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Two-component membrane material properties and domain formation

from dissipative particle dynamics
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The material parameters (area stretch modulus and bending rigidity) of two-component amphiphilic
membranes are determined from dissipative particle dynamics simulations. The preferred area per
molecule for each species is varied so as to produce homogeneous mixtures or nonhomogeneous
mixtures that form domains. If the latter mixtures are composed of amphiphiles with the same tail
length, but different preferred areas per molecule, their material parameters increase monotonically
as a function of composition. By contrast, mixtures of amphiphiles that differ in both tail length and
preferred area per molecule form both homogeneous and nonhomogeneous mixtures that both
exhibit smaller values of their material properties compared to the corresponding pure systems.
When the same nonhomogeneous mixtures of amphiphiles are assembled into planar membrane
patches and vesicles, the resulting domain shapes are different when the bending rigidities of the
domains are sufficiently different. Additionally, both bilayer and monolayer domains are observed
in vesicles. We conclude that the evolution of the domain shapes is influenced by the high curvature
of the vesicles in the simulation, a result that may be relevant for biological vesicle membranes.

© 2006 American Institute of Physics. [DOI: 10.1063/1.2353114]

I. INTRODUCTION

Biological cells are surrounded by a plasma membrane
which controls the interface between the cell and its environ-
ment. This membrane is composed of proteins, lipids, and
partially carbohydrates. Membrane-bounded organelles, such
as vesicles, are also abundant within the cell, and the diam-
eter of such vesicles can be as small as 40 nm. The most
common lipid components in biomembranes are phospholip-
ids, which are amphiphilic molecules possessing a hydro-
philic headgroup and, usually, two hydrophobic tails. Phos-
pholipids vary greatly in the composition of their headgroup,
and the length and saturation of their tails. Experimental
studies have clearly demonstrated that dissimilar phospholip-
ids do not mix ideallyl_6 when the lipids composing the mix-
ture have different chain melting temperatures. This tempera-
ture depends on the lipid hydrophobic chain lengths and the
unsaturation of the chains, and these properties in turn influ-
ence the preferred area per molecule for each lipid type, and
the packing of the lipid chains in the hydrophobic core of the
bilayer. By changing the temperature or the composition, a
mixture of two phospholipids with different melting tem-
peratures may undergo lateral phase separation leading to the
formation of domains.™®

Beside numerous experimental works on the nonideal
mixing of lipid bilayers, there are also measurements of the
bending rigidity of heterogeneous membranes which indicate
an explicit dependence of this material property on the mem-
brane composition.7_11

Various theoretical and simulation models of mixed sys-
tems as a function of composition have also been developed.
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For simplicity, these models have mainly focused on two-
component monolayers and bilayers. Szleifer er al."*" and
Gonzalez'* have calculated the bending rigidity of two-
component bilayers as a function of composition for various
amphiphile chain lengths. Atomistic simulation techniques
have been used to study the effect of single chain surfactants
on mixed bilayersls’16 and to determine the equilibrium pack-
ing parameter and chain order as a function of lipid
composition.17 8 Coarse-grained simulation techniques,
which require far less computational resources than atomistic
ones, have also been used to measure the material properties
of binary mixtures of bilayers and rnonolayers.lgf21

In this study, we use the dissipative particle dynamics
simulation techniquezz‘23 to study bilayers composed of a
mixture of two kinds of amphiphile. This technique has pre-
viously been used to extract the material properties of single-
component bilayers composed of amphiphiles with symmet-
ric and asymmetric tails,24’25 and also to simulate various
membrane-related processes, such as pore formation in am-
phiphilic bilayers,26 self-assembly of vesicles,”’ phase sepa-
ration in vesicles,”®* and vesicle budding.30 It has also been
used to explore the phase behavior of lipids31 and the effects
of surfactant packing at an oil-water interface.*> Using this
technique, we explore the dependence of the area stretch
modulus and corresponding bending rigidity of binary mix-
ture bilayers on their composition for various amphiphile
packing parameters and tail lengths. We find that am-
phiphiles with different equilibrium packing areas do not mix
homogeneously, and the resulting domain shapes are differ-
ent in planar membrane patches and vesicles, which indicates
that the vesicle curvature influences the domain evolution.
This result may be significant for the behavior of vesicles in
cellular processes.

