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ABSTRACT

Cell adhesion can be significantly influenced by the topography of the substrate surface. However, how the adhesion molecules essentially
respond to this topographical stimulus is not fully understood yet. Here, we employ an effective Monte Carlo simulation to systematically
investigate a fluctuating membrane interacting with a curved substrate via adhesive proteins. Interestingly, results show that, compared with
the flat substrate, curved substrates regulate the membrane adhesion in a bond length dependent manner. The effects of the substrate surface
amplitude and wavelength on the number of molecular bonds and adhesion pattern are also extracted from the scaling relationship between
the characteristic lateral length of the membrane and the local substrate curvature radius. Furthermore, the local substrate curvature is found
to select the bond distribution in terms of the bond length and stiffness. The results suggest that the bond stiffness enhances the clustering of
molecular bonds, mainly due to synergistic interactions among these molecular bonds.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0224078

Cell adhesion mediated by receptor–ligand binding serves as a
fundamental process that intricately regulates essential cellular activi-
ties, such as proliferation, differentiation, migration, and tissue forma-
tion.1,2 In biological systems, cell adhesion interfaces often have a
complex surface topography, instead of a pretty flat surface.
Characteristic circumstances are the basement membrane with rich
nano-topographies in tissues directly interacting with adjacent cells3

and the formation of extracellular matrix fibrils tens of micrometers in
length and a few hundred nanometers in diameter presenting a com-
plex topographical structure.4 Concerning these topographical envi-
ronments surrounding adherent cells, extensive experimental
observations in vitro suggest that the cell adhesion behaviors (e.g.,
spreading, orientation, and migration) are strikingly sensitive to the
substrate topography.5–13 Specifically, culturing cells on a flat substrate
and a substrate with micropatterned morphology surface, respectively,
demonstrates that the substrate microtopography would promote the
formation and maturation of focal adhesion.14 Moreover, the micro-
wavy patterned substrate surfaces could obviously increase the
adhesion strength and the cell alignment.15 In addition to the micro-
pattern of the substrate surface, the roughness of the substrate surface

emerges as another crucial factor modulating the cell–substrate inter-
action.16–19 In particular, regarding osteoblasts and neural cells, their
viability and size would first increase and then decrease as surface
roughness increases. Despite such remarkable influence of substrate
topography on cell adhesion, there are only scarce attempts to under-
stand how the adhesion molecules respond to this topographical cue.
Recent works20,21 taking into account membrane adhesion only medi-
ated by rigid adhesive proteins have explored the response of a mem-
brane to a curved substrate and lipid effects. Nevertheless, the
nonspecific interaction also significantly regulates the membrane adhe-
sion22 and the adhesive molecules exhibit rich biomechanical proper-
ties as experimentally observed.23 Additionally, even for cells adhering
to a flat substrate, previous works suggested that the adhesion system
could be also affected by the cooperativity between molecular
bonds.24–26 The difficulty here in describing the interaction between
the cell and the curved substrate arises from coupling between the sub-
strate topography and the mechanical properties of molecular bonds
and the fluctuating membrane.

Here, referring to cell mimetic systems consisting of giant mono-
layer vesicles adhering to substrates, we extend a recently developed
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Monte Carlo scheme27 for simulating a fluctuating membrane interact-
ing with a flat substrate to investigate the effect of substrate topography
on membrane adhesion through a series of receptor–ligand bonds as
schematically depicted in Fig. 1, where the molecular bonds are treated
as thermal harmonic springs. The unbound receptors and ligands are
coated on the surfaces of membrane and substrate, respectively. In
addition to the specific interplay between adhesive molecules, the
membrane adhesion process is also attributed to nonspecific factors
containing van der Waals and Coulomb interactions as well as hydra-
tion between the membrane and curved substrate surfaces.
Subsequently, the free energy of a fluctuating membrane adhering to a
curved substrate can be written by the Helfrich Hamiltonian as a func-
tion of membrane height hðrÞ,27–29

H hðrÞ½ � ¼
ð
S
d2r

j
2

r2hðrÞ
� �2 þ c

2
hðrÞ � hsðrÞ � h0½ �2

� �

þ
Xn
i¼1

d r� rið Þ k
2
hðrÞ � hsðrÞ � l0½ �2 � eb

� �
; (1)

where the first term describes the bending energy of the elastic mem-
brane upon treating the membrane mean curvature in the Monge rep-
resentation with bending stiffness j, the second term showing a
harmonic potential of strength c with a minimum at h0 reflects the
nonspecific interaction maintaining a separation between the mem-
brane and substrate surfaces, and the last term accounts for the bind-
ing energy, eb, and the elastic energy of bond with stiffness, k, as a
result of the formation of n receptor–ligand bonds.

