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Lipids with bulky head groups generate large membrane
curvatures by small compositional asymmetries
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Glycolipids such as GM1 have bulky head groups consisting of several monosaccharides. When these
lipids are added to phospholipid bilayers, they generate large membrane curvatures even for small
compositional asymmetries between the two leaflets of the bilayers. On the micrometer scale, these
bilayer asymmetries lead to the spontaneous tubulation of giant vesicles as recently observed by optical
microscopy. Here, we study these mixed membranes on the nanometer scale using coarse-grained
molecular simulations. The membrane composition is defined by the mole fractions ¢ and ¢, of the
large-head lipid in the two leaflets of the bilayer. Symmetric membranes are obtained for ¢| = ¢ = ¢y,
and asymmetric ones for ¢; # ¢». In both cases, we compute the density and stress profiles across the
membranes. The stress profiles are used to identify the tensionless states of the membranes. Symmetric
and tensionless bilayers are found to be stable within the whole composition range 0 < ¢j. < 1. For these
symmetric bilayers, both the area compressibility modulus and the bending rigidity are found to vary
non-monotonically with the leaflet mole fraction ¢;.. For asymmetric bilayers, we compute the product
of bending rigidity and spontaneous curvature from the first moment of the stress profile and determine
the bending rigidities of the asymmetric membranes using the ¢.-dependent rigidities of the single
leaflets. When we combine these results, the compositional asymmetry ¢; — ¢, is found to generate the
spontaneous curvature (¢; — ¢2)/(0.63 £y,.) with the membrane thickness €,e ~ 4 nm. Therefore, the
spontaneous curvature increases linearly with the compositional asymmetry. Furthermore, the small
compositional asymmetry ¢; — ¢, = 0.04 leads to the large spontaneous curvature 1/(63 nm) and the
increased asymmetry ¢; — ¢, = 0.2 generates the huge spontaneous curvature 1/(13 nm). These large
values of the spontaneous curvature will facilitate future simulation studies of various membrane
processes such as bud formation and nanoparticle engulfment. © 2018 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5038427

l. INTRODUCTION

In spite of their diversity and molecular complexity,
biomembranes have a universal architecture which is based
on fluid bilayers of lipids and membrane proteins.! Within
these bilayers, the hydrophilic head groups of the lipids are
positioned between their hydrophobic chains and the aque-
ous solutions. The size of the lipid head groups can vary
significantly: Phospholipids such as 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) have a relatively small
head (SH) group with a volume of about 0.5 cubic nanome-
ters, while glycolipids such as the ganglioside GM 1 have much
bulkier head groups.” The glycolipid GM1, which has a head
group consisting of four monosaccharides, is abundant in all
mammalian neurons,® plays an important role in many neu-
ronal processes and diseases,* and acts as a membrane anchor
for various toxins, bacteria, and viruses.

Giant vesicles of POPC membranes doped with a small
amount of GM1 have been recently studied experimentally
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and were observed to undergo spontaneous tubulation.®’

Such a spontaneous formation of membrane nanotubes pro-
vides direct evidence for bilayer asymmetry and spontaneous
curvature.® This curvature can be generated by a variety
of molecular mechanisms, including lipid-anchored macro-
molecules,® adsorption,” and depletion'® of solutes and small
molecules, membrane-bound proteins such as a-synuclein,!!
and Bin/Amphiphysin/Rvs-domain (BAR-domain) mimetics
based on DNA origami.12 Furthermore, all cell membranes
have a compositional asymmetry in the sense that the two
membrane leaflets differ in their composition.!!4

Here, we consider such a compositional asymmetry for
binary mixtures of lipid molecules with small and large head
groups. The small-head (SH) lipids represent a phospholipid
such as POPC, and the large-head (LH) lipids a glycolipid such
as GM1. We model these lipids in a coarse-grained manner
as displayed in Fig. 1, focusing on the different head group
sizes and ignoring atomistic details. Therefore, we cannot
expect to find quantitative agreement with experimental data
for specific lipids. Nevertheless, our simulations show the same
general trends as the experimental observations. Furthermore,
when assembled into lipid bilayers, the model lipids in Fig. 1
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(a) Lipid SH

(b) Lipid LH

FIG. 1. Two lipid species as used in the simulations: (a) Lipid SH has a
small head group, consisting of three head group beads (H, red), and two
hydrophobic chains, each of which is built up from six chain beads (C, green)
and (b) Lipid LH has a large head group consisting of six H beads (blue) and
two chains with six C beads. All H beads of both lipid species experience
the same interactions with the other beads and likewise for all C beads. The
different colors red and blue of the H beads are used to distinguish the two
lipid species in simulation snapshots.

generate large spontaneous curvatures for small compositional
asymmetries and are thus useful to elucidate the influence
of this curvature on various membrane processes such as
bud formation and nanoparticle engulfment. We study these
bilayer membranes by molecular simulations based on Dissi-
pative Particle Dynamics (DPD).'>!¢ This simulation method
has been previously used to elucidate various aspects of
bilayer membranes such as their interactions with nanoparti-
cles,!72! membrane fusion,?? receptor-mediated interactions
between bilayers,”> membrane poration by antimicrobial pep-
tides,”* and membrane curvature generated by Shiga toxin
proteins.?

In our DPD study, the membrane composition of the
binary mixtures is described by the mole fractions ¢; and
¢, of the large-head lipids in the upper and lower leaflets
of the bilayer. Symmetric membranes are obtained for mole
fractions ¢; = ¢2 = ¢, and asymmetric ones for ¢; # ¢,.
For both symmetric and asymmetric membranes, we focus
on tensionless membranes which we identify via their stress
profiles.?® For symmetric bilayers, we compute the average
molecular area, the area compressibility modulus, and the
bending rigidity as a function of mole fraction ¢, within
each leaflet. For asymmetric bilayers, we compute the prod-
uct of bending rigidity and spontaneous curvature from the
first moment of the stress profile and determine their bend-
ing rigidities from the ¢j.-dependent rigidities of the sym-
metric bilayers. Combining both results, we show that a
relatively small bilayer asymmetry as described by a small
value of lp; — ¢l leads to a relatively large spontaneous
curvature.

The paper is organized as follows. We first describe our
molecular modeling and computational methods in Sec. II.
Section II also defines the mole fractions ¢; and ¢, of the
large-head lipids in the two leaflets of the bilayer membranes.
In Sec. III, we discuss the density and stress profiles of
symmetric and asymmetric bilayer membranes. In Sec. IV,
we address the molecular areas of the lipid molecules. The
elastic properties of symmetric bilayers are described in Sec. V
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and the spontaneous curvature of asymmetric bilayers in
Sec. VL.

Il. COMPUTATIONAL METHODS

A. Molecular architecture and interactions

In lipid membranes, various quantities such as area com-
pressibility, bilayer thickness, and bending rigidity are related
to nanoscopic length and time scales. Here, we study these
quantities using the coarse-grained DPD method!® to simu-
late bilayer membranes.'® In DPD, the particles are modeled
as soft beads and their coordinates evolve according to New-
ton’s equations of motion. All forces between the beads are
pair-wise additive and conserve momentum which ensures a
reliable description of hydrodynamics.

In this method, clusters of atoms are coarse-grained into
beads with diameter, d, which provides the basic length scale
as well as the force cutoff. We use three kinds of beads, water
beads (W), hydrophilic head group beads (H), and hydrophobic
chain beads (C) to construct the architecture of the model lipids
as displayed in Fig. 1. We consider two types of lipids, SH and
LH, that differ in the size of their head groups: the small-head
(SH) lipids have a head group consisting of three H beads,
while the head group of the large-head (LH) lipids is built up
from six H beads. All H beads of both lipid species experience
the same interactions with other beads. For simplicity, all beads
were taken to have the same mass mg. The basic energy scale
€ is provided by the thermal energy kg7, with Boltzmann’s
constant kg and temperature 7, which implies the basic time
scale T = +/d?mg/(kgT). The integration time step At was
taken to be At = 0.01 7 as in previous studies.® Furthermore,
the observed diffusion constant for lateral diffusion within the
bilayer implies that the basic time scale 7 is of the order of
I ns.

In the DPD simulations, bead j exerts three pair-wise addi-
tive forces on bead i, a conservative force, a random force, and
adissipative force. The conservative force Ffj‘) arises from both
bonded and non-bonded interactions of the beads. The bonded
interactions between adjacent beads in a lipid molecule are
described by a Hookean spring, given by

1
Vhona(r) = Skr(r = Teq)’s (1

where r is the distance between the center-of-masses of two
adjacent beads with the spring constant k, = 128 kpT/d>
and equilibrium separation req = d/2. In addition, the two
hydrophobic chains of the lipid molecule are stiffened by the
bending potential

Voend(8) = kg[1 — cos(6 — Oeq)], 2

where ks = 15 kgT is the bending constant, 6 is the tilt
angle between two neighbouring bonds with equilibrium value
Oeq = 7 corresponding to collinear bonds.

In addition, all pairs of DPD beads experience conserva-
tive forces which are repulsive and described by

— fi(1=2)t; forry <d. 3
v 0 forr; > d,
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where the force parameter f;; determines the effective
hydrophobicity or hydrophilicity of the beads, r;j = |r; —rj| is
the distance between the center-of-masses of the beads i and
J, and £;; = (r; — r;)/r;; is the unit vector pointing from bead j
to bead i.”’ '

The random and dissipative forces, Flr.j‘.1 and Fg.‘, which
provide the thermostat of the system, have the form

F:]‘l = ,[ZyijkBT(l - rij/d)fij lA’ij “)

Fij = —yii(1 = ry d) &y - Vi) By, )

and

where vy;; is the friction coefficient, the variable &;; repre-
sents Gaussian white noise with (£;;(t)) = 0 and (£;;()é; 7 (t'))
= (60 + 0;0ji7)0(t — t’), and v;; = v; —v; is the relative
velocity of particle i with respect to particle j. After com-
bining all forces, we integrate Newton’s equation of motion
for each bead using a modified version of the velocity-Verlet
algorithm'> and study the time evolution of the system.