© 2006 American Institute of Physics
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Il. DISSIPATIVE PARTICLE DYNAMICS SIMULATION
METHOD

Dissipative particle dynamics (DPD) is a particle based
simulation method, where each particle/bead has a mass m,,
and experiences three forces with those of its neighbors
within the range d,. The bead coordinates evolve in time
under their mutual interactions according to Newton’s laws
of motion. The conservative force takes the form

FS =a,(1

i\ = Vlj/do)f”, (21)

for r;;<dy, and zero otherwise. Here a;; is the maximum
repulsion between bead types i and j which are separated by
a distance of r;;, and t; is the unit vector pointing from bead
J to bead i. Additionally, dissipative and random forces are
used to apply a thermostat to the system that ensures its
evolution towards a Boltzmann-distributed equilibrium state.
The dissipative force is of the form

F,[,) == ')’i_j(l - "ij/do)z(f'ij ) Vij)f.ij’ (2.2)
for r;;<<d,, and zero otherwise, where v;; and v;; are the
dissipation strength and relative velocity between beads i and
J, respectively. Finally, the random force is

F = \2y,kpT(1 = rfdo) £k, (2.3)
for r;;<d,, and is pairwise symmetric for all pairs of inter-
acting beads. Here, {;; is a uniform random variable that
satisfies  (£;;(1))=0 and  (;(6){;r;(¢'))=(8;0 80 + 80 8ji1)
S(t—1"). Beads are assembled into amphiphilic molecules by
tying them together with Hookean springs with the potential

Usiyi+ 1) = 1/2Kko(|8; 14| = 1o)7, (2.4)
where the spring constant and unstretched bond length may
be determined by comparing the end-to-end length of the
model amphiphile with the actual molecular length. In order
to represent the noninterdigitated state of typical lipid bilay-
ers, it has been found necessary to add a chain stiffness po-
tential to the amphiphiles’ tails, Uz, where

Us(i—1,i,i+ 1) =ks[1 —cos(0- )], (2.5)
in which the bending stiffness and preferred angle are chosen
so as to produce a stable bilayer.24’33 We consider
amphiphiles with symmetric tails, which we model using the
general architectures H,,(T,),, where n is the number of
hydrophobic beads in each tail and the headgroup contains m
hydrophilic beads, see Fig. 1.

All simulations are carried out in the NVT ensemble at a
reduced temperature kz7=1, and the actual dimensions of
the box are chosen appropriately for each systems as de-
scribed in the Results. The bilayer or vesicle is preassembled
in the box and the remaining free volume filled with water
particles to the desired density pd3=3. All the results we
present are taken from near-tensionless systems. This state
was obtained by performing several runs with different num-
bers of amphiphiles at a constant box size to locate the
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FIG. 1. Cartoon of the “standard” amphiphile architecture H3(T¢), used in
this work.

system in which the bilayer’s mean surface tension was close
to zero. We have used the equilibrium area per amphiphile at
the bilayer’s tensionless state and the in-plane diffusion co-
efficient to extract the length and time scales for the simula-
tions. The “standard” amphiphile architecture H;(Tg),, which
represents a typical phospholipid such as dimyristoylphos-
phatidylcholine (DMPC) with two to three methyl groups
represented by one DPD tail bead, has equilibrium area per
amphiphile about ~1.262+0.001(d)?>. The experimental
value® for the equilibrium area per molecule of DMPC in a
bilayer is 0.6 nm?. Comparing these two values results in
dy=0.7 nm. The time scale is extracted from the in-plane
diffusion coefficient of the amphiphiles by fitting the mean
square displacement (MSD) at large times. Taking a typical
diffusion value for a DMPC molecule as® 5 um?/s and
comparing with the H5(T,), amphiphile diffusion coefficient
obtained from the simulation, the time scale of the simula-
tion is found to be #,=0.46 ns.

In each simulation, the first 50 000 steps are discarded
and observable averages are constructed from at least 1000
independent samples. The equations of motion are integrated
using a velocity-Verlet scheme.*® Using the values given
above for the intrinsic DPD length (dy,=0.7 nm) and time
(1p=0.46 ns) scales, and an integration time step of dr
=0.021, to ensure stability of the integrator, one simulation of
10° steps is equivalent to 10°X0.02X0.46 ns=0.9 us of
real time, and requires 80 CPU hours on a single-processor
Pentium system.
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TABLE I. The conservative repulsion parameters a;; for the three bead types
used in the A, B amphiphile model. The head and tail beads composing the
lipids are denoted by H and 7, and the water beads by W. The amphiphile
species are identified by the subscripts A and B.

