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ABSTRACT: We study the indentation of a free-standing lipid
membrane suspended over a nanopore on a hydrophobic substrate
by means of molecular dynamics simulations. We find that in the
course of indentation the membrane bends at the point of contact and
the fringes of the membrane glide downward intermittently along the
pore edges and stop gliding when the fringes reach the edge bottoms.
The bending continues afterward, and the large strain eventually
induces a phase transition in the membrane, transformed from a
bilayered structure to an interdigitated structure. The membrane is
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finally ruptured when the indentation goes deep enough. Several local physical quantities in the pore regions are calculated, which
include the tilt angle of lipid molecules, the nematic order, the included angle, and the distance between neighboring lipids. The
variations of these quantities reveal many detailed, not-yet-specified local structural transitions of lipid molecules under indentation.
The force—indentation curve is also studied and discussed. The results make a connection between the microscopic structure and
the macroscopic properties and provide deep insight into the understanding of the stability of a lipid membrane spanning over

nanopore.

I. INTRODUCTION

Lipid molecules are one of the fundamental components in
cells. They can aggregate and form cell membranes, which are a
prototype of self-assembly systems found in nature."” A lipid
molecule is generally composed of a hydrophilic headgroup and
one or two hydrophobic tails. The assembly of lipid molecules
into a two-layered planar structure, with the lipid tails pointing
inward toward the bilayer and the headgroups pointing outward
in contact with the watery environment, forms an impenetrable
barrier to ions and molecules to maintain unique chemical and
physiological environments from the two sides of the bilayer.

During the past few decades, the characteristics of lipid
bilayers have been widely studied, such as the features of different
phases,> ® membrane fusion,” ® and phase transitions.'’”"*
Temperature usually has a strong effect on the arrangement of
lipid molecules and the structure of lipid bilayers. (See, for
example, ref 15 for an experimental review and ref 16 for a
simulation study.) At high temperature, lipid molecules form a
liquid-crystalline phase L, with the tails of the molecule dis-
tributing inside the membrane in a disorderly way. This phase is
characterized by a small membrane thickness, a large surface area
per lipid, and a high lipid molecule mobility. At low temperature,
lipid molecules exhibit a gel phase Lg, which is a two-layered
structure. Depending on the chemical structure of lipids, the gel
phase can be categorized to be nontilted or tilted. In a nontilted
gel phase, the tails of the lipid molecules are perpendicular to the
surface of the bilayer whereas the tails in a tilted gel phase are
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oblique. Moreover, for some lipid molecules, the interdigitation
of a gel phase is observed. The interdigitated gel phase, denoted
by Lgy, is a phase in which the tails of the lipid molecules in the
two leaflets of the bilayer interpenetrate, resultin§ in an extension
of the lateral dimension of the membrane.'” This phase is
distinguished by a small membrane thickness, a very large area
per lipid, and high ordering.

Recently, lipid membranes have been integrated into the
applications of microelectro-mechanical systems (MEMS)."”~*
Because lipid molecules are the basic materials of cell membranes,
they are ideal for serving as a platform in biological research to
investigate, for example, the functions of membrane proteins.
Conventionally, a lipid membrane in the study is spread over the
surface of a planar substrate. It is called a solid-supported lipid
membrane.”®** Solid-supported lipid membranes are very stable
and homogeneous.”® However, the presence of the supporting
substrate introduces an additional surface effect into the system
and the compartment space below the membrane does not exist
anymore. Hence, it restricts the possibility to investigate the
properties of lipid membranes under many physiological condi-
tions such as the functions of membrane proteins in the transpor-
tation of matter, the mechanism of ion flux through a membrane,
and so on.*
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To overcome these problems, free-standing membranes have
been proposed in some applications.*" ~* In this method, lipid
membranes are suspended over pores and hence the space is
divided into upper and lower compartments, similar to the one
divided by a real cell membrane. It provides a controllable
platform for investigating membrane proteins under circum-
stances close to their native environments, without the super-
fluous surface effect coming from the solid-supported sub-
strate.

Since 2000, different kinds of free-standing lipid membrane
systems have been developed for a variety of studies. Hennesthal
and Steinem have applied scanning force microscopy to study
the structure of lipid membranes supported by a porous hydro-
philic alumina substrate.’’ In their study, the pores were
nonpierced cavities on an alumina substrate so that lipid
membranes suspended on such pores can be investigated
only from the top side. Because the substrate is hydrophilic,
the free-standing membranes were entirely supported above
the pores instead of spanning over them, which made the
applications more restricted in comparison with pore-spanning
cases.”*

The pore-spanning lipid membranes are formed on open
hydrophobic pores. Recently, researchers have used them to
study embedded membrane proteins. For example, Simon et al.
have fabricated arrays of pores on a synthetic silicon layer and
formed a biomimetic lipid membrane spanning over the pores for
the study of indentation by atomic force microscopy (AFM).*°
They found that the lipid membranes on small pores are more
stable over time than on large pores. Moreover, under mechan-
ical stress, the lipid membranes retain an elastic behavior when
suspended on small pores, whereas they are irreversibly de-
formed when suspended on large pores. Gongalves et al. have
reported a 10% area expansion of lipid membranes spanning a
150-nm-diameter pore and a 3 nN yield force when rupture
occurs by AFM indentation.>® They discussed how to use this
two-compartment membrane system to study the conforma-
tional changes in membrane proteins drawn by gradients, cargo
transports, and external forces.

Although the free-standing lipid systems have shown great
promise in biological research, there are still many difficulties in
maintaining the stability of such systems: the suspended lipid
membrane is easily broken by the action of an external force or by
small environmental perturbations such as temperature fluctua-
tions, substrate vibrations, and so on. Therefore, one crucial
problem in applying the platform systems successfully is to
increase the stability of the membrane system. To achieve this
goal, a thorough knowledge on the mechanical properties of a
lipid membrane under bending and stretching is necessary,
especially on the molecular scale.