B. Leaflet compositions and mole fractions

In our simulations, we start from a pre-assembled bilayer
containing a binary mixture of lipids with small and large head
groups, SH and LH, see Fig. 1. Each small-head lipid has a
head group consisting of three H beads whereas each large-
head lipid has a head group with six H beads. Both lipid species
have two chains with six C beads each. The bead-architecture
of the small-head lipid as shown in Fig. 1(a) is identical with
the bead-architecture of the lipids simulated in Ref. 9.

To focus on the bilayer asymmetry arising from the dif-
ferent compositions of the two leaflets of the membrane, both
leaflets are taken to contain the same number of lipids but
different mole fractions of the two lipids. As a consequence,
both leaflets are characterized by the same average area per
lipid as will be discussed in more detail in Sec. IV below.
In this way, we separate the spontaneous curvature gener-
ated by the compositional asymmetry from the spontaneous
curvature generated by different lipid densities in the two
leaflets as studied previously in Ref. 9 for one-component lipid
bilayers.

In most simulations, we used a total number of 292 = 841
lipid molecules in each leaflet. To distinguish the two leaflets,
we introduce the Cartesian coordinate z perpendicular to the
midplane of the bilayer. The location of this midplane is iden-
tified with the maximum of the C bead density corresponding
to the hydrophobic core of the bilayer. The origin z = 0 of the
z-coordinate is taken to be at this midplane. We then define
the upper and the lower leaflet to be located at z > 0 and
z < 0, respectively. Furthermore, quantities that refer to the
upper leaflet will be indicated by the subscript 1, and those of
the lower leaflet by the subscript 2.

The numbers of small-head and large-head lipids in the
upper leaflet are denoted by Nsg | and Npy,, and the corre-
sponding numbers in the lower leaflet by Nsy» and N1g. As
mentioned, we impose the constraint

NsH,1 + NLH,1 = NsH2 + NLH2 = Nie, (6)
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TABLE 1. Force parameter f;; for the conservative force between bead i and
bead j as in (3). Each bead can be a head group (H), chain (C), or water (W)
bead. The numerical values of f;; are given in units of kg T/d.

fij j:H j:C j=w
i=H 30 50 30
i=C 50 10 75
i=W 30 75 25

where N, represents the total number of lipids in each leaflet.
For the simulations described below, this constraint on Ny
was conserved over the whole run time, which was typically
of the order of 20 us, because the two types of lipid molecules
underwent essentially no flip-flops on these time scales. The
compositional asymmetry is then defined by the two mole
fractions

b1 = Nru1 _ Nim
| = =
Nsu,1 + NLn,1 Nie

(upper leaflet) 7

and

_ Nrnp Nirup
105) =

= = (lower leaflet) 8)
Nsu2 +Ninz M

of the large-head group lipid LH in the upper and lower leaflets,
respectively. In the following, we will study both symmetric
and asymmetric bilayers. For symmetric bilayers, the two mole
fractions ¢; and ¢, are equal and we will vary the leaflet mole
fraction,

e = d1 = @2

For asymmetric bilayers, we will use the mole fraction ¢; in
the upper leaflet as the basic asymmetry parameter and vary
this mole fraction for fixed ¢, = 0. In the latter case, we will
explore the whole range of possible asymmetries and simulate
bilayers with mole fractions ¢; = 0.024, 0.048, 0.072, 0.096,
0.2,0.4,0.6, 0.8, 1. The case ¢; = 0 was previously studied in
Ref. 9.

(symmetric bilayers). ©)]

C. Simulation parameters

The interaction strength, f;, and the friction coefficient,
vij» assigned to different pairs of beads are given in Table I
and Table II, respectively. These parameter values are chosen
as in previous studies’?” in order to obtain a well-ordered
bilayer in its fluid state with a bending rigidity « ~ 15 kgT.
As mentioned, all H beads of both lipid species experience the
same interactions with other beads, i.e., the force parameters

fuH, fHC =fcH, and fuw = fwn apply to all H beads of both
SH and LH lipids.

TABLE II. Friction coefficients y;; for the random and dissipative forces
between bead i and bead j as in (4) and (5). Each bead can be a head group
(H), chain (C), or water (W) bead. The coefficients y;;, which are given in
units of \/mpkg T /d, have the same numerical values as in Ref. 16.

Yij j=H j=C =W
i=H 4.5 9.0 4.5
i=C 9.0 4.5 20.0
i=W 4.5 20.0 4.5
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Using the simulation parameters as described above, we
performed DPD simulations in the NVT ensemble. The stan-
dard DPD parametrization of water corresponds to the bulk
density pw =3/d 3 of the water beads, which matches the water
compressibility at room temperature T = 298K."> To suppress
finite size effects as observed in Ref. 28, the bead density away
from the bilayer is always chosen to be equal to the bulk water
density pw = 3/d°.

The initial state of the simulations consists of a pre-
assembled lipid bilayer parallel to the xy-plane with the z-axis
being perpendicular to this plane. The initial midplane of the
bilayer is located at z = 0. For a bilayer consisting of only
small-head lipids, the lateral size L, = L, = L and the height
L. of the simulation box were chosen to be L = 32 d and
L, = 48 d.° The inclusion of large-head lipids requires an
increased area per lipid to obtain a tensionless membrane.
Depending on the mole fraction ¢; of LH lipids, the lat-
eral size of the simulation box varied within the interval
32d < L) < 35.8 d, while the height of the box was L, ~ 48 d,
with small variations arising from the two constraints that both
leaflets contain the same number N of lipids and that the bead
density away from the bilayer has the fixed value 3/d>.

D. Stress profiles and tensionless membranes

To determine the mechanical tension within the mem-
brane, we calculate the stress proﬁlf:”’26

5(z) = Zr(z) — N = —[Pr(z) - Pn], (10)

from the diagonal elements X1(z) = X, (z) = Z,y(z) and
2N = X, of the stress tensor, which describe the local stress
components tangential and normal to the midplane of the
bilayer, respectively. The corresponding components Pt(z)
and Py of the pressure tensor have the same magnitude as
21(z) and Xy but the opposite sign. The off-diagonal elements
of the pressure tensor are zero since the bilayer membrane is
in a fluid state and does not sustain any shear deformations.
The mechanical tension X is then obtained by integrating the
stress profile over z, i.e., by

z:(/ dzs(2). (11)

00

To obtain the stress profile s(z) by simulations, we apply the
method of Goetz and Lipowsky.?® According to this method,
the bilayer membrane and the corresponding stress tensor can
be considered to be isotropic in all the directions parallel to
the bilayer midplane, i.e., to the xy-plane. Hence we divide
the simulation box into thin slices parallel to the xy-plane, and
the stress tensor is averaged over each of these slices using
Heaviside step functions.
The mechanical tension £ can be decomposed according
to
=21+ (12)

with the leaflet tensions defined by’

3 = / dzs(z) (upper leaflet) (13)
0

and

> = /O dzs(z) (lower leaflet). (14)
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These integral expressions depend on the location of the mid-
plane at z = 0. For both symmetric and asymmetric bilay-
ers, we define this location by the maximum of the C bead
density which corresponds to the hydrophobic core of the
bilayer.

Note that both leaflet tensions contain contributions from
bead-bead interactions between lipids that belong to different
leaflets. In principle, one could also decompose the mechan-
ical tension X into more than two contributions, arising (i)
from the interactions between the H and C beads of only those
lipids that belong to the upper leaflet, (ii) from the bead-bead
interactions between the lipids in the lower leaflet, (iii) from
the bead-bead interactions between lipids in different leaflets,
and (iv) from the interactions between the lipids and the water
beads. In the present study, we did not pursue such a more elab-
orate decomposition of the mechanical tension because we are
primarily interested in the fluid-elastic properties of the bilay-
ers and these properties do not depend on how we decompose
the mechanical tension.

Using the leaflet tensions as defined in Egs. (13) and (14), a
symmetric bilayer is characterized by identical leaflet tensions
which we denote by

Y =X =X (symmetric bilayer). (15)

Furthermore, a tensionless membrane is defined by van-

ishing mechanical tension, i.e., by

Ez/m&ﬂ@=0. (16)

(e

For symmetric and tensionless bilayers, this condition is
equivalent to tensionless leaflets with

Ye =21 =2 =0 (symmetric and tensionless).  (17)

For asymmetric and tensionless bilayers, we have the weaker
condition

21+ =0 (asymmetric and tensionless). (18)

For asymmetric membranes, tensionless leaflets imply a ten-
sionless bilayer but a tensionless bilayer does not, in gen-
eral, imply tensionless leaflets as will be demonstrated further
below; see Fig. 5. All symmetric and asymmetric bilayer mem-
branes discussed in the following are tensionless with £ = 0
unless we explicitly mention a nonzero value of X.