H, T, Hy Ty w
H, 40 50 40 50 35
T, 50 25 50 25 75
Hp 40 50 20 50 35
Ty 50 25 50 20 75
w 35 75 35 75 25
lll. RESULTS

A. Nonhomogeneous mixture of H;(Tg), amphiphiles

In this subsection, we present the domain formation and
the material parameters of a two-component bilayer com-
posed of amphiphiles with an identical architecture [H3(7),,
denoted by A and B], but different preferred packing areas.
The nonbonded bead-bead interaction parameters for the am-
phiphiles in the mixture are shown in Table I. The key dif-
ference between the A and B amphiphiles is that the conser-
vative repulsion of two tail beads in amphiphile B is smaller
than that of tail beads in amphiphile A, and also smaller than
the repulsion between tail beads from the two amphiphiles.
This choice is intended to mimic the ability of long, saturated
hydrocarbon chains in lipids to pack somewhat closer to-
gether than chains that contain one or more double bonds,
and to make the B amphiphiles phase separate from am-
phiphile A. In order to guarantee a stable single-component
bilayer composed of amphiphile B, the small tail-tail repul-
sion has to be balanced by a small head-head repulsion. The
cross head-head and tail-tail repulsions were chosen to be the
same as the self-head-head and -tail-tail repulsions of am-
phiphile A since both of the amphiphiles have the same tail
length. The choice of this parameter set is motivated by the
material properties of single-component bilayers composed
of H4(Ty), amphiphiles presented in our previous work.”

Our parameter set is quite different from those of two
other recent DPD studies”* that also explored the phase
separation of binary mixtures of amphiphiles. In those stud-
ies, the cross tail-tail repulsion of the two types of am-
phiphile is set larger than the self-repulsion of tail beads in
the same amphilphile, and it is this large repulsion that drives
phase separation of the two species.

Unless otherwise stated, the planar bilayer is preas-
sembled in a simulation box with dimensions L,=24, L,
=40, and L =32. A rectangular plane in the direction of x and
y axes has been chosen as the plane of the bilayer in order to
reduce the influence of the symmetry of the simulation box
on the domain patterns. Figure 2 shows the snapshots of the
phase separation process of the two coexisting phases and
the associated time-dependent growth of the domains in a
planar bilayer composed of 944 amphiphiles A and 630
amphiphiles B. We start the simulation with a random con-
figuration; and after 50 000 DPD steps the amphiphiles are
completely separated and domains with irregular shapes are
formed. As time passes, small domains coalesce to form
larger domains. We have observed only circular domains of
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FIG. 2. Phase separation of amphiphile A (denoted by red heads, x,=0.6)
and amphiphile B (denoted by yellow heads, x;=0.4) at kzT=1, starting
from random configuration to 400 000 DPD steps. The simulation box and
water beads are invisible for clarity.

amphiphile B in five independent simulations of this mixture
composition. The tensionless bilayers shown in Fig. 2 have a
projected area per amphiphile A,/ d%: 1.22.

Figure 3 shows the equilibrium domain shapes in planar
bilayers as a function of amphiphile B’s concentration at
400 000 DPD steps. At amphiphile B concentration xz=0.1,
small circular domains of this amphiphile as shown in Fig.
3(a) are formed. Increasing the concentration of this am-
phiphile up to xz=0.3 leads to the formation of circular do-
mains with increasing size [Fig. 3(b)]. Striped domains are
seen at a 50:50 mixture of both amphiphiles [Fig. 3(c)]. Fi-
nally, at x3=0.7, two inverted circular domains composed of
amphiphile A are formed [Fig. 3(d)].