A series of early experiments regarding the mechanical proper-
ties of lipid membranes have been conducted since 1981.>°~*
Evans et al. used a micropipet to study the mechanical properties
of a giant vesicle under tension. They found that an abrupt
rupture happens when the tension reaches a critical value, and the
critical value increases significantly when the loading rate of the
tension is high.>”*' Following the experimental studies, simula-
tions have also been performed to study these topics.*** Neder
et al. have employed Monte Carlo simulations to study the
conformational transitions of lipid membranes under surface
tension at various temperatures in bulk solutions.** They found
that tension can induce the interdigitation of a lipid bilayer.
This discovery is important in understanding the microscopic

properties of lipid membranes, which are generally hard to obtain
from experiments. Moreover, the mechanical properties of lipid
membrane have also been studied by probe indentation. Steinem
et al. have systematically studied the indentation of lipid mem-
branes suspended on pores under various conditions by changing
the e of lipid molecules, pore size, AFM tips, and so
on.>"5% They found that the force—indentation curve is
governed by the lateral tension (called the prestress effect) when
a membrane is suspended on a hydrophobic substrate, which
leads to linear behavior. However, the force—indentation curve is
dominated by bending and stretching stresses when it is
suspended on a hydrophilic substrate, which may contribute to
nonlinear behavior.

Despite many efforts, the mechanism that causes the rupture
of a suspended lipid membrane under tension is still not clear at
the current stage. The lack of information about the internal
structure of the membrane systems leads to many open ques-
tions. For example, how does the rim of a nanopore interact with
lipid molecules when the membrane spans it? Does the internal
structure of the membrane, in addition to the external structure,
change with indentation by an AFM tip? Insight from a molecular
perspective is important in revealing the mechanism and answer-
ing these questions.

In this study, we employ nonequilibrium molecular dynamics
(MD) simulation to investigate the phenomena of lipid mem-
branes under indentation. The research topics include both the
transition of the local arrangement of lipid molecules and the
study of the membrane morphology. Several structural and
mechanical properties are studied. Recently, Chandross et al.
have performed molecular dynamics simulations to study the
nanotribological properties of a self-assembled monolayer
(SAMs) on amorphous silica during an indentation process.*”**
They investigated the dependence of the normal and friction
forces on several factors, including the tip size, chain length, and
binding interaction. Wallace and Sansom have performed steered
MD simulations to study a block of carbon nanotubes (CNTs)
penetrating a lipid bilayer in bulk solutions.*’ Their study
provided useful information concerning the insertion of a hard
tubule through a lipid membrane. However, in their work, the
effect due to the supporting substrates and the possible rupture
mechanism are not discussed. To the best of our knowledge, this
is the first time that the mechanical properties of a lipid
membrane suspended on a nanopore have been studied by
simulations and tested by an indenting probe.

The remainder of the article is organized as follow. In section
11, the simulation model and setup are described. The results are
presented and discussed in section III. We first present test runs
to verify the validity of the setting of our simulation model (in
section III.A). We then present the shape and an overview of a
lipid membrane under indentation (in section IIL.B). The con-
formational transition of the lipid membrane and other related
internal properties are studied in section IILC. The force—
indentation curves are calculated in section IILD. The conclu-
sions are given in section IV.

Il. SSIMULATION MODEL AND SETUP

Our system consists of lipid molecules, solvent molecules, and
a hydrophobic thin supporting substrate. A pore of nanometer
size is opened through the substrate, and the lipid molecules
are spread across the pore, from the top and bottom sides of
the substrate. Because of the hydrophobic interaction, the lipid
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Figure 1. Schematic diagram of a lipid model. The red beads represent
the lipid headgroup. The yellow beads represent the lipid tails. The
values of 0 are indicated in the diagram.

molecules self-assemble into a bilayered structure, spanning and
suspending over the pore. Outside the pore region, the two lipid
monolayers sandwich the substrate. The mechanical properties
of this pore-spanning lipid bilayer are then studied by indentation
with a tip from the top middle of the pore to imitate a real
experimental probing, for example, by AFM.

Simulating such a system by all-atom model simulations in
which the details of the composed atoms are included and every
condition of the experiments is respected is nearly impossible
because the model contains an enormous number of atoms,
which generally requires lots of computing resources and exceeds
the power of most of today’s computers to handle it. To over-
come this difficulty, a coarse-grained approach, which groups
certain atoms into new interaction units, is used in this study.
Moreover, a quasi-2D method is employed in which only a thin
slice of the pore-spanning lipid bilayer is simulated. The thin slice
models the lipid system transected through the center of the
pore. The thickness of the slice is chosen to give lipid molecules
degrees of freedom to move, even in the direction of the
thickness. A periodic boundary condition is applied in the x, y,
and z directions to span the modeling system to a 3D case. The
above two approaches significantly reduce the number of inter-
action sites of the system, and the simulations become feasible by
today’s computing power. The detailed setup of the system is
described in the following text.

Il.A. Lipid Molecule. In the coarse-grained model, neighbor-
ing atoms in a lipid molecule are grouped into new units,
represented by beads, in a way that maintains the fundamental
structure of a lipid, as shown in Figure 1.

A lipid molecule is modeled as a bead—spring double-tailed
molecule. The head of the lipid molecule is composed of three
hydrophilic beads, and each tail of the lipid is composed of six
hydrophobic beads. All bead pairs interact through truncated and
shifted Lennard-Jones (1]) potentials

. up(r) —uylre), r =r.

tﬁww={J”oJQ)wa W
where r is the distance between two beads and ug(r) =
4e[(a/r)"* — (o/r)°]. 1 parameters 0 and ¢ denote the bead

diameter and the strength of interaction, respectively. We assume
that 0 and ¢ are identical for all pairs of beads. For tail—tail bead
interactions, the cutoff r. is chosen to be 2.50, which includes
the attractive interaction of the L] potential. On the contrast,
for head—head and head—tail pairs of interactions, r. is set to
(2)"0; in this case, the L] potential is purely repulsive. This
setup models the amphiphilicity of a lipid molecule. The reason
that we do not include the attractive interaction in the head—
head pair interaction is to avoid the unphysical wrinkling
occurring on the surface of the lipid membrane because of
the use of the phantom solvent model described below."" The
beads in the lipid molecule are connected and form the chemical
structure shown in Figure 1. The bead—bead connection is
modeled by the finitely extensible nonlinear elastic potential

Ubond(b) = —%kbmax2 In [1 - <bb> 2] (2)

max

where b is the bond length, b,,,,, = 1.50 is the maximum bond
length, and k = 30e/0” is the spring constant. This choice of
parameters can avoid unlimited bond extension and crossing.
Bond angle potentials are incorporated into the model through a
harmonic form

Uangle(e) - ka(e - 60)2 (3)

where 0 is the angle between two adjacent bonds and k, = 2¢/
rad” is the bending constant. There are three 6, values in our lipid
model: 6, = 120° for bead triplet 1—2—3, 6, = 105° for bead
triplets 2—3—4 and 1—-2—10, and 0, = 180° for the other triplets
in the tails, followed by the bead labeling in Figure 1. Each bead in
our coarse-grained model represents a group of chemical atoms.
A sketch of the coarse-graining mapping can be found in ref 50.
Moreover, the choice of these parameters generates a persistence
of about 20 for the tail chains, which corresponds to that in a
typical DPPC or DMPC lipid molecule.'® A similar model has
been used to study the properties of bilayer membranes' and the
fusion between two liposomes.