In general, one might also consider bilayers for which both
leaflet tensions X; and X, vanish separately. However, for the
compositional asymmetry considered here, it is not possible
to replace the constraint £; + X, = 0 in Eq. (18) by the two
constraints £; = 0 and X, = 0. Indeed, in order to separate the
bilayer asymmetry induced by different leaflet densities” from
the bilayer asymmetry arising from different leaflet composi-
tions, we impose the constraint that both leaflets contain the
same number N of lipid molecules, see Eq. (6), which implies
that the overall lipid density has the same value in both leaflets.
The latter constraint is, in general, incompatible with the two
constraints £; = 0 and X, = 0; see Fig. 5 below.
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lll. DENSITY AND STRESS PROFILES
A. Symmetric bilayer membranes
1. Density profiles of symmetric bilayers

First, we discuss the density profiles of tensionless and
symmetric bilayers as displayed in the upper panels of Fig. 2
for mole fractions ¢ = 0, 0.4, and 1. The profiles are plotted
as a function of the Cartesian coordinate z perpendicular to
the bilayer midplane at z = 0. For visual clarity, we combine
the densities of all chain beads into a single density profile
labeled by T, but distinguish the head bead densities Hgyy and
Hpyg corresponding to the two lipid species with small and
large head groups. The density profiles show that the lipids
form proper bilayer structures, with the water beads being com-
pletely excluded from the hydrophobic core of the bilayer. The
head beads are located at the interface between the chain and
water beads. The two head group layers are well separated,
with essentially no overlap. Away from the bilayer, the water
density profile pw (dashed line, turquoise) approaches the bulk
density p = 3/d> which is kept fixed in all simulations. In the
case of symmetric membranes with only small-head lipids,
corresponding to ¢j. = 0, we obtain the same density profiles
for the head and chain beads as in Ref. 9.

As we increase the mole fraction ¢y, of the LH lipids with
the large head group, both the density profile of the water beads
and the combined density profile of the chain beads hardly
change. Likewise, the density profile of the Hgyy beads for ¢
= 0 is rather similar to the density profile of the Hy jj beads for
¢1e = 1. At intermediate ¢j.-values, the two peaks of the Hsy
density profile are somewhat closer to the bilayer midplane
compared to the two peaks of the Hy g density profile. Thus,
the density profiles undergo only small changes as we increase

SF T\ R L
M-—4; (a) ¢|e=6.' 9 ]
3 3 s % W]
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the mole fraction ¢j.. By contrast, the stress profiles change
quite significantly.

2. Stress profiles of symmetric bilayers

In the lower panels of Fig. 2, we display the stress profiles
as calculated for symmetric bilayers with equal mole fractions
¢1 = ¢ = ¢1e in both leaflets. The three panels correspond to
the values ¢ = 0, 0.4, and 1.0. In all cases, the bulk water
region is homogeneous and does not contribute to the stress
profile. For ¢ = 0 and 0.4, see lower panels of Figs. 2(a) and
2(b); the hydrophobic core regions are characterized by a neg-
ative stress or positive pressure between the chain beads. As
we increase the number of LH lipids, the mean area per lipid
increases and the pressure between the chain beads decreases.
For ¢ = 1, see Fig. 2(c), the bottom panel; the stress profile
of the tensionless membrane is even inverted with a positive
stress or negative pressure within the hydrophobic core and
a negative stress or positive pressure within the head group
layers. Note that the stresses within the hydrophobic core and
the head group layers must cancel each other in order to sat-
isfy the condition that the mechanical tension ¥ = 0 as in
Eq. (16).

For ¢ = 0, corresponding to only small-head lipids, the
stress profile exhibits outer peaks at the interfaces between
the head and water beads as well as a deep minimum in the
hydrophobic core of the bilayer; see lower panel of Fig. 2(a).
The outer peaks persist for small values of ¢ up to ¢ ~ 0.2.
For larger values of ¢, the outer peaks are replaced by outer
minima of the stress profile; see lower panels of Figs. 2(b) and
2(c). At the same time, the pressure within the hydrophobic
region decreases until it becomes negative for large ¢j.-values.
For ¢}, = 1, the hydrophobic region is stretched, whereas the

af (b)o,=04-""""C i

p [1/d%

OPROR® OLNWHOG

s [kT/d’]

oSS oo

0
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FIG. 2. Symmetric and tensionless bilayers: Density profiles p and stress profiles s as a function of the coordinate z perpendicular to the midplane of the bilayers.
The symmetry implies that both leaflets contain the same mole fraction ¢} of the LH lipids with a large head group: (a) Only SH lipids with a small head group
corresponding to ¢y =0, (b) A mixture of SH and LH lipids with ¢}, = 0.4, and (c) Only LH lipids corresponding to ¢;c = 1. The top panels display the density
profiles. The W bead density (dashed line, turquoise) drops to zero in the hydrophobic core of the bilayer where the C bead density (dotted line, green) has a
pronounced maximum which defines the midplane of the bilayer. The head beads Hgy of the SH-lipids (continuous line, red) and the head beads Hy y of the
LH-lipids (dashed-dotted line, dark blue) are located at the interface between the chain and the water beads. The three bottom panels display the corresponding

stress profiles.
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FIG. 3. Asymmetric and tensionless
bilayers: Density and stress profiles p
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head groups in contact with the water are compressed. In the
latter case, the stress profile has still two peaks with a positive
stress value at the two interfaces between the chain and head
beads. Thus, for ¢ = 0, the head group layers are stretched
and would like to shrink, while the hydrophobic core is com-
pressed and would like to expand. By contrast, for ¢ = 1, the
head group layers are compressed and would like to expand,
whereas the hydrophobic core is stretched and would like to
shrink.

The stress profile for ¢ = 1 as shown in Fig. 2(c) is
somewhat unusual, and one may wonder about the stability of
the bilayer structure. Indeed, the large-head lipids could prefer
to assemble into cylindrical micelles as has been observed in
simulations of amphiphilic molecules with a single and flexible
chain.?® However, the preassembled membranes with ¢} = 1
as studied here kept their bilayer structure during the whole
duration of our simulations which had a typical run time of
20 us.

B. Asymmetric bilayer membranes
1. Density profiles of asymmetric bilayers

In addition to the density profiles of symmetric mem-
branes, we determined the density profiles for compositionally
asymmetric membranes, by varying the mole fraction ¢; of
the large-head lipids in the upper leaflet for fixed ¢, = 0 in the
lower leaflet. The corresponding density profiles are shown in
the upper panels of Fig. 3. Inspection of these panels reveals
that the total density of the beads in the upper leaflet with
z > Oincreases with increasing mole fraction of the large-head
lipids. This increase is a direct consequence of our procedure
to change the mole fraction ¢, in the upper leaflet by replacing
small-head by large-head lipids, keeping the total lipid number
Nsu,1 + Npp,1 in the upper leaflet fixed and equal to the total
lipid number Nsp 2 + Npp2 in the lower leaflet.

2. Stress profiles of asymmetric bilayers

Next, we describe the stress profiles of asymmetric bilay-
ers which were studied for mole fractions ¢; = 0.096, 0.4, and

mole fractions ¢; of the LH lipids in
the upper leaflet and no LH lipids in the
lower leaflet, i.e., ¢ =0: (a) ¢ =0.096,
(b) ¢1 = 0.4, and (c) ¢; = 0.8. The dif-
ferent lines (and colors) have the same
meaning as in Fig. 2.

0.8 in the upper leaflet keeping ¢, = 0 in the lower leaflet. The
corresponding stress profiles are shown in the lower panels of
Fig. 3. Comparing the lower and upper panels of this figure, we
find that an increase in ¢; with fixed ¢, =0 leads to an increase
of the combined density of head and chain beads within the
upper leaflet and a concomitant decrease of the positive stress
or tension within this leaflet. These changes can be interpreted
in terms of an increased repulsion between the head beads in
the upper leaflet until this repulsion dominates and the stress in
the upper leaflet becomes negative, corresponding to a positive
pressure between the head beads.

The larger the mole fraction of the large-head lipids in
the upper leaflet, the smaller the associated leaflet tension X1;
see lower panels of Fig. 3. As a consequence, the membrane
has the tendency to bend (or bulge) toward the upper leaflet
which implies a positive preferred or spontaneous curvature
as discussed in Sec. VI below.

IV. MOLECULAR AREAS OF LIPIDS
A. Molecular areas within individual leaflets

For each leaflet, the molecular areas Asy and Apy of
the two lipid species depend on the mole fraction and the
mechanical tension within this leaflet. Thus, we have

Asn = Asu(¢x, Zx) and  Arg = ALa(dr, Zi) (19)

with k£ = 1 for the upper leaflet and k = 2 for the lower leaflet.
The total leaflet area Ay is then given by

Ak = NsuxAsu(¢r, Zx) + NLukALn(dr, Zx) - (20)
and the average molecular area Ay by
Ay
Ap = N (1 = ¢i)Asu(r, Zi) + prAru(Pe, X)) (21)

le
withk =1, 2.

Because the bilayer membrane spans the simulation box,
the projected areas A; and A, of the upper and lower leaflets
are equal with A; = Ay = L,L, = Lﬁ. Likewise, the aver-
age molecular areas A; and A; have identical values, but have
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different decompositions into contributions from the two lipid
species SH and LH for different mole fractions ¢; # ¢, and/or
different leaflet tensions X; # X, as follows from Eq. (21).