Considering the membrane height following the Boltzmann dis-
tribution, we can semi-analytically obtain the membrane height distri-
bution, p½hðrÞ�, with respect to the above expressed free energy in Eq.
(1) through a rigorous field theory processing as previously pre-
sented27,29 (see the supplementary material for details). Indeed, such a
membrane height distribution appearing in the form of a Gaussian dis-
tribution with the mean membrane height and the fluctuation ampli-
tude explicitly takes into account not only the bond position and
biomechanics but also the substrate topography (see the supplemen-
tary material for membrane height distribution). Once the membrane
height distribution is obtained, regarding the association/dissociation
of molecular bond, the correspondingly effective binding/unbinding
rates coupled to the membrane fluctuation can be defined as

Kon � Ð
dhpðhÞkonðhÞ and Koff �

Ð
dhpðhÞkoff ðhÞ with instantaneous

reaction rates kon and koff
27 (see the supplementary material). To sim-

ulate the dynamic evolution of the fluctuating membrane interacting
with the curved substrate, extending the recently developed Monte
Carlo scheme of membrane adhesion,27,29,30 we discretize both the
membrane and the substrate surfaces into a series of square lattices
with a constant a, in which each lattice could host a receptor or a
ligand molecule. Moreover, a rectangular contact region is considered
(see Fig. S1 in the supplementary material). Initially, the free receptors
and their ligands are randomly positioned on the two surfaces, respec-
tively. As random walkers, both the freely mobile receptors and ligands
can arbitrarily move on the surfaces of membrane and substrate under
periodic boundary conditions, respectively. Nevertheless, once the
receptor–ligand pair forms a bond within the contact zone, such
bound receptor and ligand are immobile. The condition of constant
density of receptor and ligand in the free area is considered here and
provides the reservoir reconstructing the appropriate statistical ensem-
ble. In the current context, using periodic boundary conditions could
provide homogeneous reservoirs at the finite free regions of the simu-
lation system. However, when the membrane interacting with the sub-
strate is subjected to the constant amounts of receptor and ligand
molecules (corresponding to a finite reservoir of adhesive binders),
reflecting boundary conditions, rather than the periodic boundary con-
ditions, are required.

During each simulation step, the random motion of free recep-
tors/ligands and binding/unbinding processes of adhesive pairs are
performed sequentially. Please see the supplementary material for a
detailed description of Monte Carlo simulations. Taking the represen-
tative values of the related parameters in the Monte Carlo simulations
as summarized in the supplementary material, the dynamic response
of adhesive molecules to the curved substrate surface can be achieved
by implementing the above simulation process.

Figure 2(a) shows the representative results of the effect of sub-
strate topography on the number of closed bonds evolving over time
for short (l0 ¼ 30 nm) and long (l0 ¼ 50 nm) bonds, respectively. It
can be seen that the membrane adhesion system rapidly reaches ther-
modynamic equilibrium from an initial non-bond forming state and
the curved substrate notably regulates the amount of adherent bonds
in a bond length dependent manner. Interestingly, a membrane inter-
acting with a flat substrate through short adhesive binders with length,
30 nm, is associated with transient formations of sporadic molecular
bonds that exhibit unstable membrane adhesion. However, in the case
of the curved substrate, these short binders would form molecular
bonds in relatively large quantities, clustering at the crest of the curved
substrate [see inset in Fig. 2(a)]. This finding indicates that the sub-
strate topography obviously promotes membrane adhesion regulated
by short binders. This is because the curved substrate presents small
interfacial distances at its peaks [Fig. 2(b)] that increase the effective
binding affinity of receptor–ligand binding. In contrast to the circum-
stance of the short adhesive binder, the formation of the long adhesive
binders modulating the membrane adhesion is evidently suppressed at
the troughs of the curved substrate [see inset in Fig. 2(a)], compared to
that on a flat substrate. This is because the effective adhesive region for
the formation of long receptor-ligand bond is reduced at the troughs
of the curved substrate corresponding to large interfacial distances
[Fig. 2(b)]. These substrate topography effects relying on the bond
length are mainly attributed to coupling between the adhesive binder

FIG. 1. Schematic diagram of a fluctuating membrane interacting with a curved sub-
strate via a set of adhesive molecules. (a) The formation of adhesive bonds as
labeled by the red dots deforms the membrane. The color bar stands for the fluctua-
tion amplitude of membrane. (b) The cross-sectional diagram [as marked by light
green in (a)] of the membrane–substrate system is provided. The membrane height
and the rest length of adhesive molecule are denoted as h and l0, respectively.
The surface topography of the curved substrate is determined by the height
hs ¼ a0

2 sin px
d þ 1

� �
with amplitude a0 and half-wavelength d.
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reaction, membrane/substrate separation as well as membrane
deformation.