I.B. Solvent Molecule. The solvent environment is simulated
by explicit solvent beads. A bead represents one cluster of three
water molecules.'® To avoid the immaterial problem of solvent
structure and reduce the simulation time,*" the phantom solvent
model is employed in this study.*'" The computation time is
largely saved through working with this model. In this model, the
solvent beads do not interact with each other but interact with
other beads in the simulation box, including the head and the tail
beads of the lipid molecules, the beads that constitute the
substrate and the indenting probe, via the purely repulsive L]
potential given in eq 1 with r. = (2)"/°0. Note that the model
does not allow momentum transfer between solvent molecules.**
The hydrodynamic effect is hence not properly considered.
Nonetheless, recent studies have shown that some hydrody-
namic characteristics, especially the conservation of momentum,
are very important in the simulations of membrane structure to
produce the undulations of lipid membranes correctly.'**® Our
solvent model holds this crucial characteristic well. The same
models have been successfully used in many simulations to study
the phase and structural transitions of lipid membranes under
tension.®"** Of course, hydrodynamics could bring about some
unexpected effects to the system, which can be justified only
when it is implemented appropriately. Recent developments
have allowed the hydrodynamics to be effectively simulated,
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(a)

Figure 2. (a) Initial configuration. (b) Snapshots of the system before
indentation. The red and yellow beads represent the headgroups and the
tails of the lipid molecules, respectively. The green beads constitute the
pore substrate, and the black ones, the hemisphere probe. The solvent
beads in the picture are not shown for clarity. The lipid molecules are
initially placed into two layers that finally sandwich the substrate across
the pore when the system is equilibrated. The pore is divided into 15
regions, as indicated in b. In section III, we will study the local structure
of a lipid membrane in these regions.

for example, by dissipative particle dynamics®>** or by multi-

particle collision (MPC) dynamics.**>® In particular, the MPC
dynamics differ in our simulations by additional collision steps,
after streaming steps, which permit the momentum transfer
between solvents. However, these collision steps require more
computing efforts. Because our resources are limited, we will
not use MPC dynamics in this study. Regarding the fact that
momentum conservation is held in our model, we do not expect
significant changes in our results if MPC dynamics is imple-
mented.

Il.C. Substrate and Probe. The substrate and the probe
consist of beads. The beads form a simple internal cubic lattice
structure, with a lattice constant equal to 10. In our quasi-2D
model, the nanopore is represented by two rectangular blocks of
substrates located separately on the left- and right-hand sides of
the simulation box (See the initial configuration in Figure 2a.)
The distance between the inner edges of the two blocks is the
diameter of the pore and is set to 800. The thickness of the
substrate is 200, and the width of each block is 300. We consider
the case in which the substrate surface is hydrophobic. The
substrate beads interact with the lipid tail beads through the
attractive version of eq 1 with r. = 2.50. They interact repulsively
with the other beads. The probe is shaped as a hemispherical
body, and the radius of the hemisphere is 150. It is used in the
study of indentation. The probe beads interact repulsively with
other kinds of beads. In a real case, there can be adhesion
between the probe and the lipid and solvent molecules.*
There is also the _Proposal that solvent extrusion can give rise to
extra attraction.”” The hydrophobic or hydrophilic character of
the probe has been shown to affect the details of the membranes
under indentation or intrusion.**”***® Nonetheless, in this
study, we pay more attention on the pure response of the lipid

Table 1. Summary of Interactions among Lipid Head Beads,
Lipid Tail Beads, Solvent Beads, Substrate Beads, and Probe
Beads”

bead—bead head tail solvent substrate probe
head R R R R R
tail R A R A R
solvent R R X R R
substrate R A R X R
probe R R R R X

“The notation R means a repulsive interaction given by eq 1 with r. =
(2)1/ 0. The notation A means an attractive interaction given by eq 1
with r. = 2.50. X means no interaction.

membranes to the indenting force. The attractive force with the
probe is ignored. Therefore, no adhesion between the probe and
lipid membranes and solvent is considered.

A summary of the interactions among different types of beads
used in this simulation can be found in Table 1.

We place 570 lipid molecules and 27 530 solvent beads in a
simulation box of size 1400 X 60 X 500. The smallest side of the
simulation box (in the y direction) allows three lipid molecules to
fit in, side by side. Because the periodic boundary condition is
applied, our quasi-2D model simulates a system with infinite
replicas. Therefore, the 3D effect has been largely taken into
account. The density of the solvent corresponds to the water
density under ambient conditions. The simulations are per-
formed in the NVT ensemble using the Nosé—Hoover thermo-
stat.>**” The equations of motion are solved with the Verlet
integrator using simulation package LAMMPS.*® The integra-
tion time step At is 0.0057, where 7 = o(m/e)"? is the time unit
and m is the mass of a bead. The temperature T is set to 0.9¢/kg,
except in section IILA in which T is varied to study the phase
behavior, where kg is the Boltzmann constant. Initially, the lipid
molecules are positioned into two layers with the lipid tails
pointing inward, forming a joint in the middle of the pore as
shown in Figure 2a. After about 10" MD equilibration steps, the
lipid molecules form a bilayered structure that is suspended
across the pore. We will show in section IILA that the lipid
membrane is in the gel phase at this temperature. In the study
of indentation, the probe is placed in the solvent region where
the solvent beads have been removed. The initial position of the
probe is at the center, 100 above the middle plane of the pore
(Figure 2b).