Note that as seen in all snapshots, commensurate do-
mains are formed in both of the monolayers, which indicates
that there is a strong coupling between the amphiphiles in
both of the monolayers, as has been observed in several ex-
perimental studies.”®*%? The coupling that we find in our
simulations is primarily driven by the 20% reduction in the
tail-tail repulsion parameter of amphiphile B, apdy/kgT
=20, compared to that of amphiphile A, which leads to closer
packing of the amphiphile’s tails. We have measured the sur-
face tension of the bilayers as a function of amphiphile’s
packing area and calculated their area stretch modulus
around the zero crossing point using the relation™

2(A,ny) = K[Ap = Ag(n)) JAg(ny), (3.1)

where 2 is the bilayer surface tension, A, is the projected
area at zero surface tension, K is the area stretch modulus,
and n; is the amphiphile’s tail length. The bending rigidity of
the bilayer can then be estimated from the relation”’

[c] *

FIG. 3. Phase separation of amphiphiles A (denoted by red heads) and B
(denoted by yellow heads) for various mixture compositions in the tension-
less state, at 400 000 DPD steps [(a) x;=0.1, (b) x3=0.3, (c) x3=0.5, and (d)
x5=0.7]. The simulation box and water beads are invisible for clarity.
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TABLE II. We summarize here the material properties of bilayers composed
of a mixture of amphiphiles A and B as a function of amphiphile B concen-
tration. The equilibrium area per amphiphile and bilayer width in the ten-
sionless state are displayed in columns 2 and 3, and the area stretch modulus
and bending rigidity in columns 4 and 5. The bending rigidity is calculated
using Eq. (3). The results in this table are obtained from averaging over five
independent simulations for each projected area. Note that K was calculated
using only points around the tensionless state, and by taking kz7 as room
temperature and dy=0.7 nm.

K K
Xg Ay/Nd? (o) dy (dyn/cm) (kgT)
0 1.262 6.79+0.01 73649 84+6
0.1 1.255 6.79+0.04 85051 97+6
0.3 1.23 6.8+0.04 1036+53 1186
0.5 1.21 6.81+0.04 111441 127+5
0.7 1.187 6.8+0.05 1186+49 135+6
0.9 1.165 6.83+0.05 1218+39 140+5
1.0 1.155 6.84+0.01 1264+16 146+2
k=K(2 /48, (3.2)

where €. is the bilayer membrane thickness. Since am-
phiphile B has smaller head-head and tail-tail repulsion pa-
rameters, ayydy/kgT=arpdy/kzT=20, than amphiphile A, a
single-component bilayer of this amphiphile has a bending
rigidity almost twice as large as a bilayer composed solely of
amphiphile A, reflecting the closer packing of the B am-
phiphile tails. Table II shows the variation of the material
properties of a bilayer containing A and B amphiphiles as the
fraction of amphiphile B is increased from 0% to 100%. We
see that upon replacement of 50% of amphiphile A with am-
phiphile B, the bending rigidity of the bilayer increases 36%,
indicating that amphiphile B makes the bilayer more rigid.
The area per amphiphile for the bilayer at its tensionless state
also decreases slightly as the concentration of amphiphile B
increases, also indicating the closer packing of the tails of
amphiphile B compared to those of amphiphile A. Since am-
phiphiles A and B have the same tail length, the bilayer
widths of various compositions of these amphiphiles are al-
most constant, as shown in Table II.

From Figs. 4 and 5, we can see that the area stretch
modulus and bending rigidity of the bilayer increase mono-
tonically as the concentration of amphiphile B increases.
This result is in a fair agreement with the theoretical predic-
tion of bending rigidity of a mixture of lipids of different
chain stiffnesses, but same length and volume.'* In Ref. 14,
they studied the material properties of amphiphilic molecules
containing fluorocarbon (CF,) groups, which form stiffer
chains than those composed of CH, groups, in the sense that
their trans-gauge energy is much larger than that of hydro-
carbons. They find that the the stiffer chains increase the
bending rigidity of the aggregate and slightly decrease the
optimal packing area.

Quadratic fits to the data for the area stretch modulus K,
as displayed in Fig. 4, and the bending rigidity «, as shown
in Fig. 5, yield their functional dependence on the concen-
tration xp of amphiphile B as given by
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FIG. 4. Bilayer area stretch modulus as a function of amphiphile B concen-
tration, mixed with amphiphile A. The dashed line is a quadratic fit of the
area stretch modulus.