B. Symmetric and tensionless bilayers

For symmetric bilayers, both leaflets contain the same
numbers Nsg and N g of SH and LH lipids, which implies
identical mole fractions ¢| = ¢» = ¢je, and both leaflets expe-
rience the same leaflet tension £; = X, = X as in Eq. (15).
Furthermore, symmetric and tensionless membranes are char-
acterized by X; = Xy = X} = 0 as in Eq. (17). For such
membranes, the expression in Eq. (21) leads to the average
molecular area

Ao(¢re) = (1 = die) AsH(Pie, 0) + die ALH(Ple, 0) (22)

in both leaflets. The functional dependence of this molecular
area on the mole fraction ¢ is displayed in Fig. 4.
For ¢1. =0and ¢ = 1, we can directly measure the limiting
values
Ap(¢ie = 0) = Asu(0,0) ~ 1.217 (23)

and
Ao(pre = 1) = Aru(1,0) = 1.5250 (24)

of the two lipid species. If the molecular areas of the two lipid
species were independent of the composition, we would obtain
the average molecular area

Ao = (1= ¢1e) Asn(0,0) + ¢re ALu(1, 0) (25)

which is linear in the mole fraction ¢ ; see Fig. 4. Comparison
of the average molecular areas Ay and Ay shows that Ay is
reduced, for intermediate values of ¢je, compared to Ag.

C. Asymmetric and tensionless bilayers

For asymmetric bilayers, the upper and lower leaflet differ
in their composition as described by different mole fractions

16—/ "—"—7—

-
ol
I

2
Average molecular area [d"]
P S
I

FIG. 4. Symmetric and tensionless bilayers: Average molecular area Ag
(black data) as defined by Eq. (22) as a function of mole fraction ¢, of the
LH lipids. The straight line (red) represents the molecular area Ag in Eq. (25),
corresponding to ¢.-independent molecular areas of both lipid species. For
all intermediate mole fractions with 0 < ¢ < 1, the true molecular area Ao
is smaller than Ay.
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leaflet tension [k T/d’]

2 ~

FIG. 5. Asymmetric and tensionless bilayers: Mechanical tension X; < 0
within the upper bilayer leaflet (black circles) and tension ¥, = —=X; > 0
within the lower leaflet (red squares) as a function of mole fraction ¢ for
¢> = 0. The values of the mechanical tension £ = X + X, are also included
(green stars) and exhibit small deviations from X = 0 (horizontal broken line).
By definition, the midplane is located at the maximum of the C bead density.
Because the upper leaflet is compressed and the lower leaflet is stretched, the
membrane prefers to bend (or bulge) toward the upper leaflet.

¢1 and ¢,. Likewise, the leaflet tensions X and X, are also dif-
ferent. Furthermore, asymmetric and tensionless membranes
are characterized by £, = —X as in Eq. (18). Therefore, asym-
metric and tensionless membranes are characterized by the
leaflet tension £; = Z1(¢1, ¢2). Furthermore, for the special
case with ¢, = 0 as considered here, the leaflet tension X;
is determined by the mole fraction ¢; alone as displayed in
Fig. 5.

It then follows from the general expression in Eq. (21) that
the average molecular area A; of a lipid in the upper leaflet is
given by

A1(¢1,21) = (1 = ¢1)Asu(P1,Z1) + p1ALH(S1, Z1)  (26)

and the average molecular area A, of a lipid in the lower leaflet
by

A2, —Z1) = (1 = ¢2)Asu(p2, —Z1) + $2ALu(d2, —Z1). (27)

Note that the molecular area A| depends on the leaflet tension
21 and the molecular area A, on the leaflet tension X, = —X;.
Thus, if the upper leaflet is compressed with ¥; < 0 as in
Fig. 5, the lower leaflet is stretched with £, = —X > 0 and vice
versa.

V. ELASTIC PROPERTIES OF SYMMETRIC BILAYERS

Two important elastic properties of bilayer membranes are
provided by their area compressibility K4 and by their bend-
ing resistance or bending rigidity x. Both quantities satisfy
a simple linear relationship that also involves the membrane
thickness €pe.

A. Area compressibility modulus

The area compressibility modulus K4 of a symmetric
bilayer determines the fractional change in the projected area
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per lipid, Ayy, from its optimal value Agy = Ag at constant
temperature when the membrane experiences the mechanical
tension . Here and below, the subscript “sy” stands for “sym-
metric.” Thus, the elastic modulus K4 is defined via the linear
relationship

—A A —A
2~KAWA—0° for small ”A—OO, (28)
which implies
s
Ky = Ag — . 29
A= A0 g =, (29)

To obtain the area compressibility modulus from simulation
data, we considered symmetric membranes with different mole
fractions ¢je = ¢1 = ¢, and determined the mechanical tension
2 as afunction of the projected lipid area Ay . Two examples for
the functional dependence of X on Ay are displayed in Fig. 6.
The area compressibility modulus K4 then follows from the
slope of the function X = X(Ayy) at the tensionless state with
Agy =Ap. To determine this slope, we used the data points with
molecular areas Agy that belonged to the range (Asy — Ag)/Ag
<0.1.

The area compressibility modulus K4 depends on the
membrane composition as described by the mole fraction ¢ of
the large-head lipids; see Fig. 8(a) and fourth row of Table III.
Inspection of Fig. 8(a) shows that K4 varies with ¢, in a non-
monotonic manner. For ¢j. = 0 corresponding to small-head
lipids only, we obtain K =~ 27.1 + 0.4 kgT/d>. For small val-
ues of ¢, the area compressibility decreases until it reaches a
minimum at ¢j. ~ 0.1 with K4 ~ 25.4 + 0.2 kgT/d>. A further
increase in ¢ leads to an increase of K4 up to K4 ~ 34.2 +
0.1 kgT/d? for ¢1e = 1. Thus, as we increase the mole fraction
¢1e of the large-head lipids, the bilayer softens for small values
of ¢ye, but stiffens for larger ¢j.-values.

B. Thickness of bilayer membranes

We define the thickness ¢, of the bilayer membrane by
the distance between the two peaks of the density profile py for
the head beads. In the presence of two different head groups,
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2.
A, 1d%]

FIG. 6. Mechanical tension X of a symmetric bilayer as a function of the
projected area per lipid, Ay, for the mole fraction ¢, = 0.048 in (a) and ¢
=10.096 in (b). The mechanical tension vanishes for Asy = Ag with Ag = 1.226
d? and 1.236 d2 in (a) and (b). The slope of the function £ = X(Agy) at Agy
= A provides the area compressibility modulus K4 as in Eq. (29).

we take the combined density profile of both head groups. The
values for the membrane thickness ¢, obtained in this manner
are displayed in Fig. 8(b) and in the fifth row of Table III. For
a symmetric membrane with ¢ = 0, corresponding to only
small-head lipids, we find £, = 5 d. The membrane thickness
remains essentially constant up to ¢ ~ 0.6 and then decreases
until it reaches the value ;e ~ 4.8 d for ¢ = 1.

The decrease of the membrane thickness for larger mole
fractions of the large-head lipids is consistent with the increase
in the average molecular area Ay of the lipids as described
in Sec. IV B and displayed in Fig. 4. For real lipid bilay-
ers with a single phospholipid component, the separation of
the two head group layers is of the order of 4 nm which
implies that the bead diameter d =~ 0.8 nm in physical
units.

TABLE III. Symmetric membranes with mole fraction ¢} of the large-head lipids in both leaflets: Numerical
values of the average molecular areas Ag and Ag, the area compressibility modulus K 4, the membrane thickness
€me, and the bending ridigity sy. The rigidity values were obtained from two computational methods, M1 and
M2: M1 uses the relationship in Eq. (30) and the measured values of K4 and {me, M2 is based on a least-squares
fit of the data from the Fourier mode analysis to Eq. (31) as displayed in Fig. 7. The parameter values given here

are also used for the plots in Figs. 4 and 8.

Ple Ap [d?] Ao [d*] Ky [kpT/d®] Cme [d] Ksy, M1 [kT] ksy, M2 [kgT]
0 1.217 1.217 27.1+0.4 5.0 14.1+£0.2 133+1.0
0.024 1.222 1.224 26.78 £ 0.6 5.0 13.95+0.3 13.3+£0.5
0.048 1.227 1.231 259+0.2 5.0 13.49 £ 0.1 12.6 £0.9
0.072 1.232 1.239 25.19+0.7 5.0 13.12+£0.36

0.096 1.236 1.246 254+0.2 5.0 1322 +£0.1

0.2 1.256 1.278 25.8+0.2 5.0 13.43 £0.1 13.95+0.9
0.4 1.30 1.34 26.57 £0.34 5.0 13.83 £0.17

0.599 1.36 1.40 2733+04 5.0 142+0.2

0.8 1.44 1.46 31.15+0.8 4.9 156 +0.4

1.0 1.525 1.52 342+0.1 4.8 16.4 +0.04
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C. Bending rigidity of symmetric bilayers

For symmetric bilayers, the bending rigidity « = Ky, which
represents one key parameter of curvature elasticity,””*" was
determined in two ways. First, we used the simple relationship

Kal2%,

Ky = —o= -
Inserting the measured values of K4 and ¢y, into this expres-
sion, we obtain the values for the bending rigidity gy as
displayed in Fig. 8(c) and in the penultimate row of Table III,
with an uncertainty of less than 3 percent. Furthermore, we
find that the bending rigidity obtained in this manner varies
in a non-monotonic manner as a function of the mole frac-
tion ¢ye, reflecting the non-monotonic dependence of the area
compressibility modulus on ¢e.

The numerical coefficient 1/48 in Eq. (30) was derived
in Ref. 31 using classical elasticity theory for thin solid-like
films and considering the limit in which the two-dimensional
shear modulus vanishes. Using a polymer brush model,
Rawicz et al.’? obtained the same relationship as in Eq. (30),
but with the numerical coefficient 1/48 replaced by 1/24.
However, the simulation study of a one-component bilayer?!
confirmed the value 1/48 within an accuracy of about 10
percent by measuring the three parameters kgy, K4, and €
independently.