After equilibration, the probe moves downward at a speed of
0.001(0/7). The indentation process runs for 10" MD steps. In
the final stage of the process, the probe pierces the membrane.
Five independent runs were performed in this study to obtain an
average and a check of the consistence. The simulations were run
on ahomemade PC cluster. A typical indentation run takes about
400 h of CPU time. In our model, 0 and T correspond to a real
length of about 046 nm and a time of 2.1 ps, respectively.
Therefore, we simulate a membrane suspended on a 37-nm-
diameter nanopore. Here, the speed of indentation is very large,
several orders of magnitude faster than the typical speed used in
experiments. This is a typical problem encountered in steered
MD simulations because of the limitations of today’s computing
power.*”** Despite the fast indentation rate used here, the
response of the lipid membrane in our study exhibits elastic
behavior similar to what has been observed in experiments with a
low rate.** Therefore, our simulations can qualitatively capture
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Figure 3. (a) Membrane thickness D, (b) area per lipid 4, and (c)
nematic order parameter 7 as a function of temperature T. The results
for the system with 330 lipid molecules and that with 270 lipid molecules
are plotted in red and blue curves, respectively.

the properties of a real system. For the first simulation study of
the indentation of the system, we concentrate on the generic
behavior and phenomena revealed at the molecular level by the
indentation.®’ To shorten the notation, in the following text all of
the physical quantities will be reported in a reduced unit system
in which the length unit is 0 and the energy unit s €. For example,
the strength of the force is reported in units of £/0.

Ill. RESULTS AND DISCUSSION

lllLA. Phase Transition of a Lipid Membrane in Bulk Solu-
tions. Before entering into the main topics of study in the
indentation of a suspended lipid membrane, we study first the
phase behavior of lipid membranes in bulk solutions in order to
justify the setting of our model.

The systems were run in an isothermal—isobaric ensemble
using a Nosé—Hoover barostat with a pressure setting of 1 0.5
The initial size of the simulation box was chosen to be 100 X 6 X
40. Because the dimension in the y direction is very small
compared to those in the x and z directions, the system can be
regarded as a quasi-2D system. Lipid molecules were initially
positioned at the lattice points of a two-layered hexagonal lattice
with the headgroup of the lipids pointing outward. Two systems
consisting of different numbers of lipid molecules, 270 and 330
lipids, were simulated. Solvent beads (9000) were added to the
two systems. Each system was run at several temperature points
ranging from 0.8 to 1.15. It took about 10 simulation steps to get
the systems equilibrated.

After equilibration, we collected data for the following 2 x 10
steps to calculate the membrane thickness, area per lipid, and
nematic order parameter to study the structure and the phase of
the lipid bilayer. The membrane thickness is defined to be the
average vertical distance between the surfaces of the first tail
beads in the upper and lower leaflets of the bilayer. The first tail
beads are labeled as 4 and 10, as shown in Figure 1. The area per
lipid is calculated by dividing twice the cross section of the system
in the xy plane by the number of lipid molecules. The tensor of
nematic order in a studied region of space is calculated by

13

Saﬁ 2N n71(3/na/nﬁ - 6aﬂ)

where the sum runs over all of the Nj lipid molecules in the
region, /,, and /,g are, respectively, the a and p components
of direction vector / , of the nth lipid molecule, & and f3 stand
for the vector components (x, y, or z) in Cartesian coordlnates,
and 5%3 is the Kronecker delta.®> The dlrectlon vector / , is
calculated by averaging the two tail vectors 7or4 and 715719, in
Figure 1, of a lipid molecule. The tensor was calculated from
simulations, and three eigenvalues of the tensor were computed
The largest eigenvalue is called the nematic order parameter.""
The largest possible value of the nematic order parameter is
1, which results from a perfect arrangement of the direction
vectors pointing parallel to each other. The value 0 is derived
from a complete randomization of the vectors.”> The results
for the membrane thickness D, the area per lipid A, and the
nematic order parameter # versus temperature T are shown in
Figure 3a—c, respectively. Red curves are the results obtained
from the system of 330 lipid molecules, and blue curves illustrate
the system of 270 lipids.

We can see that the lipid membrane system exhibits, in turn,
three phases at increasing temperature. When the temperature is
less than 1.0, the lipid membrane shows bilayer structure with a
thickness of around 90 and an area per lipid of around 2.50°. The
nematic order parameter is about 0.9, which is close to 1, showing
the good alignment of the lipid molecules. The system is hence in
a gel phase. With T rising to over 1.0, a drastic decrease happens
in the thickness whereas the nematic order parameter is still high.
It indicates the formation of the interdigitated gel phase, char-
acterized by a small thickness of about 5.50 and a large area per
lipid of 4.250%. Between the gel phase and interdigitated gel
phase, a two-phase coexistence was observed. In this region, the
membranes are partially in the gel phase and partially in the
interdigitated phase. When T is larger than 1.0S, the state of the
liquid-crystalline phase was observed. In this phase, the lipid
membrane has a thickness of about 6.50 and an area per lipid of
3.750”. The thickness is greater than that in the interdigitated gel
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Figure 4. Snapshots of membrane in (a) the gel phase (T = 0.9), (b)
two-phase coexistence (T = 0.975), (c) the interdigitated gel phase (T =
1.025), and (d) the liquid-crystalline phase (T = 1.1). The representa-
tion of the picture is the same as described in the caption of Figure 2.

phase, but the area per lipid is smaller. More importantly, a small
nematic order of around 0.4 is observed, showing that the tails of
the lipid molecules are arranged in a very random way inside the
bilayer structure. The area per lipid obtained in our simulations
corresponds to real values of 53, 90, and 79 A% in the gel, the
interdigitated gel, and the liquid-crystalline phase, respectively.
The results are in agreement with experimental findings®*** and
simulations. "’

To give readers a clear picture, we present in Figure 4 snap-
shots of a membrane in the gel phase, the two-phase coexistence,
the interdigitated gel phase, and the liquid-crystalline phase. We
can see clearly that a bilayered membrane changes its structure to
the interdigitated gel state and then to the disordered liquid state
as the temperature increases.