K'=751.24+995.56x, — 505.34x% (3.3)

and

Kk =85.927 + 110.09x5 — 52.759x3. (3.4)

We have also observed phase separation in bilayer
vesicles composed of a binary mixture of lipids A and B.
Performing simulations of phase separation on a vesicle re-
moves the periodic boundary conditions that may modify the
domain equilibrium state in planar bilayer simulations. How-
ever, the curvature of the vesicle may now influence the dy-
namics of domain formation, and our results should be com-
pared with small, unilamellar vesicles with diameters around
20 nm. In this way, the small vesicles reveal the effects of
large curvature on the domain growth, while the planar mem-
branes represent the limiting case of infinite-diameter (or
zero curvature) vesicles. The vesicle is initially preassembled
with a diameter of d/d,=32 in a simulation box size (52d,)’
filled with water. The number of amphiphiles A and B is
varied and has been calculated from dividing the vesicle’s
area with the equilibrium area per amphiphile A,/ d% obtained
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FIG. 5. Bending rigidity as a function of amphiphile B concentration, mixed
with amphiphile A. The dashed line is a quadratic fit of the bending rigidity.
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[d]

FIG. 6. Phase separation of amphiphiles A (denoted by red heads) and B
(denoted by yellow heads) at (a) xz=0.1, (b) x5=0.5, (c) x5=0.7, and (d)
x5=0.9. The similarity between the shapes of the domains formed in these
vesicles for a given mixture composition and those formed in planar mem-
branes of equivalent composition shown in Fig. 3 is evident.

from the surface tension measurements for each mixture
composition on planar bilayers. There are initially 2572 wa-
ter beads inside the vesicle, and none of them are observed to
leave the vesicle during the simulations, which implies that
the vesicle is impermeable to water on the time scale of the
simulations. Figure 6 shows a series of images of domain
formation on vesicles as a function of amphiphile B’s con-
centration at 400 000 DPD steps. At xz=0.3, circular do-
mains of amphiphile B are found [Fig. 6(a)]. At 1:1 mixture,
striped domain of amphiphile B is observed [Fig. 6(b)]. In-
creasing the concentration of amphiphile B to x3=0.7 and
x5=0.9 leads to formation of inverted circular domains com-
posed of amphiphile A with different sizes depending on the
mixture composition [Figs. 6(c) and 6(d)].

Comparing the results shown in Figs. 3 and 6 shows that
the typical domain shapes in vesicles at different amphiphile
concentrations are similar to those in planar bilayers.

B. Homogeneous mixture of H;(Tg), and H;(Tg),
amphiphiles

In order to compare the material properties of nonhomo-
geneous and homogeneous mixtures of two different am-
phiphiles, we present in this section the material properties
of homogeneous mixtures of H;(Tgz), (denoted by A) and
H;(Tg), (denoted by C) amphiphiles. In these mixtures, the
preferred packing area of amphiphile C is close to that of
amphiphile A. The interaction parameters for amphiphiles A
and C are described below, where the cross head-head repul-
sion parameter between these two types of amphiphiles is

TABLE III. The conservative repulsion parameters a;; for the three bead
types used in the A, C amphiphile model. The symbols H, T, and W are the
same as in Table I. and the amphiphiles are identified by the subscripts A
and C.

H, T, He T, w
H, 40 50 45 50 35
T, 50 25 50 25 75
He 45 50 50 50 35
T, 50 25 50 25 75
w 35 75 35 75 25

J. Chem. Phys. 125, 114710 (2006)

[c]

FIG. 7. Snapshots of various mixtures of amphiphiles A (denoted by red
heads, orange tails, and yellow tail ends) and C (denoted by green heads,
blue tails, and purple tail ends), at (a) x=0.1 and (b) x=0.9, and at (c) 1:1
mixture. The amphiphiles mix ideally in the membrane. The tail ends cor-
responding to the last tail beads of the amphiphiles are colored differently to
show the interdigitation between the upper and lower monolayers.

chosen to be in between their self-interactions (see Table III).
These interactions and the rest of the simulation parameters
are chosen so as to mimic the material properties of typical
lipid membranes, which have been studied in our previous
works.?**> Note that in this section the planar bilayers are
preassembled in a simulation box size of (32d,)>.

