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Equilibrium structure and lateral stress distribution of amphiphilic
bilayers from dissipative particle dynamics simulations
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The equilibrium structure and lateral stress profile of fluid bilayer membrane patches are
investigated using the Dissipative Particle Dynamics simulation technique. Although there are no
attractive forces between the model amphiphiles, they spontaneously aggregate into planar bilayers
under suitable conditions of concentration and amphiphile architecture. Pure bilayers of single-chain
and double-chain amphiphiles are simulated, and the amphiphile architecture and interaction
parameters varied. We find that a strong chain stiffness potential is essential to create the lamellar
order typical in natural lipid membranes. Single-chain amphiphiles form bilayers whose lamellar
phase is destabilized by reductions in the tail stiffness. Double-chain amphiphiles form bilayers
whose rigidity is sensitive to their architecture, and that remain well-ordered for smaller values of
their tail stiffness than bilayers of single-chain linear amphiphiles with the same hydrophobic tail
length. The lateral stress profile across the bilayers contains a detailed structure reflecting
contributions from all the interaction potentials, as well as the amphiphile architecture. We measure
the surface tension of the bilayers, and extract estimates of the membrane area stretch modulus and
bending rigidity that are comparable to experimental values for typical lipid bilayers. The stress
profile is similar to that found in coarse-grained Molecular Dynamics simulations, but requires a
fraction of the computational cost. Dissipative Particle Dynamics therefore allows the study of the
equilibrium behavior of fluid amphiphilic membranes hundreds of times larger than can be achieved
using Molecular Dynamics simulations, and opens the way to the investigation of complex
mesoscopic cellular phenomena. Z02 American Institute of Physics.
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I. INTRODUCTION is found to increase on adding cholesterol as a cosurfactant.

Lipid bilayer membranes surround living cells, protect- The lateral dlffuspn of lipids in a vesicle membrahend
ing their interior from the outside world. They are much th? membra.ne V'SCO,S']@’ have both beep recently deter-
more than a static structural component, however, in thafined. Detailed studies have been published of the depen-
their composition and dynamics influence membrane-bound€énce of the bilayer elastic bending and area stretch mdduli
proteins, and contribute to the remarkable material propertie8Nd passive permeabilityon lipid tail length and the degree
of cells such as red blood cefl$.Bilayer membranes also ©f unsaturation. Dynamic light scattering has been used to
surround artificial vesicles, and have been constructed out dheasure vesicle shape fluctuations, and the increase in the
nonbiological amphiphile$? and diblock copolymers. fluctuation time on the addition of small amounts of
These membranes continually undulate owing to the thermagosurfactant® Domain formation in two-component lipid
motion of their constituent lipids. Thermal forces combinemembranes has also been investigafedonbiological am-
with specific molecular forces to create complex, dynamicphiphiles have been used to provide a template for the con-
multicomponent systems. Dynamic processes taking placstruction of nanoscale, hollow, polymeric sphefésAm-
within a membrane can involve cooperative changes ovephiphilic diblock copolymers have been shown to form
distances large compared to the molecular size, and occur aresicles that are an order of magnitude stronger, and less
timescales much longer than molecular vibrational periods.permeable to water, than natural phospholipid bilayers.

The complexity of natural membranes has led experiSuch toughened vesicles, or polymersomes, offer greater
mentalists to focus on simpler model systems: lipid bilayercontrol over the membrane material properties than lipid
vesicles>™'% These are often composed of a single type ofvesicles, owing to the possibility of cross-linking the copoly-
amphiphile, and usually lack embedded inclusions. Muchners and changing the block size or molecular weight. Lyo-
progress has been made in the last decade in experimentgpic mesophases of similar diblock copolymers have been
designed to probe the vesicle membrane’s material propegised as templates for forming mesoporous silica materials,

ties. The area stretch modulus of pure stearoyloleoylphosgiith the result that the lyotropic order is retained in the silica
phatidylcholine(SOPQ vesicles and SOPC/cholesterol mix- matrix 19

tures has been measured using micropipette aspirdtem Such experiments have created a demand for a theoreti-
cal understanding of the dependence of membrane stability