In the gel phase, we also observed that the lipid molecules have
a tilting-angle preference. This is essentially due to the large
asymmetric headgroup in our lipid model. The lipid molecules,

15 — T T T T T T T
10 substrate

oF iy ot 8 L g
% g —l—_ g r.]
{ = T 9, ;SO

Figure S. z,,(x) at different simulation moments for each 1 M time step.

commonly used in experiments such as DPPC and DMPC, do
show this tilting tendency in the gel phase at low temperature.
The tilted gel phase plays an important role in the determination
of the bending mechanism of a suspended lipid bilayer, as we will
show in section IIL.C.1. The tilt angle obtained here is 26 + 7°
with respect to the membrane normal, which agrees fairly well
with experiments®® and simulations.'> We have tested the tilting
angle dependence on the balance between head-bead repulsion
and tail-bead attraction by varying the head-bead repulsion
strength from 0.1¢ to S¢ and have found that the tilt angle
increases insignificantly from 23 to 27°. This is because the
structure is mainly determined by the balance between the size of
the lipid headgroup and the tails. To be a general model, we
simply set the strength ratio for the head-bead repulsion and tail-
bead attraction to be 1:1. This setup is also similar to the setup
used by other simulation groups.”'>*"**

The phase behaviors shown here are consistent with those
found in real experiments®*®® and other simulations.’ The model
also vitally captures the titling-angle feature of lipid molecules in
membranes. These characteristics support the validity of our
simulation model. However, we stress that the aim of this work is
to provide a general understanding of the behavior and mechan-
ism of a membrane system under indentation through a simple
coarse-grained model. Pursuing quantitative agreement for every
physical quantity is not our goal and is also impossible.

lll.B. Global Structure of Suspended Lipid Membrane
under Indentation. We now go back to the main topic: studying
the indentation of a lipid membrane suspended across a nano-
pore. The temperature T is fixed at 0.9, where the system is in a
gel phase. Under indentation, the shape of the membrane
deforms and varies with time. To understand this deformation,
we calculated the z coordinate of the middle line of the
membrane sheet at every point in the pore. This quantity is
denoted by z,,(x), where « is the position across the pore region.
The results at different simulation moments are presented in
Figure 5. Each curve displays the membrane shape at a specific time.

We observed that the shape function z,(x) is not exactly a
horizontal line before the indenting probe contacts the mem-
brane. It inclines toward one side of the pore. This inclination
occurs because the constituted lipid molecules are not perpendi-
cular to the bilayer when the bilayer is formed. In this situation,
the forces exerted on the lipid molecules by the attraction of the
pore edges from the two sides shear the membrane in the vertical
direction, resulting in an inclined membrane as shown in the
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Figure 6. Time evolution of z,(x) at left and right fringes of the
membrane, plotted in blue and green, respectively. The right fringe stops
gliding at around time step 4.0M, and the left one, at around S5.1M.

snapshot of Figure 2b. As time passes, the probe descends. Once
it touches the membrane, the membrane starts to deform. The
process takes place in two ways: bending and downward gliding.
Bending occurs in the middle of the membrane, where the probe
makes contact with it. Gliding occurs at the two edges of the pore
where the membrane moves downward with time. Simulation
time step 0.8M to S.1M (M stands for one million) in Figure 5
refers to this process. Gliding stops when z,,(x) approaches the
bottom edge of the pore. Because of the inclination, the right
fringe of the membrane stops gliding at time step 4.0M, earlier
than does the left fringe.

We plot in Figure 6 the time evolutions of z,,(x) at the left and
right fringes of the membrane. We saw that the two curves exhibit
a step-by-step descending behavior, particularly for the left fringe,
which shows that the gliding of the membrane happens inter-
mittently, dropping down suddenly at specific points. Although
the probe keeps pushing the membrane downward, the fringes of
the lipid membrane remain fixed at a certain position until the
stored stress is large enough to overcome the threshold value,
which is the maximum frictional force required for the lipid
molecules to glide on the pore edge. Mey et al. have reported a
similar stairlike descending behavior in the force indentation
curves in their experiments.34

When the two sides of the membrane both reach the bottoms
of the pore edges, the membrane stops gliding. The only way to
proceed is via bending. (See time steps 5.1M to 7.5M.) The strain
increases with time, and the membrane becomes more and more
arched. When the indentation becomes deep enough, an abrupt
rupture takes place because the strain exceeds the mechanical
threshold of the membrane and the membrane is cut into two
pieces (Refer to time step 7.SM.) We present snapshots of the
time evolution of the membrane in Figure 7. These pictures, from
top to bottom, show three stages of shape variation for the
suspended membrane under indentation: (I) gliding and bend-
ing, (II) purely bending, and (III) rupture.

lll.C. Internal Structure of a Suspended Membrane under
Indentation. After having studied the global structural change of
the lipid membrane under indentation, we now go inside the
membrane and investigate its internal structural change and the
local organization of the constituent lipid molecules. We divided
the pore into 15 regions along the x direction, as indicated in
Figure 2b. Regions 1 and 15 are the two fringe regions where the
membrane is in contact with the pore edges; region 8 is the

(a)

(®)

(©)

d

(e)

®

&)

Figure 7. Snapshots of the membrane system under indentation at
several timesteps: (a) 1M, (b) 4M, (c) 5.5M, (d) 6M, (e) 7M, (f) 7.5M,
and (g) 9M. The representation of the picture is the same as described in
the caption of Figure 2.

middle region where the probe indents the membrane. We
calculate the following structural quantities.

lIL.C.1. Tilt Angle of a Lipid Molecule. The tilt angle 6 of a lipid
molecule is defined to be the acute angle between the lipid
direction vector L and the z axis. The z axis is perpendicular to
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Figure 8. Time evolution of the tilt angle € of lipid molecules in
different pore regions.

the pore—substrate plane in this study. The moving direction of
the indenting probe is downward, following the —Zz direction.
How the tilt angle changes with indentation in different pore
regions is plotted in Figure 8.