Figure 7 shows the homogeneous mixtures of H3(7g),
and H;(Tg), amphiphiles for various compositions. The pres-
ence of a small concentration of the longer amphiphiles in a
bilayer composed of the shorter amphiphiles disrupts the bi-
layer structure, which decreases the bilayer stretch and bend-
ing rigidity (see Table IV), and vice versa. While for the 1:1
mixture, almost every H3(7), amphiphile is paired with one
H;(Tg), amphiphile from the opposing monolayer. We note
that the bending rigidity of the membrane with a 1:1 mixture
of the two types of amphiphile is identical, within the error
bars calculated from five independent simulations, to that of
the pure shorter-chain amphiphile membrane.

For this homogeneous mixture, the area stretch modulus
(Fig. 8) and bending rigidity (Fig. 9) show nonmonotonic
dependencies on the composition, a result that is in fair
agreement with several theoretical predictionslz_14 and pre-
vious coarse-grained molecular dynamics simulations of
two-component lipid bilayers]9 that measured the mem-
brane’s bending rigidity from its shape fluctuations. Equa-

TABLE IV. We summarize here the material properties of bilayers com-
posed of a mixture of amphiphiles A and C as a function of amphiphile C
concentration. The equilibrium area per amphiphile and bilayer width in the
tensionless state are displayed in columns 2 and 3, and the area stretch
modulus and bending rigidity in columns 4 and 5. The bending rigidity is
calculated using Eq. (3). The results in this table are obtained from averag-
ing over five independent simulations for each projected area. Note that K
was calculated using only points around the tensionless state, and by taking
kpT as room temperature and dy=0.7 nm.

K K
Xc Ao/ Nd? (L) dy (dyn/cm) (kgT)
0 1.262 6.79+0.01 736+49 84+6
0.1 1.278 7.09+0.02 569+34 68+4
0.3 1.275 7.07+0.03 579+19 72£2
0.5 1.265 8.46+0.02 679+27 85+3
0.7 1.257 8.5+0.02 75841 134+7
0.9 1.253 8.62+0.02 1005+35 178+7
1.0 1.252 8.88+0.01 1186+43 231+8
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FIG. 8. Bilayer area stretch modulus as a function of amphiphile C concen-
tration, mixed with amphiphile A. The dashed line is a quadratic fit of the
area stretch modulus.

tions (3.5) and (3.6) show the quadratic fits of the area
stretch modulus (Fig. 8) and bending rigidity (Fig. 9):

K =690.88 —691.28xc+ 1174.8x2C (3.5)

and

k=281.594 - 119.57xc+ 263.91x2C. (3.6)

The minimum values of these material parameters are
located in the relatively flat region between x=0.1 and x
=0.3. We deduce (by looking at the snapshots) that the in-
clusion of long/short amphiphile into the bilayer of short/
long amphiphile in homogeneous system disrupts its struc-
ture (the two monolayers become interdigitated), which
decreases its area stretch modulus. This assumption is similar
to that in the work of Szleifer et al., where the long tail lipid
dangling essentially free in the bilayer midplane causes the
bending rigidity of the mixed system to be less than the
corresponding pure systems. The bilayer thickness of this
mixture increases as the concentration of the long am-
phiphile increases, while its equilibrium area per amphiphile
is almost constant.
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FIG. 9. Bending rigidity as a function of amphiphile C concentration, mixed
with amphiphile A. The dashed line is a quadratic fit of the bending rigidity.
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TABLE V. The conservative repulsion parameters a;; for the three bead
types used in the A, D amphiphile model. The symbols H, T, and W are the
same as in Table I, and the amphiphiles are identified by the subscripts A
and D

H, T, Hp T, w
H, 40 50 45 50 35
T, 50 25 50 25 75
Hp, 45 50 20 50 35
T, 50 25 50 20 75
w 35 75 35 75 25

C. Nonhomogeneous mixture of H;(Tg), and H;(Tg),
amphiphiles

In this subsection, we present the material properties and
domain shape evolution of nonhomogeneous mixtures of
H;(Ts), and H5(T,), amphiphiles. The phase separation of
the mixtures has been simulated in the same way as the pre-
vious nonhomogeneous system (Sec. III A), by choosing the
self-tail-tail interaction parameter of H;(7g), amphiphile (de-
noted as D) to be smaller than that of H;(Tg), amphiphile
(denoted as A) and of the cross interactions (see Table V).
The rest of the interaction parameters are the same as in the
previous system (Sec. IIT A).