To corroborate the accuracy of the relationship in Eq. (30)
for binary SH/LH bilayers with different values of the mole
fraction ¢j., we also studied the thermally excited shape fluc-
tuations of the membranes, using the Fourier mode analysis
introduced in Ref. 31. The fluctuations were decomposed

(30)
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into a discrete set of Fourier modes with the wavenumber
q = (qx, qy) = 2x/Ly) (ny, ny) and integers n, and n,. The
corresponding fluctuation spectra S(g) were determined as a
function of ¢ = |q| = /g2 + q)Z, for symmetric and tensionless

membranes with different mole fractions ¢y.; see Fig. 7. Cur-

vature elasticity predicts that these fluctuation spectra behave
9,31
as”

S(g) =

for small g and X ~ 0, (€10
sy

and thus depend only on a single parameter, the dimensionless
bending rigidity kgy/(kgT). Fitting the simulated Fourier mode
spectra S(g) in Fig. 7 to Eq. (31), we obtain the kgy-values
corresponding to the solid lines (red) in Fig. 7 and displayed
in the last row of Table III, with an uncertainty of less than 10
percent.

In Fig. 7, the broken lines (black) represent the func-
tional form of S(g) as given by Eq. (31) using the «y-values
computed via Eq. (30); see the penultimate row of Table III.
Inspection of Fig. 7 reveals that the broken line is almost
on top of the solid line for each mole fraction ¢y, directly
demonstrating the good agreement between the results of the
two computational methods. Furthermore, comparing the k-
values in the last two rows of Table III leads to the conclusion
that these two values differ by less than 10 percent for all
four mole fractions for which the Fourier mode analysis has
been performed. As a consequence, the results of our Fourier
mode analysis are again consistent with the prefactor 1/48
in Eq. (30), but exclude the prefactor 1/24 as proposed in
Ref. 32. In the following, we will focus on the kgy-values
computed from Eq. (30) because these values have a much
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4 4
— k,T/(13.3 q4) — k;T/(133q 2
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S(q) [d*]
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FIG. 7. Fluctuation spectrum S as a
function of wavenumber ¢ for four dif-
ferent mole fractions ¢, see insets. The
solid lines (red) are obtained by fitting
the low-¢q data with 0.19/d < g < 0.44/d
to the expression in Eq. (31), using least
squares. The broken lines (black) cor-
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ing rigidities computed via Eq. (30); see
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smaller uncertainty than those deduced from the Fourier mode
analysis.

D. Bending rigidities of bilayer leaflets

When the bilayer membrane is bent, both leaflets are
bent simultaneously. We now denote the bending rigidities
of the upper and lower leaflets by «x; and «», respectively.
The composition-dependent bending rigidity kgy(¢1e) of the
symmetric bilayer is then given by the sum of the two leaflet
rigidities, i.e.,

Ksy(¢le) = K1(Pre) + k2(¢hre) (32)
with
k1(¢1e) = k2(dre) = %Ksy((ﬁ]e) (symmetric bilayer). (33)

Thus, using the values for «sy(¢e) for symmetric bilayers,
we can directly obtain the values «;(¢1.) and k2(¢ye) for the
bending rigidities of the two leaflets. This decomposition will
be used further below to estimate the bending rigidity for
asymmetric bilayers as well.

E. Composition dependence of bending rigidity

As displayed in Fig. 8(c) and in the penultimate
row of Table IIlI, the bending rigidity has the value
Kksy =14.1 0.2 kgT or 5.8 + 0.08 x 10~2°J at room tempera-
ture for ¢ =0, i.e., for a one-component membrane consisting
of small-head lipids only. As we increase the mole fraction ¢e
of the large-head lipids to ¢ = 0.024, the bending rigidity
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FIG. 8. Symmetric and tensionless membranes: (a) Area compressibility
modulus K4, (b) Membrane thickness £me, and (c) Bending rigidity gy ver-
sus mole fraction ¢y, of the large-head lipids in the two bilayer leaflets. In
panel c, the full data points (red) were obtained via Eq. (30), and the open data
points (blue) from a fit to Eq. (31). Both K4 and gy vary with ¢ in a non-
monotonic manner. The bilayer thickness £ decreases for large values of ¢y
> 0.6, reflecting the increased area per lipid, see Fig. 4, and the concomitant
reduction of the end-to-end distance of the lipid chains. The broken lines repre-
sent linear interpolations between neighboring data points. This interpolation
procedure produces the apparent kinks at ¢ = 0.6, which should smoothen
out when we include more data points in the vicinity of this ¢j.-value.
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becomes smaller and attains the value kg = 13.95 + 0.3 kgT
or 5.73 + 0.12 x 1072%J; see Fig. 8(c). Increasing the mole
fraction to ¢ = 0.096, the bending rigidity is decreased to
k = 13.66 + 0.11 kgT or 5.6 £ 0.04 x 107%J. As we
increase the mole fraction to values above ¢j. ~ 0.2, the bend-
ing rigidity increases again and reaches its maximal value
k = 1525 + 0.1 kgT or 6.3 + 0.04 x 10-2°J for ¢, = 1,
corresponding to large-head lipids only.

Increasing the mole fraction from ¢} = 0 to ¢ = 0.048,
the bending rigidity obtained from our simulations decreases
by about 5 percent; see Fig. 8(c) and penultimate row of
Table III. The same trend of the bending rigidity for small
mole fractions has been observed in an experimental study of
POPC/GM1 bilayers by fluctuation analysis and micropipette
aspiration.>® The uncertainty of the rigidity values determined
by these two experimental methods was, however, quite large.
More recently, POPC/GM1 bilayers were also studied by tube
pulling experiments’ which led to the conclusion that the bend-
ing rigidity remains essentially constant in the small mole
fraction regime and has a value of about 20 kg7 with an uncer-
tainty of 10 percent. The latter value has the same order of
magnitude as the kgy-values deduced from our simulations for
0 < ¢1e < 0.048; see penultimate row of Table III.

VI. SPONTANEOUS CURVATURE
A. Negative first moment of stress profile

An asymmetric bilayer membrane prefers to bend in a
certain manner as described by the preferred or spontaneous
curvature. For a tensionless membrane with X =0 as in (16), the
spontaneous curvature can be deduced from the first moment
of the stress profile s(z) using the relation®!%-34

2km = — / dzs(z)z (for X =0). (34)

Thus, the negative first moment of the stress profile is propor-
tional to the product of bending rigidity « and spontaneous
curvature m. A symmetric bilayer has a symmetric stress
profile with s(—z) = s(z) which implies that the integral on
the right-hand side of (34) vanishes, whereas an asymmet-
ric stress profile with s(—z) # s(z) usually leads to a nonzero
integral.

The relation (34) has been previously used to compute the
parameter combination 2«xm for planar bilayers with asymmet-
ric adsorption’ and depletion'? layers. In the latter case, an
analytical solution for hard-core interactions showed that the
spontaneous curvature can indeed be obtained from the prop-
erties of a planer bilayer. One should also note that the relation-
ship in Eq. (34) does not involve any additional assumptions
about the individual leaflets. In particular, this relationship
does not depend on the leaflet tensions X and X, as defined in
Egs. (13) and (14). Likewise, it does not involve any assump-
tions about the pivotal surfaces of the two leaflets which have
been studied in Ref. 35.

For the binary mixtures considered here, we obtain the
parameter combination 2«m as plotted in Fig. 9(a) as a func-
tion of the mole fraction ¢; of the large-head lipids in the
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FIG. 9. Spontaneous curvature generated by compositional asymmetry: (a)
Parameter combination 2km as a function of mole fraction ¢ of large-
head lipids in the upper leaflet. This parameter combination is calculated
from the stress profiles s(z) using the relationship in Eq. (34), (b) Bending
rigidity x as a function of ¢, obtained from Eq. (36) with ¢ = 0, and
(c) Spontaneous curvature m (open blue diamonds) as determined from the
parameter combination 2km in (a) and the bending rigidity « in (b). A lin-
ear fit to the open diamonds (blue line) in (c) leads to m = g, ¢/d with
gm = 0.318 + 0.003. The spontaneous curvature m’ (solid red circles) is deter-
mined from the parameter combination 2«m in (a), but now replacing the
bending rigidity « by ksy. A linear fit to the solid circles (red) in (c) leads to
m’ =g ¢1/d with g,,” = 0.295 = 0.003. The positive values of m imply that
the bilayer membranes prefer to bend (or bulge) toward the upper leaflet.

upper leaflet and no large-head lipids in the lower leaflet; see
also the numerical values of 2xm in Table IV. Inspection of
Fig. 9(a) shows that the parameter combination 2km increases
monotonically and almost linearly with the mole fraction ¢ .
In order to obtain the spontaneous curvature m from these data
for 2km, we now need to determine the bending rigidity « for
asymmetric membranes.

B. Bending rigidity of asymmetric membrane

For symmetric membranes, the bending rigidity can
be decomposed into two contributions from the individual
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leaflets as in (32). We now generalize this decomposition to
asymmetric membranes which leads to

K = k1(¢1) + k2(2) . (35)

This expression can be evaluated using «1(x) = %Ksy(x) and
Kky(x) = %Ksy(x) as in (33). We then obtain

K = %[Ksy(¢1e = ¢1) + Ksy(dre = ¢2)] (36)

with ksy = Ksy(¢1e) as obtained for symmetric bilayers; see
Fig. 8(c) and the numerical values in Table III. Using the
expression (36), we obtained the k-values for asymmetric
membranes with ¢; > 0 and ¢, = 0 as plotted in Fig. 9(b),
with the numerical values given in Table I'V.

