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Dissipative particle dynamics is used to extract the material parameters (bending and area stretch
moduli) of a bilayer membrane patch. Some experiments indicate that the area stretch modulus of
lipid vesicles varies little as the chain length of the lipids composing the bilayer increases. Here we
show that making the interactions between the hydrophilic head groups of the model amphiphiles
proportional to the hydrophobic tail length reproduces the above result for the area stretch modulus.
We also show that the area stretch modulus of bilayers composed of amphiphiles with the same
number of tail beads but with asymmetric chains is less than that of bilayers with symmetric chains.
The effects on the bilayer density and lateral stress profiles of changes to the amphiphile architecture
are also presented. © 2005 American Institute of Physics. [DOI: 10.1063/1.1917794]

I. INTRODUCTION

The dependence of the material properties of lipid bi-
layer membranes on the structure of their component mol-
ecules is important biologically and commercially. The
plasma membrane that surrounds all living cells must be
strong enough to prevent the permeation of unwanted ions
and molecules, but also flexible enough so that, for example,
red blood cells can squeeze through capillaries whose width
is only one-third of the cell’s diameter.' Commercially, arti-
ficial lipid vesicles are potential vehicles for drug delivery
systems.2 The lifetime of the drug-filled vesicles in the
bloodstream is dependent on the robustness of the mem-
brane, and limits how long the drug can be encapsulated.
Expelriments3 have found that the resistance of lipid vesicles
to electric-field-induced rupture depends on the type of lipid
and on the presence or absence of cholesterol. Lipids with a
high degree of unsaturation in their hydrocarbon tails have
been found to reduce the bending rigidity of a vesicle by a
factor of two compared to their saturated counterparts, while
leaving the membrane’s area stretch modulus approximately
unchanged.4 Monolayers of lipids with asymmetric chains
are also found to be less rigid than those composed of lipids
with equal length tails.’

In the pursuit of a quantitative understanding of the in-
fluence of molecular architecture on the properties of mem-
branes, computer simulations have been a valuable tool.
Molecular-dynamics (MD) simulations® have been used for
many years to study the properties and behavior of small
molecules, but are typically limited to a few hundred
molecules,’ plus solvent particles; although simulations of
1024 dipalmitoylphosphatidylcholine lipids in a 20-nm
square patch have recently been performed8 that required
30000 CPUh. Coarse-grained MD has been developed to
measure the properties of larger systems for longer times by
combining several atomic groups into one coarse-grained

“E]ectronic mail: illya@mpikg-golm.mpg.de

0021-9606/2005/122(23)/1/0/$22.50

122, 1-1

particle. In this way, a typical lipid molecule that contains
more than 100 at. can be represented by approximately
10-15 coarse-grained particles. This procedure retains
enough detail to capture the essential differences between
various chemical species,g_12 and has been shown capable of
following the fusion of small vesicles.”> Because even
coarse-grained MD requires large amounts of computer time
to simulate sizable membrane patches, a new particle-based,
mesoscopic simulation technique developed in the 1990s has
recently been applied to the problem of simulating large
membrane patches. Dissipative particle dynamics (DPD) was
introduced in 1992 by Hoogerbrugge and Koelman, who ap-
plied it to measuring the hydrodynamic drag on a cylinder in
a moving fluid."* The algorithm was modified by Groot and
Warren and used to study the phase separation of immiscible
polymeric fluids."® Their scheme has since been used to in-
vestigate pore formation in amphiphilic bilayers,16 to follow
the self-assembly of vesicles,17 phase separation in
Vesicles,18 and vesicle budding;19 to calculate the material
properties of single-component membranes;>’ and to explore
the phase behavior of lipids21 and the effects of surfactant
packing at an oil-water interface.*

Here we use the DPD simulation technique to explore
the dependence of the area stretch modulus and correspond-
ing bending rigidity of a planar membrane patch on its com-
ponent lipid architecture. We find that the experimental result
of the independence of the membrane area stretch modulus
on tail length4 is reproduced in the simulations if the polar
head group’s interactions are correlated with the tail length.
We also show that model lipids with mismatched tail lengths
form bilayers whose stiffness is much reduced compared to
that of bilayers composed of symmetric tail lipids, a result
also found in experimental work.” Such asymmetric am-
phiphiles also redistribute the lateral stresses in the mem-
brane, a process that has been suggested as important for the
functioning of anaesthetics.”