To further explore the effects of substrate topography on the ther-
modynamic equilibrium of membrane adhesion in the extended range,
we systematically calculated the number of bound bonds as a function
of the amplitude a0 and the half-wavelength d for short and long bind-
ers, as plotted in Figs. 3(a) and 3(b). In the range of small half-
wavelengths of the curved substrate, it can be seen that the number of
binders scales linearly with wavelength due to a combination of the
number of peaks and the geometric characteristics of these peaks, as
the latter would affect the localized effective adhesion area of each
peak and the separation between the membrane and the curved sub-
strate surfaces. In addition, during short binder mediated membrane
adhesion, for a given small wavelength of the curved substrate, as the
substrate amplitude increases, the number of closed bonds would
become large due to a high amplitude associated with a small interfa-
cial distance at the substrate peaks subjected to nonspecific interaction
(see Fig. S2 in the supplementary material), resulting in short binders
readily forming bonds. Meanwhile, this curved substrate surface with
high amplitude and small wavelength also induces a large interfacial
distance at substrate troughs in which even for relatively long binders
of l0 ¼ 50 nm, in the current context, the binding of adhesive binders
is not strong enough to drive membrane pinning due to large elastic
deformations of the membrane. As such, a high amplitude would sig-
nificantly inhibit long bond formation at substrate troughs for a small
wavelength. Nevertheless, with increasing wavelength of the curved
substrate surface, in the case of both the short and long binders, the
number of bound bonds exhibits non-dependence on the substrate
amplitude and its value is close to that of the membrane adhering to a
flat substrate. This membrane–substrate interaction irrespective of the
substrate amplitude is caused by the scaling relationship between the
characteristic lateral correlation length of the membrane and the larger

curvature radius of the substrate surface in which the membrane pro-
file matches the substrate morphology well with separation h0 during
initial non-bond forming state (see Fig. S1 in the supplementary mate-
rial). Moreover, there is a cutoff value for the wavelength of the curved
substrate above which the number of closed bonds does not change
and is approximately equivalent to that calculated in the case of the
membrane interacting with a flat substrate [see Figs. 3(a) and 3(b)].
This critical wavelength of the curved substrate is also a result of the
scaling relationship between the characteristic lateral length of
the membrane and the local substrate curvature radius. In principle,
the characteristic lateral length of the membrane is a length scale of the
membrane deformation. For the tensionless membrane as considered
in the current context, the characteristic lateral length of the mem-
brane coupling the strength of the nonspecific potential can be explic-
itly defined as

ffiffiffiffiffiffiffiffi
j=c4

p
.27 For the case when the curved substrate’s

wavelength is larger than the critical value, the local substrate curvature
radius is also much larger than the membrane’s characteristic lateral
length. In such a situation, it seems that the membrane becomes soft
so that the membrane profile is tightly adapted to the substrate topol-
ogy under the nonspecific interaction. Specifically, the interface separa-
tion of the membrane–substrate system only mediated by nonspecific
interaction is calculated to be almost uniformly h0 as shown in Fig. S2
(a) in the supplementary material. As such, local binding of the adhe-
sion bonds is analogous to that as simulated in the flat substrate case.
Nevertheless, when the wavelength of the curved substrate is much
smaller than the critical value, the characteristic lateral length of the
membrane is much larger than the local substrate curvature radius. It
appears that the membrane becomes stiff, indicating the nonspecific
potential cannot substantially deform the membrane to match the sub-
strate morphology well. Furthermore, a normalized number
ln ðhNwi=hNf iÞ with the average number of bound bonds in the case

FIG. 3. The number of bound receptor–ligand bonds at thermodynamic equilibrium
of the membrane adhering to a series of curved substrates with different morpholo-
gies determined by the amplitude a0 and the half-wavelength d, in the case of (a)
short and (b) long binders. The black arrows represent increasing the amplitude a0
of the curved substrate surface. Phase diagram of the average number of bound
bonds as a function of the amplitude a0 and half-wavelength d of the curved sub-
strate surface for (c) short and (d) long binders.