C. Composition dependence of spontaneous
curvature

The values of the spontaneous curvature m as obtained
from the parameter combination 2xm and the bending rigidity
k of the asymmetric membranes are displayed in Table IV and
plotted in Fig. 9(c) as open diamonds (blue). For comparison,
Table IV also includes the values of the estimate m’ for the
spontaneous curvature as obtained from the parameter combi-
nation 2km with k replaced by kgy for symmetric bilayers. The
m’-values are plotted in Fig. 9(c) as filled circles (red). The rel-
ative difference Im’ — ml/m is always smaller than 10 percent
which provides an estimate for the accuracy of the m-values
obtained here.

The m-values in Fig. 9(c) can be well fitted by the linear
relation

0.32 &

- = < 0. =
4 " 0630 (¢1 <0.6,¢2 = 0),

m= ¢ (37
where the second equality follows from the membrane thick-
ness {me = 5 d for ¢; < 0.6 as displayed in Fig. 8(b). The
positive value of m implies that the bilayer prefers to bend
(or bulge) toward the upper leaflet as one would expect intu-
itively because the large-head lipids in the upper leaflet want
to occupy more space.

The simulations have been performed for the special case

¢1 > 0and ¢, =0. By swapping the indices 1 and 2, we directly

TABLE IV. Asymmetric membranes with mole fraction ¢ of the large-head lipids in the upper leaflet and ¢ =0
in the lower leaflet: Numerical values of the leaflet tension X1, the parameter combination 2«m, the bending rigidity
k as determined via Eq. (36), the spontaneous curvature m as obtained from the values for 2xm and «, the estimate
m’ = 2xm/ksy for the spontaneous curvature with «y from Table III, and the relative difference m = |m’ —m|/m
which is always smaller than 8 percent. The parameter values displayed here are also used for the plots in Fig. 9.

1 Sy [ksT/d?]  2xm [kpT/d] & [kpT] m [1/d] m' [1/d] S
0.024 00001 0.035+0.17  1402+0.18  0.0012+£0.006  0.0012+£0.006 0
0.048  —0.02 02£0.14  1379£011  00072£0.005  0.0074+0.005  0.027
0072 -0.09 0441+003  13.61£02  00162£0.001  0.0168+0.001  0.037
009  —0.123 0.587+0.02  13.66+0.11  0.0214£0.0007  0.0222+0.0007  0.037
0.2 -0.155 128+026  1376=0.11  0.046 = 0.009 0.047£0.009  0.021
0.4 -0.49 286+0.12  1396+0.12  0.102+0.004 0.103+0.004  0.009
0599  —0.796 49+006  1415+014  0.173 +0.002 01720003  0.005
0.8 -14 716£005  14.85+022 0.24 £ 0.004 023£0.006  0.04
1.0 -1.8 97+0.1  1525+0.1 0.318 + 0.003 0.295+0.003 0.7
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obtain the spontaneous curvature

___¢$
0.63 (e

Superimposing the spontaneous curvatures induced by the
large-head lipids in both leaflets then leads to

= )
0.63 (e

The spontaneous curvature as given by (39) can be quite
large. For small compositional asymmetries with ¢; — ¢, =
0.01 and ¢; — ¢ =0.04, for example, we obtain m = 1/(252 nm)
and m = 1/(63 nm), respectively, where we used the membrane
thickness €ie =4 nm. The latter value is quite significant and
would lead to cylindrical nanotubes with a diameter of only 63
nm.>® Furthermore, for the mole fraction difference ¢; — ¢
=0.4,Eq. (39) leads to m = 1/(1.58 {,e) which is of the order of
the inverse membrane thickness. For even larger values of ¢
— ¢7 and thus larger values of m, the bilayer is likely to become
unstable and to form cylindrical micelles. The ¢-dependence
of the different membrane properties as obtained for asym-
metric membranes with ¢, = 0 is summarized in Table I'V.
This table contains the same numerical values as plotted in
Fig. 9.

for ¢, < 0.6 and ¢ = 0. (38)

for ¢; < 0.6 and ¢, < 0.6. 39)

D. Comparison with previous simulation studies

Coarse-grained simulations have been previously used to
study the fluid-elastic properties of bilayer membranes with
two molecular components. In Ref. 37, the bilayers contained
two membrane components, A and B, which consisted of a
single H bead and a single chain with four and two C beads,
respectively. Thus, the two membrane components differed in
the length of their hydrophobic chains. Planar bilayers assem-
bled from these lipids were studied using molecular dynamics
simulations with explicit water. The bending rigidity « was
measured for different mole fractions of the binary mixture and
was found to vary nonmonotonically as a function of mole frac-
tion, qualitatively similar to the behavior found in the present
study.

In Ref. 38, both membrane components consisted of a sin-
gle H bead and one chain with two C beads but the H beads
of the two components were different in size. The component
with the large head bead had a conical shape, whereas the com-
ponent with the small head bead had an inverted conical shape.
These two-component membranes were assembled into spher-
ical nanovesicles and studied by molecular dynamics simula-
tions with implicit solvent. The curvature of the nanovesicles
was varied between 1/(20 nm) and 1/(3 nm). The membrane
components underwent frequent flip-flops between the two
leaflets of these highly curved vesicle membranes which led,
for sufficiently long run times, to certain equilibrium values of
the mole fractions ¢, and ¢; of the large-head component in
the outer and inner leaflet. These equilibrated mole fractions
varied with the mean curvature 1/R of the spherical vesicles
and satisfied the relations’®

¢0 > ¢i and 1n(¢0/¢i) o l/R P (40)

which provides an example for curvature-induced sorting of
the two membrane components.
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By contrast, the simulations described here investigate
the spontaneous curvature induced in weakly curved bilay-
ers by a compositional asymmetry between the two leaflets as
described by constant mole fractions ¢; and ¢, of the upper
and lower leaflet. Indeed, the two lipid components SH and
LH underwent essentially no flip-flops and the compositional
asymmetry remained unchanged on the time scales of our sim-
ulations which had a typical run time of 20 us. As a result, we
find a linear dependence of the spontaneous curvature m on
the compositional asymmetry ¢; — ¢», see Eq. (39), which is
very different from the logarithmic mole fraction dependence
in Eq. (40) as obtained in Ref. 38.

E. Comparison with experiments
on POPC/GM1 bilayers

As mentioned in the introduction, the glycolipid GM1
provides one example for a large-head lipid. The spontaneous
curvature generated by GM1 has been recently studied exper-
imentally for giant unilamellar vesicles (GUVs) formed by
the phospholipid POPC with small amounts of GM1.%” These
GUVs had a linear size of the order of 10 m and thus a mean
curvature of the order of 1/(10 ym) which is completely neg-
ligible on nanoscopic scales. Therefore, our planar bilayers
can be viewed as small segments of the weakly curved GUV
membranes. In both experimental studies, the GUVs were pre-
pared by electroformation but the details of the preparation
protocol were somewhat different. Furthermore, two differ-
ent methods were used to estimate the spontaneous curvature
of the vesicle membranes. In Ref. 6, GUVs with sponta-
neously formed nanotubes were aspirated by micropipettes
and the tubes were retracted by applying small suction pres-
sures. In Ref. 7, on the other hand, larger suction pressures were
used to aspirate the GUVs and, in addition, local forces were
applied by optical tweezers to pull nanotubes from the GUV
membranes.

The composition controlled in the tube retraction and tube
pulling experiments is the overall mole fraction ® of GM1 as
used for the vesicle preparation. If all GM1 molecules were
contained in the vesicle membranes, the overall mole fraction
would be related to the leaflet mole fractions ¢; and ¢, via
o = %((f)l + ¢»). However, a significant fraction of the GM1
molecules remains in the aqueous solution which implies the
inequality

@1+ <D 1)

between the leaflet mole fractions ¢; and ¢, and the overall
mole fraction @ used in the vesicle preparation.

In the tube pulling experiments,’ the mole fractions ¢,
and ¢, in the outer and inner membrane leaflets of the GUV
membranes have been estimated via electroporation and fluo-
rescence microscopy. As a result, the leaflet mole fractions ¢,
=~ @ and ¢; = ®/4 have been obtained for overall mole frac-
tion ® which implies %((1)1 + ¢y) ~ 50/8 < @, in agreement
with the inequality in Eq. (41). Furthermore, the spontaneous
curvature m as deduced experimentally by tube pulling was
found to vary linearly with the mole fraction difference ¢,
— ¢, in agreement with our simulation results; see Eq. (39)
and Fig. 9(c). The prefactor 1/(0.63 ¢pe) in Eq. (39), which
applies to our SH/LH bilayers, is about 2.5 times larger than
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the prefactor obtained from the tube pulling experiments on
POPC/GM1 bilayers as studied in Ref. 7.

In the tube retraction experiments,6 the mole fractions ¢
and ¢, of the bilayer leaflets have not been measured but the
spontaneous curvature values deduced from the latter experi-
ments were about twice as large as those from the tube pulling
method’ for the same overall mole fraction ®. Therefore, the
spontaneous curvatures obtained for our SH/LH bilayers are
quite comparable to those deduced from the tube retraction
experiments on POPC/GM1 bilayers in Ref. 6.

F. Outlook on membrane buds and necks

The spontaneous curvature has a strong impact on the mor-
phology of membranes and vesicles. One particularly interest-
ing example is provided by the formation of buds which are
connected to the mother vesicle by closed membrane necks.
Within the spontaneous curvature model, the closure of the
neck is described by the condition®**!

