cytoskeleton might
suppress membrane fluctuations on length scales larger than the
mesh size of the network [54,55], whereas active cell processes
involved in the cytoskeleton might enhance the fluctuations
[56,57]. Both are likely to perturb the equilibrium situation.
However, our results still apply for membrane regions with
local equilibrium of receptor-ligand binding.
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APPENDIX

We provide here additional simulation results in Figs. 6–10
for detailed comparison with the results in the main text.

FIG. 7. Binding constant K of the same receptors and ligands as in Fig. 2 obtained from simulations with ligand clusters of diameter
dlc = 30 nm and different overall concentrations of the receptors and ligands.
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FIG. 8. The number of unbound receptors in lipid rafts that
exceeds the number of immobilized unbound ligands apposing raft
domains Nex as a function of area fraction φr of lipid rafts with
fixed size dr = 110 nm and affinity to receptors �U = −3.0kBT

corresponding to the purple data in Fig. 2(c). The cluster size
of immobilized ligands is dlc = 30 nm. In the inserted top-view
simulation snapshots for different φr , the orange lines enclose the raft
domains on the cell membranes. The light blue and purple patches
are with free receptors and ligands, the black with bound receptors
and ligands in membrane raft domains, and the red with the rest of
the receptor-ligand complexes.

FIG. 9. Binding equilibrium constant K of receptors anchored
to flexible cell membranes and ligands immobilized uniformly on
the substrate apposing the membranes. The horizontal dashed line
indicates the receptor-ligand binding constant K0 for the flexible
membranes without lipid rafts. The meaning of all symbols is the
same as in Fig. 2.

FIG. 10. Binding equilibrium constant K of receptors anchored to flexible membranes and ligands immobilized on the substrate apposing
the membranes. The raft domains have a bending rigidity of 20kBT and non–raft patches 10kBT in the membranes. The horizontal dashed lines
indicate the receptor-ligand binding constant K0 for the flexible membranes without lipid-raft domains. The meaning of all symbols is the same
as in Fig. 2.
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