3Electronic mail: julian@mpikg-golm.mpg.de and material properties on the constituent amphiphile’s mo-
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lecular structure and membrane composition. Several theavork is to determine whether DPD simulations can take the
retical approaches have been applied to this problemnvestigation of membrane material properties to length and
Lattice-based Monte CarldMC) simulations have been used time scales beyond those achievable in coarse-grained MD
to study the development of microstructures in surfactant-simulations, while still exhibiting the structure found in lat-
water system&’ and the conformational chain properties of eral stress profiles. We have varied the amphiphile architec-
lipids within a bilayer composed of long or short chain mol-ture and the potential parameters so as to systematically
ecules, and a mixture of boffi.Several groups have applied examine their effects on the equilibrium bilayer structure,
mean-field techniques to lipid bilayet%;2*exploring the de- and to extend the scope of DPD simulations well beyond
pendence of membrane stability on key lipid properties suctprevious work>3® in the field. Given that a micron-size
as the area per head gré@mnd hydrocarbon tail length ~ vesicle can contain from one million to a billion am-
and the variation of membrane bending stiffness with amPphiphiles, and that a few percent of its surface area is
phiphile tail length and head group arféaCharged lipids involved in processes such as pore formation or fusion
and their interactions with ions near the solvent—membranevents, the ability to model large systems is essential if these
interface have also been investigated using a self-consisteptocesses are to be studied using computer simulations.
field theory?’ Nanoscale vesicle templatitfgt®also requires the simulation
Both these approaches have certain limitations. Latticeof large membrane patches or, preferably, a complete vesicle,
based simulations lack the full Galilean invariance of a fluid,that are currently beyond the reach of the coarse-grained MD
while mean-field theories ignore fluctuations within a sys-technique.
tem. Furthermore, atomistic Molecular Dynami¢MD) The paper is organized as follows. We first briefly review
simulations are restricted to small system sizes and shothe Dissipative Particle Dynamics simulation technique, re-
times?® Therefore, coarse-grained MD simulations haveferring the interested reader to Ref. 42 for a detailed descrip-
been used to extract the area compression modulus and beritgn. Then we present the equilibrium bilayer structure and

ing modulus of single-component lipid bilayers and mono-stress profile of single-tail amphiphile bilayers as a function
layers, and their lateral stress distributfdn? The latter  Of the tail length and interaction parameters. Next, we extend

quantity is believed to be important in modulating these results to bilayers composed of double-tailed am-

membrane—bound protein behavidr.Recently, coarse- phiphiles, and study the effects of architecture on the stress
grained MD Simu'ations have also been used to Compare tH@'Of"e Fina”y, we discuss the implications of this work for
equilibrium structure of a dimyristoylphosphatidycholine Simulating complex processes in lipid bilayers.
bilayer* to that obtained from atomistic simulations. This
provides the opportunity to move up in length scale toward'- DISSIPATIVE PARTICLE DYNAMICS SIMULATION
the mesoscopic regime. However, a major drawback of evel{IETHOD
these MD simulations is that they are restricted by current  The elementary units in a DPD simulation are fluid ele-
computing technology to membrane patches containing onlynents orsoft beadsA soft bead represents a volume of fluid
a few hundred amphiphiles plus the requisite solvent molthat is large on a molecular scale, and hence contains at least
ecules. several molecules or molecular groups, but still macroscopi-
In this paper, we use the Dissipative Particle Dynamicscally small. Beads interact via effective forces chosen so as
(DPD) simulation method to investigate the structure andto reproduce the hydrodynamic behavior of the fluid without
lateral stress profile of fluid bilayer membranes containingreference to its molecular structure. DPD differs in this re-
approximately 3200 amphiphiles as a function of the am-spect from MD simulations, in which the forces are chosen
phiphile architecture and interaction parameters. This repreto model the intermolecular interactions of a system as accu-
sents a membrane patch at least one order of magnitudately as possible. Forces in DPD are pairwise additive, con-
larger than previously published results®and allows us to  serve momentum, have no hard core, and are short-ranged,
study the membrane’s mesoscopic properties whilg(phe-  the range of the force defining the size of the soft beads. The
sumably irrelevant short length-scale motions of the indi- use of momentum-conserving forces also distinguishes DPD
vidual amphiphiles are averaged out. Although the DPDfrom Brownian Dynamics, in which each particle receives a
technique was first introduced almost a decade®gmd random push independently of all other particles resulting in
several theoretical analyses of the methodology hav@urely diffusive motion.
appeared®=*! published applications are still few. It has  All beads have the same mass,, and radiusy,, and
been used to measure the surface tension of a planar interfatteese set the mass and length scales in the simulation. A time
between two polymeric fluid¥ to study microphase separa- scale must be extracted from the dynamics of relevant pro-
tion of diblock copolymer melté3 and to follow the detach- cesses in the simulated fluid, such as the diffusion of a mi-
ment of an oil droplet from a solid surface under shearcelle’s center of mass, or the in-plane viscosity of a bilayer
flow.** Self-assembly of a small bilayer patch, containingmembrane. Because we study equilibrium properties of bi-
only 100 surfactants, has also been descriBédvery recent  layers, we estimate the time scale of the simulations from the
paper® investigates the appearance of pores in model lipidyeneric timet,= \/mOrOZ/kBT, set by the bead mass and ra-
bilayers as a function of the concentration of a nonionic codius and the system temperature, whkgeis Boltzmann’s
surfactant. A recent review article provides a comprehensiveonstant and the temperaturés defined in the next section.
survey of computer simulations of surfactant solutibhand ~ We take the diameter of one DPD bead as 1 nm and assume
another is devoted to the DPD methfdOur aim in this that it has the density of water at room temperatuFe,
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=300 K. The simulation time step then corresponds to 5 ps, Fﬁ: w/2'yijkBT(1—rij ”o)(ijfij , 3
and a typical run of 1D steps is equivalent to 25 ns of real
time. A few longer runs of 0.2xs have also been performed for r;j<ry, and zero otherwise. Values of the random force

with equivalent results. are generated by sampling a uniform random variah|ét),
_ that satisfies(;;(t))=0 and (Z;;() & (t'))=(8ii/ 6
A. Interaction potentials and amphiphile architecture + &j: 6ji/) 6(t—t'). The random force has the symmetry