We observed that before the indenting probe touches the
membrane the tilt angle of the lipid molecules is about 45° in the
internal regions of the membrane (from region 2 to 14), with an
angle fluctuation of about 10°. This tilt angle is slightly larger
than that in bulk solutions (~35°) obtained by experiments®®
and simulations."* It is known that our membrane is subjected to
a lateral tension due to the attractive force of the substrate, which
pulls the membrane outward from the two pore edges. It renders
a lying-down effect on the lipid molecules, in contrast to the
membrane in a bulk solution. The lipid molecules thus acquire a
larger tilt angle to balance this extra tension. However, in regions
1 and 15, 0 is 10 and 27°, respectively. The hydrophobicity of
the substrate attracts the lipid tails, which renders the lipid
molecules lying parallel to the wall edges of the pore, resulting
in a small value of 6. In the course of the indentation,
asymmetric behavior in the angular variation with time was
observed: the tilt angle decreases against the indentation for the
left regions of the lipid membrane (from region 1 to 6) but
increases for the right regions (from region 9 to 15). The
physics can be understood as follows. Because of the unique
tilting direction of the lipid molecules, the left part of
the suspended membrane suffers a shearing strain by the probe
indentation, which shears the membrane along the lipid direc-
tion. The lipid molecules thus rotate clockwise, leading to a
decrease in 0. In contrast, the right part of the membrane suffers
a bending strain, which bends the membrane in a similar way to
extending an accordion’s bellows left downward. Hence, the
lipid molecules in this part rotate counterclockwise, and
0 increases. In the middle regions of the membrane (regions
7 and 8), the lipid molecules tend to maintain their tilt angles
against the indentation. Nonetheless, the angle shows an abrupt
change, starting at some point in the purely bending stage. We
will explain this phenomenon later.

0 in the two fringe regions, regions 1 and 15, does not show a
significant change in the gliding-and-bending stage. Membrane
gliding can decrease the stress of the indentation and hence
reduce the deformation. This effect is important in the main-
tenance of the stability of the lipid membrane, particularly in the
early stage of indentation, to avoid rupture due to large stress and
strain.

Figure 9. Time evolution of the nematic order parameter 7 in different
pore regions.

We remark that many membrane systems comprise lipid
molecules with a tilting angle.16’66768 Our simulations predict
an interesting asymmetrical local structural change upon inden-
tation for such systems. There are also membranes that are made
of nontitled lipid molecules.'>"® For these systems, the response
to the indentation is expected to be different. It is worth being
investigated in the future.

lIl.C.2. Nematic Order Parameter. To understand the degree
of local arrangement of lipid molecules in the suspended
membrane, we calculated the nematic order parameter 7 by
the method described in section IIL.A and studied its variation
with time. The results in different pore regions are presented
Figure 9.

We observed that in the gliding-and-bending stage, 77 takes a
value very close to 1 for all of the regions except the two fringe
regions. It suggests a regular arrangement in the interior of the
membrane in which the lipid molecules tend to align parallel to
each other. For the lipids in the fringe regions, the molecules also
interact with the hydrophobic walls of the pore, which perturbs
the alignment. Consequently, the arrangement is less ordered.
Please notice that 7 in the right fringe, region 15, shows
decreasing behavior, starting at a time step of ~4.0M. This
behavior occurs because the membrane fringe stops gliding when
it arrives at the bottom corner of the pore, and some of the lipid
molecules traverse into the lower surface of the substrate, which
results in a decrease in the ordering. However, the left fringe of
the membrane (region 1) stops gliding at a later moment (at a
time step S.1M). The tilting direction of the lipid molecules on
this side is more parallel to the pore wall, which prevents the
traversing of the lipid molecules into the lower substrate surface.
Therefore, the ordering stays high.

At the purely bending stage of indentation, a drastic change
was observed: the values of 77 in regions 7—9 decrease suddenly
at some moment and return to 1 after a while, exhibiting a
valleylike curve. This drastic change suggests the occurrence of a
structural transition inside the membrane. During the indenta-
tion process, the lipid membrane suffers an increasing bending
strain by the indenting probe. Gaps eventually occur in the
middle of the membrane between the lipid molecules along the x
direction and grow with time. Because the lipid molecules have
more room to fluctuate, the ordering in these regions decreases.
When the gap size is large enough, the interpenetration of the
lipid molecules in the upper leaflet into the lower leaflet becomes
allowed, promoted by the intermolecular interaction. The
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bilayered structure is reassembled into an interdigitated, mono-
layer structure. This interdigitated layer is a highly ordered
structure. Consequently, the order parameter grows back to 1.
The structural transition from a bilayered structure into an
interdigitated monolayer extends the lateral dimension of the
membrane significantly, which indispensably decreases the stress
of indentation and prolongs the lifetime of the membrane against
the final rupture. A similar stress-induced phase transition has
been reported in simulation studies.** Neder et al. found that
lipid membranes in the liquid-crystalline phase and in the ripple
phase can partially or completely transit into an interdigitated
phase under surface tension, but not in the gel phase. In our
simulations, the probe indents the lipid membrane constantly.
The stress can be very large, which leads to the occurrence of
such a phase transition even from a gel phase.

In our study, the purely bending stage can be further divided
into three phases, depending on the internal structure of
membrane: (1) a bilayer phase, (2) a transient phase, and (3)
an interdigitated-layer phase. These three phases occur at
different time points of indentation for different regions of the
membrane. We can see from the snapshots in Figure 7 how these
three phases take place one after another. We observed that the
phase transitions start at region 7 and propagate to neighboring
regions 8 and 9. The three regions are the most stressed regions
on the membrane because they suffer the direct indentation of
the probe there. The propagation of the phase transitions can be
seen in Figure 9, where the value of 77 in regions 7—9 exhibits, in
turn, a valleylike curve. When the bilayered structure transforms
locally into the interdigitated-layer structure, the lipid molecules
inside line up again in a parallel fashion. Moreover, the direction
of the lipid molecules gradually becomes more perpendicular to
the pore, as recorded in Figure 8 where the tilt angle 6 decreases
after the occurrence of the phase transition in the regions. The
calculated value of 6 shows that at the moment before the
rupture of the membrane, the lipid molecules in these central
regions are basically normal to the surface.

The phase transition of the lipid membrane under indentation
has been observed in experiments. Simon et al. found that a part
of the sample of lipid membranes in a nanopore in their
experiments was irreversibly deformed, which can be attributed
to the phase transition found in our simulations.”® Besides,
another experiment performed by Mey et al. also revealed some
features of the phase transition.>* This will be discussed in section
IILD.

IIl.C.3. Included Angle between Neighboring Lipid Molecules.
The occurrence of the phase transition from a bilayered structure
to an interdigitated one can be identified by studying the
included angle between neighboring lipids. Two kinds of in-
cluded angles were calculated. The first one, denoted by ¢, is
obtained by calculating the acute angle between neighboring
lipid molecules without considering their vector directions. The
second one, denoted by ¢, is calculated, on the contrary, by
considering the vector direction of the neighboring molecules.
Therefore, ¢ takes a value ranging from 0 to 180°. Because the
lipid molecules in the upper and lower leaflet of a bilayered
membrane are locally parallel to each other, the value of ¢
is expected to be 0°. For an interdigitated membrane, the
neighboring lipids are antiparallel and hence the value of ¢
should be 180°. However, we expect that ¢ takes a value of
0° in both cases. The mean values of ¢ and ¢ as a function of
time in different pore regions are presented in Figure 10a,b,
respectively.
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Figure 10. Time evolution of included angles (a) ¢ and (b) ¢ between
neighboring lipid molecules in different pore regions.