M +M; =2m (42)

which relates the mean curvatures M and M, of the two
membrane segments adjacent to the neck to the spontaneous
curvature m. For a vesicle with membrane area A and size
Rye = VA/(4r), the formation of an out-bud is only possible
if the spontaneous curvature satisfies the inequality®-*!

m > Mpjn = \/E/Rv& 43)

This threshold for the formation of out-buds makes it diffi-
cult to study these buds in molecular simulations which are
necessarily limited to relatively small vesicles with size Ry
< 20 nm. Indeed, for such a small vesicle, the inequality in
Eq. (43) implies that the spontaneous curvature must exceed
the threshold value myi, = 1/(14 nm), a condition that can-
not always be achieved. The asymmetric adsorption layers of
small solutes as studied in Ref. 9, for example, could generate
curvatures only up to about 1/(24 nm).

On the other hand, the compositional asymmetry stud-
ied here can generate large spontaneous curvatures with
m > 1/(14 nm) as follows from Eq. (39) for leaflet mole frac-
tions with ¢; — ¢ > 0.18. Preliminary simulations confirm this
conclusion; see the snapshots in Fig. 10. Because the planar

(a)
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membrane segment has the mean curvature M =~ 0, the neck
closure condition in Eq. (42) implies that the size of the bud is
about Ry, ~ 1/(2m). For ¢ =0.5 and ¢, = 0, the relationship in
Eq. (39) leads to the spontaneous curvature m = 1/(1.3 {;,c) and
abud radius Ry, = 1.3 £ A simulation snapshot of such a bud
with a closed neck is displayed in Fig. 10(a). If we consider a
section through the bud parallel to the planar membrane seg-
ment, we obtain an exterior bud diameter of about three times
the membrane thickness. Because the exterior diameter of the
neck is about twice the membrane thickness, the bud attains
an elongated non-spherical shape.

The neck closure condition in Eq. (42) and the thresh-
old value in Eq. (43) are derived for the spontaneous curva-
ture model. The latter model applies to bilayer membranes
with at least one membrane component such as cholesterol
that undergoes frequent flip-flops between the two leaflets.
If flip-flops are rare, on the other hand, one has to take into
account that the number of molecules is conserved within each
leaflet. This constraint leads to an extension of the spontaneous
curvature model which is then supplemented by an area-
difference-elasticity term.*>*3 Qur preliminary simulations
indicate, however, that the frequency for flip-flops depends on
the membrane curvature: on the time scales of the simulations,
flip-flops are quite rare in weakly curved membrane segments
but rather frequent close to the membrane neck which has
a large negative Gaussian curvature. These flip-flops lead to
the numerous large-head lipids which are visible in Fig. 10(a)
within the lower leaflet.

Another process that involves the formation of membrane
necks is the engulfment of nanoparticles. One example is dis-
played in Fig. 10(b). Initially, a rigid nanoparticle of radius
5d is assembled from nanoparticle (P) beads and put into
contact with a pre-assembled symmetric bilayer. As the sys-
tem relaxes toward its equilibrium state, the nanoparticle is
completely engulfed by the nanoparticle. In this example, we
used the parameter values fpy = 30 for the force between a
nanoparticle bead and a head group bead and fpw = 100 for
the force between a nanoparticle bead and a water bead. The
latter parameter choice correspond to strong adhesion of the
particle to the membrane. In the latter case, complete engulf-
ment can be achieved even for symmetric bilayers with zero

(b)

FIG. 10. Simulation snapshots of membrane buds and necks: (a) Bud formation in a membrane with mole fraction ¢; = 0.5 and ¢, = 0. The simulation started
from a compressed planar bilayer with a projected lipid area A = 0.7912 d>. After the bud has been formed, the projected lipid area was A =~ 1.4 d? in the planar
membrane segment, and (b) Complete engulfment of a nanoparticle (violet) by a bilayer membrane with zero spontaneous curvature m = 0 and leaflet mole

fraction ¢} = 0, i.e., consisting of only small-head lipids.
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spontaneous curvature as follows from the general stability
conditions derived in Ref. 44. These stability conditions also
predict a strong dependence of the engulfment process on the
values of the spontaneous curvature. The latter dependence
is currently investigated by molecular simulations using the
SH/LH bilayers introduced here.

Vil. SUMMARY AND CONCLUSION

We studied bilayer membranes consisting of a binary mix-
ture of lipids with small and large head groups as depicted
in Fig. 1 by molecular simulations, using dissipative particle
dynamics. The composition of the membranes was described
by the mole fractions ¢; and ¢, of the large-head (LH) lipids
in the upper and lower leaflet of the bilayer. Both symmetric
membranes with ¢| = ¢, = ¢j. and asymmetric membranes
with ¢; # ¢, were investigated. We used the stress profiles
s(z) across the membranes to identify the tensionless states for
which the mechanical tension X as given by Eq. (11) vanishes.
For these tensionless membranes, we measured the density
and stress profiles (Figs. 2 and 3) as well as the composition
dependence of the average molecular area (Fig. 4) for sym-
metric bilayers and of the leaflet tensions for asymmetric ones
(Fig. 5). Furthermore, we determined the composition depen-
dence of the area compressibility modulus K4 that describes
the response of symmetric and tensionless membranes to a
small mechanical tension (Fig. 6). The numerical values of
this elastic modulus are given in Table III and plotted in Fig. 8
as a function of the mole fraction ¢.. We also measured the
bilayer thickness £y, and determined the bending rigidity «sy
via the relationship (30) for different mole fractions (Table I1I
and Fig. 8).

The curvature elasticity of asymmetric membranes is
determined by their spontaneous curvature m and their bend-
ing rigidity x. We varied the mole fraction ¢; in the upper
leaflet, for fixed mole fraction ¢, = O in the lower leaflet,
and determined (i) the parameter combination 2«m from the
first moment of the stress profile as in Eq. (34) and (ii) the
bending rigidity « from the compositional dependence of the
rigidity ksy of symmetric membranes using the relation (36).
Combining these two results, we obtained the spontaneous
curvature m as a function of ¢; see Table IV and Fig. 9.
The simulation data are well fitted by the linear relation (37)
which can be generalized to m = (¢1 — ¢2)/(2.5 nm) as fol-
lows from Eq. (39) with the membrane thickness €y, =4 nm.
The latter relation leads to the large spontaneous curvature
m = 1/(63 nm) for the small bilayer asymmetry ¢ — ¢, = 0.04
and to the huge spontaneous curvature m = 1/(13 nm) for
¢1 —¢2=02.

As explained in Subsection VI F, these large m-values are
useful in order to study membrane processes such as bud for-
mation and nanoparticle engulfment by molecular simulations.
Two simulation snapshots of SH/LH bilayers that illustrate
these two membrane processes are displayed in Fig. 10. Impor-
tant issues that can be addressed by such simulations are the
curvature-dependent flip-flops as visible in Fig. 10(a) and the
dependence of the particle engulfment as shown in Fig. 10(b)
on the spontaneous curvature. Another interesting aspect that
is accessible to simulation studies using SH/LH bilayers is
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the global stability of membrane necks under mechanical
perturbations.

ACKNOWLEDGMENTS

This study has been supported by the MaxSynBio con-
sortium, jointly funded by the Max Planck Society and the
Federal Ministry of Education and Research (BMBF).

Structure and Dynamics of Membranes: From Cells to Vesicles, Volume 1A
of Handbook of Biological Physics, edited by R. Lipowsky and E. Sackmann
(Elsevier, Amsterdam, 1995).

2D. Marsh, “Molecular volumes of phospholipids and glycolipids in mem-
branes,” Chem. Phys. Lipids 163, 667-677 (2010).

3M. Aureli, L. Mauri, M. G. Ciampa, A. Prinetti, G. Toffano, C. Secchieri,
and S. Sonnino, “GM1 ganglioside: Past studies and future potential,” Mol.
Neurobiol. 53, 1824-1842 (2016).

4C.-L. Schengrund, “Gangliosides: Glycosphingolipids essential for nor-
mal neural development and function,” Trends Biochem. Sci. 40, 397-406
(2015).

SH. Ewers, W. Romer, A. E. Smith, K. Bacia, S. Dmitrieff, W. Chai,
R. Mancini, J. Kartenbeck, V. Chambon, L. Berland, A. Oppenheim,
G. Schwarzmann, T. Feizi, P. Schwille, P. Sens, A. Helenius, and
L. Johannes, “GM1 structure determines SV40-induced membrane invagi-
nation and infection,” Nat. Cell Biol. 12, 11-18 (2010).

OT. Bhatia, J. Agudo-Canalejo, R. Dimova, and R. Lipowsky, “Membrane
nanotubes increase the robustness of giant vesicles,” ACS Nano 12, 4478
(2018).

TR. Dasgupta, M. S. Miettinen, N. Fricke, R. Lipowsky, and R. Dimova, “The
glycolipid GM1 reshapes asymmetric biomembranes and giant vesicles by
curvature generation,” Proc. Natl. Acad. Sci. U. S. A. 115, 5756-5761
(2018).

8R. Lipowsky, “Spontaneous tubulation of membranes and vesicles reveals
membrane tension generated by spontaneous curvature,” Faraday Discuss.
161, 305-331 (2013).

9B. Rozycki and R. Lipowsky, “Spontaneous curvature of bilayer membranes
from molecular simulations: Asymmetric lipid densities and asymmetric
adsorption,” J. Chem. Phys. 142, 054101 (2015).

108, Rézycki and R. Lipowsky, “Membrane curvature generated by asymmet-
ric depletion layers of ions, small molecules, and nanoparticles,” J. Chem.
Phys. 145, 074117 (2016).

1A, West, B. E. Brummel, A. R. Braun, E. Rhoades, and J. N. Sachs,
“Membrane remodeling and mechanics: Experiments and simulations
of a-synuclein,” Biochim. Biophys. Acta, Biomembr. 1858, 15941609
(2016).