© 2005 American Institute of Physics
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Il. DISSIPATIVE PARTICLE DYNAMICS SIMULATION
METHOD

In the dissipative particle dynamics method, the mol-
ecules of a fluid are grouped together to form fluid elements,
or beads that interact via soft, short-range forces. Each bead
has a mass m, and diameter d,,, and the average density of
the system is constant. The bead coordinates evolve in time
under their mutual interactions according to Newton’s laws
of motion. Each bead experiences three forces with those of
its neighbors within the range d,,. The conservative force
takes the form

F=a,(1 - ryldy)f;, (2.1)

for r;; <d0, and zero otherwise. Here a;j is the maximum
repulsmn between bead types i and j which are separated by
a distance of r;;, and £;; is the unit vector pointing from bead
Jj to bead i. This force gives beads an identity that governs
their compressibility and mutual miscibility. Additionally,
dissipative and random forces are used to apply a thermostat
to the system that ensures it evolves towards a Boltzmann-
distributed equilibrium state. The two forces are related to
one another by fluctuation-dissipation theorem, i.e., the tem-
perature is a result of the balance between the noise and
friction strengths.
The dissipative force is of the form

FD == 5, (1 = ryldo)*(F;; - v;))¥, (2.2)

ijo

for r;;<dy, and zero otherwise, where 7y;; and v;; are the
dissipation strength and relative velocity between beads i and
J, respectively.

Finally, the random force is

- rij/do)fijf'ija

for r;;<<d, and is pairwise symmetric for all pairs of inter-
actlng beads. Here, {;; is a uniform random variable that
satisfies (£;;(1))=0 and ({;(1)Z;r;:(1))= (8 6y + 60 6jr) 8t
—-t').

Because all three of these forces conserve momentum
locally, hydrodynamic behavior emerges even in systems
containing only a few hundred particles.14

Beads are assembled into amphiphilic molecules by ty-
ing them together with Hookean springs with the potential

Us(iyi+ 1) = 12k (|f; 14| = Lo) (2.4)

Ff = \2y,kpT(1 (23)

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 bilayers, it has been found necessary to add a chain
stiffness potential to the amphiphiles’ tails, U;, where

Us(i— 1,i,i+ 1) =ks[ 1 — cos(6— 6,)], (2.5)

in which the bending stiffness and preferred angle are chosen
so as to produce a stable bilayer.“’20

We consider amphiphiles with symmetric and asymmet-
ric tails, which we model using the general architectures
H,(T, ), and H, T, T,,, respectively, where n, and n, are the
number of hydrophobic beads in each tail and the head group
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FIG. 1. Illustration of the amphiphile architectures used in the simulations,
H,(Tg), and H;T,Ts. The polar head beads are connected linearly to each
other, and the two hydrophobic chains are attached to adjacent beads at one
end of the head region. The chain lengths may be symmetric or asymmetric
as shown. Note that there is no bending stiffness within the head region
which leads it to assume a compact, globular shape.

contains m hydrophilic beads (see Fig. 1). Based on previous
work we have used the following parameter set. The bead
self-interactions have the value a;=25 following Groot and
Warren,"” except for the amphiphile head-head, ayy, which
we vary to explore its effects on the membrane properties.
Our simulations show that if ayy is independent of the lipid
tail length, the resulting bilayers have an area stretch modu-
lus that increases strongly with tail length (data not shown).
Bilayers whose area stretch modulus is approximately inde-
pendent of tail length, as found in experiments on lipid
vesicles,* are formed if the head-head interaction is propor-
tional to the lipid tail length (see Table I). From Table I, the
dependences of ayy on the length of the tail group are de-
scribed as

aHH=5n,+ 10, (26)

for amphiphile with three head beads, where n, is the total
number of tail beads in the amphiphile, and

aHH=5nt+5, (27)

for amphiphile with four head beads.