We can see that ¢ is a constant at the gliding-and-bending
stage of indentation in each pore region. It begins to increase
when the indentation enters into the purely bending stage. This
increase starts in the middle regions of the membrane and
propagates gradually toward the edge regions. As we have seen
in the previous subsection, the strain due to the indentation can
become very large and eventually trigger a structural transition
inside the membrane to reduce the strain. What we can see in
Figure 10a is that ¢ in the middle regions shows an abrupt
increase and decrease in the purely bending stage. These abrupt
changes correspond to the same moments when the tilt angle 0
(in Figure 8) starts to decrease.

The value of ¢ in regions 7—9 also rises suddenly at the same
time (Figure 10b). It then maintains a value between about 70
and 90° whereas ¢ drops back to a small value of about 5°. This
information, together with that obtained in the calculation of the
ordering parameter (17 &~ 1) in Figure 9, shows the internal
structural change from an ordered (bilayer) structure to another
ordered (interdigital) structure under the indentation. One
question has to be answered: Why is the value of ¢ not 180°
after the transition, as we expect? The reason is that in our quasi-
2D system the suspended membrane suffers tensional strain only
in the x direction (across the pore) but not in the y direction. As
the probe goes down, the indenting tension causes an increase in
the separation distance of the neighboring lipid molecules in the
x direction. The increase in the distance eventually allows the
docking of the upper leaflet of the bilayered membrane into the
lower leaflets. The interdigitated structure is therefore formed
along the x direction but not along the y direction. Therefore, a
lipid molecule has only about half of its neighbors parallel to it
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Figure 11. Time evolution of the same-direction percentage p in
different pore regions.

and half of them antiparallel. To confirm this picture, we
calculated the percentage p of the neighboring lipids parallel to
a surrounding lipid molecule. The results are shown in Figure 11.

We found that p is a constant and very close to 100% at the
beginning. It agrees with the results of small values of ¢ and ¢. At
the moment when the structural phase transition takes place
(where ¢ and ¢ drastically increase), p decreases quickly, down
to a value of about 60%, and is maintained at this value before the
rupture of the membrane. The result clearly shows that the
neighboring lipid molecules are partially parallel and partially
antiparallel to the surrounded lipid, as we depicted. Because only
about 40% of the neighboring lipids are antiparallel, the included
angle ¢ is estimated to take a value of 0° X 60% + 180° X 40% =
72°, which is consistent with the result shown in Figure 10b.

It is worth noticing that in a real 3D system a suspended lipid
membrane can suffer lateral tension from the pore rim in both the
x and y directions. Consequently, the interdigitating of the lipid
molecules could happen in the two directions upon indentation
and propagate outward from the indented center. The above
studied quantities are thus expected to show a pattern depending
on the tilting direction of the lipid molecules. This interesting
phenomenon can be studied only when a true 3D model of the
membranes spanning over pores is used. It deserves further
investigation in the future.

ll.C4. Distance between Neighboring Lipids. During the inden-
tation process, the membrane is bent in the middle and the tensional
force causes the extension of the lateral dimension of the membrane.
As discussed in the previous subsections, this extension enlarges the
separation distance between neighboring lipids, which plays an
important role in the determination of the internal structure of the
membrane. To understand this effect quantitatively, we investigated
here the separation distance between neighboring lipids. The
distance is defined to be the mean distance between the centers
of mass (CM) of two neighboring lipids. It can be split into two
components. One is the normal distance, which is the distance
normal to the direction of the lipid molecules. The other component
is the shear displacement, which is the CM distance projected in the
lipid direction. The former component describes the normal strain
inside the membrane, and the latter evaluates the shear strain. The
results for the normal distance and the shear displacement are
presented in Figure 12a,b, respectively.

We can see that the normal distance in middle regions 7—9
increases in the course of indentation, up to the time step of
~5.4M. This increase creates gaps between lipid molecules in the
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Figure 12. Time evolution of (a) the normal distance and (b) the shear
displacement in different pore regions.

bottom leaflet of the membrane. When the gaps are large enough,
the lipid molecules in the top leaflet of the membrane penetrate
the gaps in the bottom leaflet, forming the interdigitated
layer structure. Once the new structure is formed, the normal
distance decreases and returns back to a value similar to that in
the bilayered structure. Therefore, the curve of the normal
distance exhibits a peak structure that marks the occurrence of
the phase transition.

The calculation of the shear displacement in different pore
regions shows that the shear displacement in the middle regions
also reveals a peak structure associated with the phase transition.
After the formation of the interdigitated phase, the shear
displacement starts to decrease. This behavior can be associated
with the decrease in the tilt angle of the lipid molecules in the
well-ordered interdigitated layer shown in Figures 8 and 9. We
also observed that region 7 is the region that first reaches the
largest shear displacement and normal distance. Therefore, the
phase transition takes place first in this region. Because the shear
displacement is relatively small compared to the normal distance,
it is the normal distance that determines the occurrence of the
transition.

lI.D. Force—Indentation Curve. Finally, we investigated the
mechanical property of the system. The relationship between the
force and the displacement of the indentation probe was studied,
and the apparent spring constant was calculated from the slope of
the force—indentation curve. The issue is of concern in many
applications.

The force of the probe was computed by the reacting force of
the lipid molecules acting on the probe. Only the z component of
the force takes effect because the indenting probe moves
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Figure 13. Force—indentation curve. Two linear regimes are identified
before rupture of the membrane. The dashed lines show the slopes of the
linear fitting in the two regimes.

downward along the z direction. The indentation depth is the
descending distance of the probe counting from its position
before indentation. The results, the force versus the indentation
depth, are presented in Figure 13.