We found that the domain shape evolution of this mix-
ture in planar bilayers is similar to that fo the nonhomoge-
neous mixture of amphiphiles A and B, as shown in Fig. 3.

Figure 10 shows the domain shape evolution of this mix-
ture in vesicles with diameter d/dy=32, as a function of
amphiphile’s composition.

The domains composed of amphiphile D in vesicles are
more rectangular than circular compared to those in planar
bilayers because they are rigid, similar to solid plates (see the
bending rigidity estimations in Table VI). Their rigidity re-
quires them to be stretched locally in order to deform
smoothly onto the spherical surface, and the energy cost of
this deformation can be reduced for longer, thinner domains.
Figure 11 shows the cross sections through the vesicles,
where at x,=0.1, the domains are formed on both of the
monolayers, while at x,=0.9, the vesicle is very rigid, and
the striped domains are formed only on one of the monolay-
ers. Taking the time scale of the simulation as #,=0.46 ns and
the bead diameter dy=0.7 nm, the lateral diffusion coeffi-
cients of amphiphiles A and D at 1:1 mixture shown in Fig.
10 are 8.5 and 7.4 um?/s, respectively. The small difference
in the diffusion coefficient between amphiphiles A and D for
the equal concentration in vesicle shown in Fig. 10 indicates
that the two amphiphiles are in the same state, i.e., liquid
state. The area stretch modulus calculation for various com-
positions of this mixture is shown in Table VI. Note that a
single-component bilayer of amphiphile D has bending rigid-
ity k=469+12kpT which is five times larger than that of
single-component bilayer composed of amphiphile A (k
=84+6kzT).

The quadratic fits of the area stretch modulus (Fig. 12)

and bending rigidity (Fig. 13) are shown as follows:
K=694.92 + 161.43x, + 1413.8:}, (3.7)

and
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Kk =81.185 — 14.604x), + 374.27x%. (3.8)

The equilibrium area per amphiphile decreases and the
bilayer thickness increases as the concentration of am-
phiphile D increases in the system. Comparing this mixture
with the nonhomogeneous mixture of amphiphiles A and B,
in this mixture, the area stretch and bending rigidity increase
drastically at the concentration above xp=0.1.

At the concentration below x,=0.1, the inclusion of long
amphiphile D disrupts the bilayer structure, because they are
not paired with each other in both of the monolayers, while
at the concentration above x,=0.1, almost each of this am-
phiphile is paired with another one from the opposing mono-
layer, which is found to strengthen the bilayer. Our result on
bending rigidity for this mixture is similar to that of Monte
Carlo simulations of two rods with different lengths in a
constant area ensemble.”’

IV. CONCLUSIONS

We have used dissipative particle dynamics simulations
to explore the dependence of the material properties of two-

TABLE VI. We summarize here the material properties of bilayers com-
posed of a mixture of amphiphiles A and D as a function of amphiphile D
concentration. The equilibrium area per amphiphile and bilayer width in the
tensionless state are displayed in columns 2 and 3, and the area stretch
modulus and bending rigidity in columns 4 and 5. The bending rigidity is
calculated using Eq. (3). The results in this table are obtained from averag-
ing over five independent simulations for each projected area. Note that K
was calculated using only points around the tensionless state, and by taking
kgT as room temperature and dy=0.7 nm

K K
xp Ay/Nd? (oned ! dy (dyn/cm) (kgT)
0 1.262 6.79+0.01 736+49 84+6
0.1 1.26 6.94+0.01 566+27 67+7
0.3 1.23 7.09+0.02 105041 13045
0.5 1.207 7.83+0.02 1169+51 1755
0.7 1.185 8.25+0.02 1406+23 248+4
0.9 1.165 8.5+0.01 1836+60 336+8
1.0 1.157 8.920.01 2413+61 469+7

J. Chem. Phys. 125, 114710 (2006)

FIG. 10. Phase separation of various
mixtures of amphiphile A (denoted by
red heads) and amphiphile D (denoted
by yellow heads) at 200 000 DPD
steps [(a) xp=0.1, (b) x,=0.3, (¢) xp
=0.5, (d) x5=0.7, and (e) x,=0.9].