The tail-water, tail-head, and head-water parameters are
arwdo/kgT=75, ayrdo/kgT=50, and apwdy/kgT=35, re-
spectively, to represent the strong hydrophobic repulsion of
the oily chains from the water, their lesser repulsion from the
head groups, and the weak hydrophilicity of the head groups.
The dissipative force parameter, ;;, is important for the evo-
lution of the bead coordinates, but as we are interested in
equilibrium properties of the membranes we have used the

TABLE 1. The dependence of head-group interaction parameter on the
length of the tail group.

AHH AHH
Amph. (kgT/d,) Amph. (kgT/d,)
H;(Te), 40 H,(Té), 35
H;(T7), 45 H(T,), 40
H5(T), 50 Hy(Ty), 45
H,T,Ts 40 H,T,Ts 35
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values from our previous work” as they lead to well-formed
bilayers. Finally, the Hookean spring parameters and bending
stiffness are also taken from the same reference” and have
the values k2d§/k3T= 128, 1y/dy=0.5, and k3/kzT=20, re-
spectively.

Simulations are performed in a cubical box of constant
volume V=(32d,),> with density pdi=3 beads/unit volume,
which gives approximately 100 000 beads of all types. The
number of amphiphiles in the bilayer, N, is around 1600 and
is determined by the projected area per amphiphile, A, and
the box size. The bilayer is preassembled in the box and the
remaining free volume filled with water particles to the de-
sired density. All simulations are carried out at a reduced
temperature 7=1, and we have used the equilibrium area per
amphiphile at the bilayer’s tensionless state and in-plane dif-
fusion coefficient to extract the length and time scale for the
simulations giving dy=0.7 nm and #,=0.46 ns. Each simula-
tion has 100 000 steps of which the first 50 000 are discarded
and observable averages are constructed from at least 1000
independent samples. The equations of motion are integrated
using a velocity Verlet scheme® with a step size dr=0.02¢,.
By assigning a typical diffusion coefficient for a DMPC lipid
bilayer, 5 ,u,mz/ s, and using dy=0.7 nm, one simulation of
107 steps is equivalent to 0.9 us of real time, and requires 80
CPU h on a single-processor Pentium system.

lll. RESULTS

We first present results for the bilayer surface tension,
area stretch modulus, and bending stiffness, and then look in
more detail at the bead density distribution and lateral stress
profile through the bilayer.

A. Area stretch modulus of bilayers with symmetric
and asymmetric chain lengths

Experiments on lipid bilayer vesicles have found that the
area stretch modulus of such vesicles is approximately inde-
pendent of the lipid tail length, but that the membrane bend-
ing stiffness increases with tail 1ength.4 Mean-field theories
of the dependence of membrane curvature elastic energy on
the lipid tail length and head-group area also predict a rise in
membrane bending stiffness with tail length.24 In order to
compare our simulated membranes with these results we
have measured the membrane’s area stretch modulus as a
function of tail length and effective head-group size.

If we assume a dependence of the surface tension, 2, on
the bilayer projected area, A, and amphiphile tail length, n,,
of the form"!

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

where A, is the projected area at zero surface tension, we can
calculate the area stretch modulus, K, of a bilayer formed of
amphiphiles with tail length n;.

Figure 2 shows the variation of the membrane surface
tension for amphiphiles with architecture Hj(7,, ),, where
n;=6, 7, 8 hydrophobic beads per tail, and for one amphi-
phile with mismatched tails, H;7;T5, that contains the same
number of hydrophobic beads in total as the Hz(Tg), archi-
tecture. The stretch modulus, which is given by the slope of

pr
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FIG. 2. Variation of the surface tension with the projected area per am-
phiphile for bilayers composed of H3(T,,1)2 amphiphiles for several tail
lengths and H;T,Ts amphiphiles. The error bars are only shown for points
that are used to calculate the stretch modulus values.

the surface tension at the zero crossing point, is almost inde-
pendent of the tail length if the H bead’s repulsion parameter
is increased proportionally to the increase in tail length. The
membrane composed of asymmetric-tail amphiphiles has a
significantly smaller slope than the other three curves. These
results are consistent with the experimental results of Ali et
al.,” where they find that membranes formed of lipids with
mismatched tail lengths are typically much softer to bending
modes than the ones formed from lipids with symmetric
tails.