We observed that the force increases with the indentation
depth after the probe contacts the lipid membrane. Two linear
regimes were identified. The boundary of the two regimes is
located at the moment when the phase transition to an inter-
digitated state takes place, at a time step of 5.4M, or equivalently,
at the indentation depth of 270. The first regime has a slope
much larger than the second one. The two slopes averaged from
five independent runs yield values equal to 4.1 & 0.5 £/0> and
0.2 + 0.7 £/07, respectively, which correspond to apparent spring
constants of 0.081 £ 0.009 N/m and 0.003 £ 0.013 N/m. The
force suddenly decreases when the membrane is ruptured.

The elastic response of the membrane upon indentation
generally comprises three contributions: bending, lateral tension,
and stretching.69 Bending makes a minor contribution to the
apparent spring constant in the range of 0.01 mN/m, and
the latter two are responsible to a large extent in experiments.
The lateral tension gives rise a linear response, which is due to the
adhesion and friction of the pore substrate on the suspended
membrane. Stretching occurs when the indenting force is strong
and is dominated by a cubic law of the force—indentation curve.
Our results show a predominately linear dependence, particularly
in the first regime. It is thus the lateral tension that dominates the
behavior, as suggested by Mey et al.** Moreover, the value of the
apparent spring constant depends very much on the hydropho-
bic/hydrophilic character of the pore substrate. On hydrophilic
pores, the spring constant is small with a range of 0.2—2 mN/m,
whereas on hydrophobic pores, it is large and the value stays in the
range of 20—40 mN/m.*****® Our simulations show the same
order of magnitude for the force constant.**** In experiments, a
nonlinear effect on the force—indentation curve has been ob-
served but usually shows up as a weak contribution.*® This effect
can be explained by a generalized Canham—Helfrish model, which
has been derived recently.70 However, because of the fluctuations,
the nonlinearity cannot be clearly seen in our study. Therefore,
following the suggestion of Mey et al,>* we presumed to fit the
regime with a linear equation to get the apparent spring constant.

Generally, a force—indentation curve can reveal information
about the membrane structural transition in the indentation
process. The first linear regime shows that the lipid membrane

has an elastic response to the indentation. The second regime
shows a reduction in the slope of the force—indentation curve,
which indicates a change in the internal structure in the lipid
membrane. As we have seen in section IIL.C, a local phase
transition from a bilayerd structure to an interdigitated one does
occur at this moment. It involves a rearrangement of lipid
molecules, which increases the lateral dimension of the mem-
brane upon indentation. This dimensional extension prevents an
increase in stress inside the membrane; therefore, the apparent
spring constant largely decreases. We note that in experimental
and theoretical analyses of force indentation people usually do
not consider any phase transition that changes the internal
structure of the membrane. Our molecular simulations clearly
show this possibility. The effect of the phase transition can be
captured in the force—indentation curve by a reduction of the
force constant. The data in the second regime of our figure does
support this idea. Experiments have already observed a }Z)lateau or
sawtoothlike behavior in force—indentation curves.””** The
behavior could be attributed to the consequence of an internal
structural transition. The information obtained here provides a
new direction in thinking and in the analysis of the membrane
properties in the future.

IV. CONCLUSIONS

We have established a quasi-2D coarse-grained model for
pore-spanning lipid membranes to investigate the mechanical
properties of the system under indentation by a semispherical
probe. The model has been verified by studying the membrane
thickness, the area per lipid, and the nematic order parameter at
different temperatures. Three phases of the lipid membrane have
been identified: the gel phase, the interdigitated gel phase, and
the liquid-crystalline phase. In the study of indentation, we have
calculated the shape function of the lipid membrane. According
to the variation of the shape function, the indentation process can
be categorized into three stages: (1) gliding and bending, (2)
purely bending, and (3) rupture. In the first stage, the membrane
glides downward intermittently and stops gliding when the
membrane fringes reach the bottom of the pore edges. Mem-
brane bending occurs in the middle of the membrane because of
the indentation of the probe. It takes place in the first and second
stages and ends when the membrane is ruptured. We have further
investigated the structural properties of the internal lipid mol-
ecules. We found that the lipid molecules on the left side of the
indentation point rotate clockwise during the indentation and
counterclockwise on the right side. This behavior occurred
because the lipid molecules tilt to the left side in this study;
therefore, the left part of the membrane suffers mainly a shearing
strain in the course of indentation, whereas the right part suffers a
bending strain. Moreover, the local nematic order parameter in
the central regions of the membrane exhibits a valleylike pattern
in the purely bending stage. It indicates the occurrence of an
internal structural transition. This transition was further con-
firmed by calculating two kinds of included angles between
neighboring lipid molecules. Lipids in the central regions trans-
formed from a bilayered structure to an interdigitated gel
structure. The transition progressively propagates to the neighbor-
ing regions. Consequently, the purely bending stage is divided
into three phases: a bilayer, a transient, and an interdigitated layer.
The study of the CM distance between neighboring lipid mol-
ecules showed that the lipid molecules separate from each other
under indentation. By separating the distance into the normal
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distance and the shear displacement, we found that the normal
distance determines the occurrence of the transition. An inter-
digitated phase is formed when the normal distance becomes large
enough to allow docking between the lipid molecules in the upper
and lower leaflets of the bilayered membrane. Finally, the force—
indentation curve has been studied. The results showed two linear
regimes. In the first regime, the lipid membrane behaves elastically.
The apparent spring constant calculated from the line slope shows
consistency with experiments. In the second regime, the internal
phase transition takes place. The extension of the membrane
dimension upon indentation reduces the lateral stress, hence the
apparent spring constant is small. Unlike metal or ceramic, lipid
membranes are flexible, soft, and diffusible. These characteristics
give them the possibility to adapt themselves against external
actions through structural transformation or reassembly. The
study performed here opens a window for the details of lipid
membranes under indentation on the molecular level and provides
valuable information in understanding the stability of pore-span-
ning lipid membranes.

In perspective, there are several topics to be investigated. For
example, a true 3D model that includes the correct hydrody-
namic effect should be used in the future to clarify some points in
our quasi-2D model. How will the structural transition of the
membrane be formed under a probe indentation with respect to
the tilting direction of lipid molecules? Will the strain be
propagated outward from the indenting center, with respect to
some kind of geometrical symmetry (e.g., ellipsoidal)? How do
the hydrophobic or hydrophilic characteristics of probes and
pore substrates affect the response of the membrane? What role
does the tilting of lipid molecules play in the indentation study? A
theoretical analysis should be developed to explain the possible
impact of the structural transition on the force—indentation
curves.
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