FIG. 2. (a) Evolution of the number of closed bonds for membrane adhesion medi-
ated by a short bond of l0 ¼ 30 nm (left panel) and long bond of l0 ¼ 50 nm (right
panel), respectively. The insets present snapshots of the thermodynamic equilibrium
states of the membrane interacting with flat and curved (a0 ¼ 40 nm and
d ¼ 150 nm) substrates for different binder lengths (30 and 50 nm), respectively.
(b) Membrane profile for the initial non-adherent state of the membrane–substrate
system where the membrane deformation completely results from nonspecific
interaction.
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of curved and flat substrates being hNwi and hNf i, respectively, is
determined to evaluate the effect of the curved substrate topography
on the formation of molecular bonds for short and long binders, as
shown in Figs. 3(c) and 3(d), respectively.

Additionally, we consider a curved substrate with exponentially
decaying amplitude (see Fig. 4) corresponding to a more complex sce-
nario of substrate topography. In such a case of curved substrate, the
bond distribution relying on the bond length is analyzed as plotted in
Fig. 4. During the initial non-bond forming state, the membrane
deformed by nonspecific interaction as an approximate plane associ-
ated with high interfacial distances within the region of low amplitude
of the curved substrate. For the membrane pinned to the curved sub-
strate by a series of adhesive bonds, it is found that as the bond length
increases, the distribution of bond formation gradually changes from
peaks to troughs and mainly transforms from high to low amplitudes
of the curved substrate due to a minimal free energy of the membrane
adhesion system.

Additionally, we also examine the impact of bond stiffness on the
membrane interacting with a curved substrate, as the interface behav-
ior among cell adhesion is sensitive to the elasticity of molecular bonds
in biological systems.31,32 Figure 5(a) displays the effect of bond stiff-
ness on the evolution of the number of bonds with time during the
interaction between the membrane and the curved substrate via a set
of adhesive binders with distinct lengths. It can be seen that the num-
ber of bonds monotonously increases and eventually converges to

constant values with increasing bond stiffness at a fixed time point,
which apparently reflects the bond stiffness improving the formation
of adhesive binders irrespective of their length. In addition to the evo-
lution of the bond number, snapshots of the membrane adhering to
the curved substrate evolving with a series of time points are exhibited
in Fig. 5(b), in which a1 � a5 are representative system configuration
states chosen from the simulation trajectory of k ¼ 5 kBT=nm2 and
l0 ¼ 30 nm as labeled in Fig. 5(a). Moreover, the related simulation
snapshots of membrane adhesion reaching thermodynamic equilib-
rium as a function of bond stiffness for different bond lengths are
shown in Fig. 5. It can be seen that the elastic membrane can be ade-
quately pinned by stiff adhesive bonds. Indeed, the bond stiffness pro-
moting the formation of adhesive binders is a result of cooperative
interaction between neighboring molecular bonds. Although a stiff
bond corresponds to small oscillation under thermal stimulation, dur-
ing the adhesion process of the membrane–substrate system, the stiff
bond formation can pin the elastic membrane with a relatively large
deformation around the binding site. As such, this profile of the
pinned membrane by the stiff bond gives rise to a relatively small dis-
tance between the membrane and substrate surfaces around the bind-
ing site. This reduction in the membrane–substrate distance around
the adhesion sites allows more adjacent bonds to bind more readily,
thereby improving the formation of bonds and increasing the total
number of bonds formed. In this cooperative manner of adhesive
bonds, typically the adhesion domains of stiff bonds develop from ini-
tial nucleation at the substrate peaks to growth toward the substrate
troughs [please see Fig. 5(b)]. Nevertheless, this cooperative effect
becomes insignificant for soft bonds during membrane adhesion, since
the formation of soft bonds cannot obviously deform the membrane.
Recent theoretical effort concerning the adhesive contact between cells
and a wavy extracellular matrix mediated by receptor–ligand bonds
suggests a similar effect of bond stiffness on cell adhesion, in which the
bond stiffness would enhance the adhesion strength at high roughness
of the substrate surface,32 probably due to the elastic adhesive interface

FIG. 4. Fluctuating membrane adhering to a curved substrate with exponentially
decaying amplitude (A ¼ 30 nm, u ¼ 0:01 nm�1, d ¼ 100 nm, and B ¼ 30 nm)
for different adhesive binder lengths at thermodynamic equilibrium states. At initial
non-bond forming state, the membrane profile induced by the nonspecific interaction
between membrane and substrate is theoretically calculated as displayed in the top.
A set of histograms indicate the probability distribution of the bound bonds on the
substrate surface for membrane adhesion modulated by different receptor–ligand
bonds with distinct lengths. Their associated simulation snapshots of membrane–
substrate system are shown on the right.