component amphiphilic bilayers on their composition and the
structure of the amphiphiles. The formation of domains in
the mixed membranes has also been investigated. We have
varied the tail length of the amphiphiles and their preferred
area per molecule. The latter quantity is related to the degree
of unsaturation in natural lipids, and we modulate its value
by making modest changes in the tail-tail interaction param-
eters. We find that the amphiphiles can phase separate for
quite small changes, which are of the order of 10%, in their
preferred area per molecule. Furthermore, we find that in-
creasing the amphiphile tail length and reducing their pre-
ferred packing area modestly are sufficient to increase the
membrane stiffness by up to a factor of 5 depending on the
composition. Our results are complementary to a recent
paper,29 which studied domain formation and budding in
two-component vesicles, where a large repulsion between the
tails of amphiphiles with identical structures was used to
drive the phase separation. The physical origin of this large
repulsion between identical hydrocarbon tails is not appar-
ent, but it drives two lipid types to phase separate. The au-
thors follow the evolution of the domains, measure their geo-
metric properties including their mean radius and perimeter
length, and find that hydrodynamic forces influence the
coarsening dynamics at all time scales. They also observe
budding of the domains for certain parameter values, and the
buds are seen to detach from the parent vesicle.

In a nonhomogeneous mixture of H;(Ty), amphiphiles,
where one of the amphiphiles has a slightly smaller preferred
area per molecule, the difference in packing leads to a mono-

(b]

FIG. 11. Cross section through the vesicles at (a) x,=0.1 and (b) x;,=0.9,
respectively. In case (a), the domains extend over both monolayers, whereas
in case (b) the domains are observed in one of the monolayers only.
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FIG. 12. Bilayer area stretch modulus as a function of amphiphile D con-
centration, mixed with amphiphile A. The dashed line is a quadratic fit of the
area stretch modulus.

tonic increase in the membrane’s bending rigidity as the frac-
tion of the amphiphile with the smaller preferred area per
molecule increases, resulting in a modest factor-of-2 change
for the membrane containing only amphiphiles with the
smaller preferred area. In a homogeneous mixture of H3(7s),
and H;(Tg), amphiphiles, the membrane bending rigidity
changes nonmonotonically as the fraction of the longer-chain
amphiphile increases, at first decreasing and then increasing
by a factor of 3 when all of the shorter-chain amphiphiles
have been replaced by the longer ones. However, a nonho-
mogeneous mixture of these amphiphiles has a membrane
rigidity about five times larger than the single-component
H;(Tg), bilayer. These results show that increasing the am-
phiphile tail length alone, or reducing the preferred packing
of one amphiphile species, is not as effective in increasing
the membrane bending rigidity as making modest changes in
both properties simultaneously. Because making small
changes in several molecular properties is generally simpler
than making a large change in any one property, this result
may be used to modify the material properties of biological
membranes, which are composed of a large number of dif-
ferent types of amphiphile.

The shape of the domains formed in planar bilayers of a
nonhomogeneous mixture of amphiphiles with the same ar-
chitecture, H;(Tg),, but different preferred areas per mol-
ecule, changes with the membrane composition in a manner
similar to those of a nonhomogeneous mixture of H;(7g),
and H;(T;), amphiphiles (data not shown). Since the bending
rigidity of a single-component H3(7), planar bilayer varies
by only a factor of 2 for the two preferred packing areas we
use, the domain shapes of this mixture in vesicles are similar
to those in planar bilayers. However, domains formed of am-
phiphiles H;(Tg), in a mixture with H;(7Tg),, in which the
bending rigidity of the domains is five times larger than that
of the surrounding sea of shorter amphiphiles, adopt distinct
shapes in planar membrane and vesicles. Whereas such do-
mains in planar bilayers are approximately circular, the dif-
ficulty of bending the stiffer domains onto the highly curved
surface of the vesicle drives them to lengthen and form thin-

J. Chem. Phys. 125, 114710 (2006)
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FIG. 13. Bending rigidity as a function of amphiphile D concentration,
mixed with amphiphile A. The dashed line is a quadratic fit of the bending
rigidity.

ner, elongated domains instead. This result shows that the
curvature of vesicles formed of amphiphiles whose proper-
ties differ in physically realistic ways (small difference in tail
length and small change in preferred area per molecule) is
sufficient to influence the formation and shape of domains on
length scales close to those of biologically relevant vesicles,
such as synaptic vesicles.
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