In Fig. 2, it is also shown that the projected area de-
creases slowly with tail length for the symmetric-tail am-
phiphile which is consistent with experimental results.” Note
that a negative surface tension indicates that the bilayer is
laterally compressed, although it has not buckled at the pro-
jected areas shown as indicated by the surface tension not
being independent of area.”’

To explore further the relationship between the influence
of head-group size and tail length on membrane properties,
we have also measured the surface tension for amphiphiles
with four hydrophilic beads per head group (Fig. 3). Quali-
tatively similar results are found as for the amphiphiles con-
taining three beads per head group. However, the curves for
symmetric-tail amphiphiles are more tightly clustered than
for the smaller head group. The area stretch modulus for the
membrane containing asymmetric amphiphiles is again much
smaller than the value for symmetric amphiphiles. Our data
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FIG. 3. Variation of the surface tension with the projected area per am-
phiphile for bilayers composed of H4(Tn|)2 amphiphiles for several tail
lengths and H,T,T5 amphiphiles. The error bars are only shown for points
that are used to calculate the stretch modulus values.
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TABLE II. We summarize here our results on membrane area stretch modu-
lus and bending rigidity for the various amphiphile architectures studied,
and give information on the equilibrium area per amphiphile and membrane
width. The results shown in the table are obtained from averaging over five
independent simulations for each projected area. Note that K was calculated
using only the points around the tensionless state by taking kz7" at room
temperature and dy=0.7 nm.

K
Amph. Ay/Nd? (dyn/cm) k(kgT) Crne

Hy(Ty), 1.262 736+49 84+6 6.79+0.01
Hy(T5), 1.257 982+78 149+12 7.85+0.01
Hy(Ty), 1.252 1186+43 231+8 8.88+0.01
H;T,Ts 1.282 468+ 12 52+1 6.68+0.01
H,(Ty), 1.26 775+38 96+5 7.1+0.01
H,(T;), 1.257 1011+21 166+3 8.16=0.01
H,y(Ty), 1.26 486+109 122+23 9.17+0.01
H,T,Ts 1.282 590+17 58+2 6.97+0.01

show that changing the tail architecture of the amphiphile
from symmetric to asymmetric length, while keeping the
same total number of tail beads, reduces the area stretch
modulus of the bilayer by around 40% (see Table II).

For H,(Tg), amphiphile, with ayydy/kgT=45, we found
the formation of bilayers with the appearance of an interdigi-
tated structure at some parts of the bilayers (see Fig. 4). This
structure is formed because of the strong repulsion between
the head groups which increases the head-group surface area
and concomitantly create voids in the hydrophobic core.
Since voids in the hydrophobic core are energetically unfa-
vorable, the interdigitated phase is formed, where the am-
phiphile tails from the opposing monolayers interpenetrate to
fill the voids. The increment in the water head-group area
explains the decreasing of the bilayer area stretch modulus
and concomitant the bending modulus, as shown in Table II.

Figure 5 shows the surface tension of a membrane as a
function of the projected area per amphiphile for two tail
lengths and two head-group sizes: H3(T¢)s, Ha(T¢)2, H3(T5)s,
and H,(T;),. The surface tension near its zero crossing does
not appear to distinguish between amphiphiles with a larger
head group and smaller repulsion (four H beads,
appdo/kgT=35) and a smaller head group and larger repul-
sion (three H beads, aypd,y/kgT=40). This suggests that it is
the effective size of the amphiphile head group that influ-
ences the bilayer’s material properties, and not the exact
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FIG. 4. Snapshot of H,(Tg), bilayer at surface tension Sd3/kyT
=0.091£1.56 and area per amphiphile A,/ d(z,: 1.265. Note the interdigitated
region at the right side of the image, where the width is smaller than the
average.
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FIG. 5. Variation of the surface tension with the projected area per am-
phiphile for bilayers composed of H3(Ty),, Hi(Ts)2, H3(T5),, and H,(T;),
amphiphiles.

number of hydrophilic beads alone nor the absolute magni-
tude of the head-head repulsion parameter alone.