FIG. 5. Effect of bond stiffness on membrane interacting with a curved substrate at
a0 ¼ 40 nm and d ¼ 150 nm. (a) Evolution of the number of closed bonds with
time for different bond stiffnesses and bond lengths. a1 � a5 stand for the represen-
tative configuration states of the membrane/substrate system chosen from simu-
lated trajectory of bond length 30 nm and bond stiffness 5 kBT=nm2. (b) The related
simulation snapshots of the membrane/substrate system evolving with the points in
time series a1 � a5. (c) Snapshots of the membrane/substrate system at thermody-
namic equilibrium as a function of bond stiffness for different bond lengths.
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consisting of stiff receptor–ligand bonds corresponding to relatively
uniform interfacial forces. Alternatively, the present work describing a
fluctuating membrane interacting with a curved substrate via molecu-
lar bonds provides another concept of bond stiffness influencing cell
adhesion.

In summary, we extend a recently developed Monte Carlo
scheme of a fluctuating elastic membrane interacting with a flat sub-
strate to explore the topography of a curved substrate affecting mem-
brane adhesion through a series of adhesive protein binders. Through
examining the evolution of the number of bonds formed by these
binders and the adhesion pattern as a function of bond length for flat
and curved substrates, respectively, it is found that the curved sub-
strates regulate membrane adhesion in a bond length dependent man-
ner. In particular, a curved substrate with a highly curved surface (high
amplitude and low wavelength) promotes the formation of short bind-
ers at its peaks and suppresses the formation of long binders at its
troughs due to the nonspecific interaction resulting in low and high
membrane–substrate separation at the peaks and troughs of the curved
substrate, respectively. Furthermore, extending the range of amplitude
and wavelength of the curved substrate suggests that the results of
membrane adhesion tend to be similar to those occurring in the case
of flat substrates as the surface wavelength of the substrate increases,
regardless of amplitude. This is because the membrane’s characteristic
lateral length is much smaller than the radius of substrate surface cur-
vature at large wavelengths. It is also found that increased bond stiff-
ness would promote cluster development of receptor–ligand bonds
due to synergistic interactions among molecular bonds.

Membrane adhesion plays an essential role in many biological
processes. Indeed, membrane–substrate interaction is a complex bio-
physical process and involves a variety of essential factors, such as
receptor–ligand binding, nonspecific potential,22 membrane fluctua-
tion,33 substrate topography16 as well as biomechanics of receptor–
ligand bonds.23,34–36 However, how these factors are properly
accounted for, combined, and eventually formed into an effective com-
putational model will be crucial. Exploring the potential biophysical
mechanism behind this complex interrelationship provides a funda-
mental understanding of membrane adhesion in biological systems. A
recent study computationally elucidated the interplay between fluctu-
ating membranes and corrugated or egg-carton shaped substrate via
the binding of rigid adhesive binders.20 It is found that increasing the
profile height of the substrate would significantly reduce the effective
binding affinity of adhesive binders, indicating that the substrate
topography appropriately suppresses membrane adhesion. This is
because the binding energy of adhesive binders cannot substantially
drive the large membrane deformation to match the substrate topogra-
phy with local high curvature. For the effect of membrane lipids, it is
further identified that the substrate topography has the potential to
enhance the condensation of receptors associated with lipid nanodo-
mains.21 Although these findings contribute to improving the under-
standing of membrane adhesion, it is necessary to explore how the
fluctuating membrane responds to the substrate topography in a more
realistic scenario where both the nonspecific interaction and the biome-
chanics of the molecular bonds (e.g., the rest length and the stiffness)
are inherently linked to the membrane adhesion system. A recently
developed Kinetic Monte Carlo scheme,27 with higher computational
efficiency than the previous Monte Carlo method,20,21 is used to compu-
tationally investigate how the membrane adhesion responds to the

substrate morphology at the molecular bond level. In contrast to the
results as predicted in the previous work,20 we find the curved substrates
regulating membrane adhesion in a bond length dependent manner
rather than always inhibiting the formation of molecular bonds.
Moreover, it is examined that the nonspecific interaction and biome-
chanics of adhesive binders are crucial for the substrate topography reg-
ulating membrane adhesion mediated by receptor–ligand bonds. These
findings provide biophysical insight into the mechanism of substrate
topography as a physical cue guiding membrane adhesion by coupling
the nonspecific interaction and biomechanics of adhesive binders.

See the supplementary material for details on the calculation of
the probability distribution of membrane height, the kinetic Monte
Carlo method for membrane–substrate interaction, and additional
results of the membrane–substrate system profile for different sub-
strate topographies at initial non-bonding stages.
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