12H. G. Franquelim, A. Khmelinskaia, J.-P. Sobczak, H. Dietz, and P. Schwille,
“Membrane sculpting by curved DNA origami scaffolds,” Nat. Commun.
9,811 (2018).

13B. Fadeel and D. Xue, “The ins and outs of phospholipid asymmetry in the
plasma membrane: Roles in health and disease,” Crit. Rev. Biochem. Mol.
Biol. 44(5), 264-277 (2009).

14M. Ikeda, A. Kihara, and Y. Igarashi, “Lipid asymmetry of the eukary-
otic plasma membrane: Functions and related enzymes,” Biol. Pharm. Bull.
29(8), 1542-1546 (2006).

I5R. D. Groot and P. B. Warren, “Dissipative particle dynamics: Bridging the
gap between atomistic and mesoscopic simulation,” J. Chem. Phys. 107(11),
4423-4435 (1997).

165, C. Shillcock and R. Lipowsky, “Equilibrium structure and lateral stress
distribution of amphiphilic bilayers from dissipative particle dynamics
simulations,” J. Chem. Phys. 117, 5048-5061 (2002).

7K. A. Smith, D. Jasnow, and A. C. Balazs, “Designing synthetic vesi-
cles that engulf nanoscopic particles,” J. Chem. Phys. 127, 084703
(2007).

18T, Yue and X. Zhang, “Cooperative effect in receptor-mediated endocytosis
of multiple nanoparticles,” ACS Nano 6(4), 3196-3205 (2012).

19p, Chen, Z. Huang, J. Liang, T. Cui, X. Zhang, B. Miao, and Li-T. Yan,
“Diffusion and directionality of charged nanoparticles on lipid bilayer
membrane,” ACS Nano 10(12), 11541-11547 (2016).

205, Mao, P. Chen, J. Liang, R. Guo, and Li-T. Yan, “Receptor-mediated
endocytosis of two-dimensional nanomaterials undergoes flat vesiculation
and occurs by revolution and self-rotation,” ACS Nano 10, 1493-1502
(2016).


https://doi.org/10.1016/j.chemphyslip.2010.06.005
https://doi.org/10.1007/s12035-015-9136-z
https://doi.org/10.1007/s12035-015-9136-z
https://doi.org/10.1016/j.tibs.2015.03.007
https://doi.org/10.1038/ncb1999
https://doi.org/10.1021/acsnano.8b00640
https://doi.org/10.1073/pnas.1722320115
https://doi.org/10.1039/c2fd20105d
https://doi.org/10.1063/1.4906149
https://doi.org/10.1063/1.4960772
https://doi.org/10.1063/1.4960772
https://doi.org/10.1016/j.bbamem.2016.03.012
https://doi.org/10.1038/s41467-018-03198-9
https://doi.org/10.1080/10409230903193307
https://doi.org/10.1080/10409230903193307
https://doi.org/10.1248/bpb.29.1542
https://doi.org/10.1063/1.474784
https://doi.org/10.1063/1.1498463
https://doi.org/10.1063/1.2766953
https://doi.org/10.1021/nn205125e
https://doi.org/10.1021/acsnano.6b07563
https://doi.org/10.1021/acsnano.5b07036

084901-15 A. Sreekumari and R. Lipowsky

21}, Liang, P. Chen, B. Dong, Z. Huang, K. Zhao, and Li-T. Yan, “Ligand—
receptor interaction-mediated transmembrane transport of dendrimer-like
soft nanoparticles: Mechanisms and complicated diffusive dynamics,”
Biomacromolecules 17(5), 1834-1844 (2016).

22A. Grafmiiller, J. C. Shillcock, and R. Lipowsky, “The fusion of mem-
branes and vesicles: Pathway and energy barriers form Dissipative Particle
Dynamics,” Biophys. J. 96, 2658-2675 (2009).

23], Hu, R. Lipowsky, and T. R. Weikl, “Binding constants of membrane-
anchored receptors and ligands depend strongly on the nanoscale roughness
of membranes,” Proc. Natl. Acad. Sci. U. S. A. 110, 1528315288 (2013).

241,. Chen, X. Li, L. Gao, and W. Fang, “Theoretical insight into the relation-
ship between the structures of antimicrobial peptides and their actions on
bacterial membranes,” J. Phys. Chem. B 119(3), 850-860 (2015).

B, Pezeshkian, H. Gao, S. Arumugam, U. Becken, P. Bassereau, J.-C. Flo-
rent, J. H. Ipsen, L. Johannes, and J. C. Shillcock, “Mechanism of Shiga
toxin clustering on membranes,” ACS Nano 11, 314-324 (2016).

26R. Goetz and R. Lipowsky, “Computer simulations of bilayer membranes:
Self-assembly and interfacial tension,” J. Chem. Phys. 108, 7397-7409
(1998).

2TIn our previous DPD studies, the force parameters f;; were denoted by a;;.

281, Gao, J. Shillcock, and R. Lipowsky, “Improved dissipative particle
dynamics simulations of lipid bilayers,” J. Chem. Phys. 126,015101 (2007).

29p. B. Canham, “The minimum energy of bending as a possible explanation
of the biconcave shape of the human red blood cell,” J. Theor. Biol. 26,
61-81 (1970).

30W. Helfrich, “Elastic properties of lipid bilayers: Theory and possible
experiments,” Z. Naturforsch., C 28(11-12), 693-703 (1973).

3IR. Goetz, G. Gompper, and R. Lipowsky, “Mobility and elasticity of self-
assembled membranes,” Phys. Rev. Lett. 82, 221-224 (1999).

32w, Rawicz, K. C. Olbrich, T. McIntosh, D. Needham, and E. Evans, “Effect
of chain length and unsaturation on elasticity of lipid bilayers,” Biophys. J.
79(1), 328-339, (2000).

J. Chem. Phys. 149, 084901 (2018)

33N. Fricke and R. Dimova, “GMI1 softens POPC membranes and induces
the formation of micron-sized domains,” Biophys. J. 111, 1935-1945
(2016).

34W. Helfrich, “Amphiphilic mesophases made of defects,” Physics of Defects
(North Holland Publishing Company, 1981), pp. 716-755.

35X. Wang and M. Deserno, “Determining the pivotal plane of fluid lipid
membranes in simulations,” J. Chem. Phys. 143(16), 164109 (2015).

36Y. Liu, J. Agudo-Canalejo, A. Grafmiiller, R. Dimova, and R. Lipowsky,
“Patterns of flexible nanotubes formed by liquid-ordered and liquid-
disordered membranes,” ACS Nano 10, 463-474 (2016).

37 A. Imparato, J. Shillcock, and R. Lipowsky, “Shape fluctuations and elastic
properties of two-component bilayer membranes,” Europhys. Lett. 69, 650—
656 (2005).

3. R. Cooke and M. Deserno, “Coupling between lipid shape and membrane
curvature,” Biophys. J. 91, 487-495 (2006).

3y, Seifert, K. Berndl, and R. Lipowsky, “Shape transformations of vesi-
cles: Phase diagram for spontaneous curvature and bilayer coupling model,”
Phys. Rev. A 44, 1182-1202 (1991).

40B, Fourcade, L. Miao, M. Rao, M. Wortis, and R. K. P. Zia, “Scaling analysis
of narrow necks in curvature models of fluid lipid-bilayer vesicles,” Phys.
Rev. E 49, 5276-5286 (1994).

4IR. Lipowsky, “Coupling of bending and stretching deformations in vesicle
membranes,” Adv. Colloid Interface Sci. 208, 14-24 (2014).

421 Miao, U. Seifert, M. Wortis, and H.-G. Débereiner, “Budding transitions
of fluid-bilayer vesicles: The effect of area—difference elasticity,” Phys.
Rev. E 49, 5389-5407 (1994).

“BH.-G. Débereiner, E. Evans, M. Kraus, U. Seifert, and M. Wortis, “Mapping
vesicle shapes into the phase diagram: A comparison of experiment and
theory,” Phys. Rev. E 55(4), 4458-4474 (1997).

44]. Agudo-Canalejo and R. Lipowsky, “Critical particle sizes for the engulf-
ment of nanoparticles by membranes and vesicles with bilayer asymmetry,”
ACS Nano 9, 3704-3720 (2015).


https://doi.org/10.1021/acs.biomac.6b00241
https://doi.org/10.1016/j.bpj.2008.11.073
https://doi.org/10.1073/pnas.1305766110
https://doi.org/10.1021/jp505497k
https://doi.org/10.1021/acsnano.6b05706
https://doi.org/10.1063/1.476160
https://doi.org/10.1063/1.2424698
https://doi.org/10.1016/s0022-5193(70)80032-7
https://doi.org/10.1515/znc-1973-11-1209
https://doi.org/10.1103/physrevlett.82.221
https://doi.org/10.1016/s0006-3495(00)76295-3
https://doi.org/10.1016/j.bpj.2016.09.028
https://doi.org/10.1063/1.4933074
https://doi.org/10.1021/acsnano.5b05377
https://doi.org/10.1209/epl/i2004-10382-3
https://doi.org/10.1529/biophysj.105.078683
https://doi.org/10.1103/physreva.44.1182
https://doi.org/10.1103/physreve.49.5276
https://doi.org/10.1103/physreve.49.5276
https://doi.org/10.1016/j.cis.2014.02.008
https://doi.org/10.1103/physreve.49.5389
https://doi.org/10.1103/physreve.49.5389
https://doi.org/10.1103/physreve.55.4458
https://doi.org/10.1021/acsnano.5b01285