Table II shows the numerical results for K, the mean
bilayer width €., and bilayer bending rigidity, «, which is
estimated from the relation'”

Kk=KC2 /48. (3.2)

It can be seen that the bilayer width is linear in the
amphiphile tail length (see column 5 of Table II). We note
here that the amphiphile end-to-end length is also linear in
the number of beads per tail (data not shown). The am-
phiphile architectures shown in Table II exhibit an area per
molecule around 62 A? in the tensionless state, which is quite
close to the experimental value of the equilibrium area per

molecule of DPPC in a bilayer, around 60 AP

B. Effects of chain asymmetry on bilayer density
and lateral stress profiles

We have shown in the previous section that a planar
bilayer patch composed of a single type of amphiphile with
asymmetric chains has a significantly weaker area stretch
modulus [and therefore also a weaker bending modulus us-
ing Eq. (3.2)] than a bilayer in which the amphiphile chains
are symmetric. In this section we show that the chain asym-
metry strongly influences the bead distribution within the
bilayer and also modifies the lateral stress profile.

The bilayer shown in Fig. 6 contains 1598H,T,T5 am-
phiphiles and has approximately zero surface tension,
Sd5/kgT=-0.05+1.49 with projected area per amphiphile
Apl dé: 1.282. The projected area per amphiphile for H,7;75
bilayer is slightly larger than the value of A/ dé: 1.26 for

LR,

FIG. 6. (Color) Snapshot of a H,T;Ts bilayer, where the hydrophobic parts
of the two monolayers and each of the last tail beads are colored differently
to show the chain interdigitations. The bilayer contains 1598 amphiphiles
and has Sd3/ksT=-0.05+1.49 and A,,/dj=1.282.
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FIG. 7. (Color) Bead number density profiles for H4T,Ts bilayer for the
tensionless state. One error bar is given in red at pd8:2.97310.079. The
inset figure shows the enlargement of the last tail beads density profile of
each amphiphile.

the relaxed H4(Ty), bilayer. A difference of Apr/d2=0.022
corresponds to 0.01 nm? or 1 A2 This difference is not ex-
perimentally significant.

The lateral density profiles of the hydrophobic and hy-
drophilic beads in the H,T,T5 bilayer, together with the wa-
ter beads, are shown in Fig. 7. The density profile of the 75
bead from upper monolayer overlaps with the density profile
of the T; bead from lower monolayer, indicating that the two
monolayers are interdigitated. The density distributions of
the terminal beads, T5, of the shorter chains show a lesser
degree of overlap. Given that the shorter chains of each am-
phiphile cannot penetrate to the center of the bilayer as much
as the longer chains, the overall bead density in the midplane
is reduced. The longer chains therefore pack less tightly at
the bilayer midplane, so reducing the area stretch modulus.

The amphiphile end-to-end length in the tensionless state
of H,T;Ts is (€..)/dy=3.51£0.01. The bilayer thickness is
(€mer ! dy=6.97+0.01, which is only slightly thinner than the
value of (€,.)/dy=7.1£0.01 for relaxed H,(Ty), bilayer.
From Eq. (3.2) we see that the decreased area stretch modu-
lus results in a smaller bending modulus given that the bi-
layer thickness is approximately the same.

The lateral stress profile,

5(z) = 3p(2) = 2p(2), (3.3)

is calculated from the difference of the tangential and normal
components of the stress tensor summed over all potentials
and averaged over thin slices parallel to the bilayer surface.
The detail of the stress tensor calculation is described in the
work of Goetz and Lipowsky,11 which extends the work of
Schofield and Henderson.”® In Fig. 8, we show the lateral
stress profiles for bilayers composed of H;(T),, Hi(Tg),,
and H,T,Ts amphiphiles, respectively. The similarity of the
profiles for the H;(Ty), and H4(T,), amphiphiles demon-
strates that only the effective head-group interactions influ-
ence the bilayer stress distribution, and not the number of
hydrophilic beads and their head-head interaction separately.
The stress profile for the asymmetric amphiphiles shows a
different form from the other two profiles. The inner pairs of
positive peaks and negative peaks have shrunk, indicating
that the stress near the center of the bilayer has been reduced
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FIG. 8. Stress profiles for H,T;Ts, Hy(T¢),, and H5(Tg), bilayers at approxi-
mately tensionless state.

for the asymmetric chain case. The outer positive peaks are
almost identical for all three cases. These results show that
the chain asymmetry strongly modulates the stress distribu-
tion near the bilayer midplane without significantly changing
either the bilayer width or the interactions at the water-
bilayer interface.

IV. CONCLUSIONS

Dissipative particle dynamics simulations have been
used to systematically and quantitatively measure the area
stretch modulus and bending modulus for bilayers composed
of a homologous series of amphiphiles and compared their
properties to experimental lipid bilayer membranes. We have
used DPD rather than coarse-grained MD simulations, as it
can be applied to significantly larger systems while consum-
ing orders-of-magnitude less computer time. For membrane
properties that are averages over many hundreds of mol-
ecules, such as the bead density profiles, lateral stress pro-
files, and material properties studied here, DPD has been
found to produce results comparable to coarse-grained MD
simulations.”

Experimental results on the independence of lipid bi-
layer membrane area stretch modulus on lipid tail length are
reproduced if the effective head-head repulsion parameter is
proportional to the amphiphile tail length. Although the area
stretch modulus is less dependent on tail length than for
simulated membranes of single-tail amphiphiles,20 there is a
residual increase with tail length and concomitant reduction
in preferred area. The latter result is consistent with experi-
mental data of Ali e al.” and Petrache et al.”’ The results of
Rawicz et al.* on lipid bilayer vesicles that their area stretch
modulus is almost independent of lipid tail length are thus
only partially reproduced, but the increase of the bilayer
bending modulus with increasing tail length is well repro-
duced.

We have simulated membranes composed of double-
tailed amphiphiles with the same total numbers of tail beads
as in the symmetric ones but with asymmetric tail lengths.
Interdigitation of the terminal hydrophobic beads of the am-
phiphiles is found in the simulations. Additionally, the extra
free space available to the longer chains near the bilayer
midplane significantly weakens the bilayer compared to
those composed of symmetric-tail amphiphiles. Such a de-
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crease in the area stretch modulus of bilayers composed of
asymmetric amphiphiles has been found in the experimental
work by Ali et al’

In a separate study, we have found that the inclusion of
amphiphiles with short tails into a bilayer composed of am-
phiphiles with long tails has a similar effect on reducing the
stretch modulus and bending modulus as that of the pure
system composed of asymmetric tails.”® Further, the thick-
ness of bilayers composed of asymmetric chains is very close
to that of bilayers composed of symmetric chains, which is in
agreement with the experimental results of Hui er al.” for
C(18):C(10)PC membranes in comparison with the thickness
of C(14):C(14)PC membranes calculated by Janiak et al.*”
The thickness of H3(T), bilayer obtained from simulation is
(€,,e)=4.75 nm which is comparable with the width of typi-
cal 18-carbon diacyl lipid bilayer, 4 nm.*

Finally, we also find that amphiphiles with asymmetric
chains significantly modify the stress distribution near the
bilayer midplane while leaving the water-hydrophobic inter-
facial stress almost unchanged. Such depth-dependent redis-
tribution of stress has been suggested as a possible mecha-
nism by which anaesthetics work,” and membrane-bound
proteins, such as mechanosensitive channels.’’ We believe
that DPD simulations can be used to explore systematically,
and in a quantitative manner, the properties of the complex
fluid environment that are crucial for the function of
membrane-bound proteins.
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