Beads interact via three forces: a conservative force that"oPerty{i;(t)=¢;i(t) that ensures local momentum conser-

gives each bead an identity and allows, for example, thé(gtion and hgnce the correct hydrodynamic behavior of the
representation of hydrophobicity between hydrocarbon andimulated fluid on long length scalé_%. _
water: a random force that creates relative momentum be- FPolymers are constructed by tying beads together using
tween bead pairs: and a dissipative force that destroys rel&100k&an springs with the potential
tive momentum. Beads are considered to h bserve -

umbservell =y ii+1)= U2kl 4] ~1o)? @

internal degrees of freedom that give rise to the dissipative

force, and to be coupled to the local temperature of thei(/vherei, i+1 represent adjacent beads in the polymer. The
(fluid) environment that is the source of the random forcesspring constank,, and unstretched length, are chosen so
By deriving the Fokker—Planck equation equivalent to theyg 1 fix the average bond length to a desired value. Both

Langevin formula_tion Of_ DPD, ar!d demand_ing that theparameters may be specified independently for each bead
steady-state solution satisfy the Gibbs canonical ensemblﬁair, allowing a polymer’s bond strength to vary along its
Espagnol and Warréfhave shown that the magnitudes of length.

the dissipative and random forces must be related to the tem- Hydrocarbon chain stifiness is modeled by a three-body

perature parameter by a fluctuation—dissipation theorenhgiential acting between adjacent bead triples in a chain,
This relation, together with the requirement that the com-

pressibility of a one-component DPD fluid match that of wa-  U,(i—1,i,i +1)=ks[1—cog ¢— ¢o)], (5)
ter at room temperature, fixes the relative strengths of the
random and dissipative forces and the ratio of the conservawhere the angle is defined by the scalar product of the two
tive force parameteffor a one-component fluido the tem-  bonds connecting beads-1, i, andi, i + 1. In general, the
perature. Groot and Warrénfurther show how the magni- bending constanks, and preferred angleh,, may be speci-
tude of the conservative force between unlike DPD beads ified independently for different bead triples, allowing the
a fluid mixture is related to the solubility of one species inchain stiffness to vary along the polymer’s length. Typically,
the other, and how this can be quantified by comparing tha preferred angle of zero is used so that the potential mini-
solubility of dissimilar DPD fluids with the Flory—Huggins mum occurs for parallel bonds in a chain.
theory of immiscible polymers. For further information on Various polymer architectures are used to represent
this point the interested reader is referred to the originabilayer-forming amphiphiles. They are composed of hydro-
references®42 philic head beads, designatéti and hydrophobic tail or
All forces between DPD beads conserve momentum lo€hain beads, designatéll The simplest architecture has a
cally, and the expected hydrodynamic behavior, e.g., the dragingle H bead attached to a linear chain ©f beads. The
force exerted on a fixed cylinder by a moving fldid, number of chain beads is varied to investigate the depen-
emerges, even for systems containing only a few hundredence of bilayer properties on the degree of amphiphile hy-
beads. To establish this behavior using MD requires prohibidrophobicity. An amphiphile containing one head and

tively large simulations. chain beads is represented, using an obvious symbolism, as
The conservative force between two beadsdj sepa- HC, . Biological lipid molecules often possess two hydrocar-

rated by a distancg; is bon tails, and have head groups of different degrees of bulki-
Fﬁ=aij(1— s /fo)fij , 2 ness. A simple architecture that reflects these properties con-

sists of a numbem of hydrophilic head beads attached to
for rjj<ro, and zero otherwise. The range of the force is setwo linear hydrophobic tails, each containinghain beads.

by ro and a;; is the maximum repulsion between beads ofSuch amphiphiles are designateid,(C,),. Both tails may
typesi, j, rj; is the distance between the centers of beafs be connected to a single hydrophilic bead, which is desig-
and Fij the unit vector pointing from beadto beadi. The  nated the head of the amphiphile, to which the remaining
conservative force is always finite, taking its maximum valuehydrophilic beads are also attached, or the tails may be at-

at zero separation, and is repulsive for positaye. tached to adjacent head beads. The former arrangement cre-
The dissipative force between two beads is linear in theiates a more bulky head group than the latter and forces the
relative momentum and takes the form hydrophobic tails closer together. The amphiphiles are con-

ED— o (1t /1 ) 2Py vii)Fs @) tained within bulk solvent composed W beads. Each sql—_
g " R e vent bead represents a small volume of bulk water consisting
for rjj<ro, and zero otherwise, wherg; is the strength of of several molecules. Because eattbead represents sev-
the dissipation between beadsj, andv;;=v;—v; is their ~ eral molecules of solvent, there is no explicit modeling of
relative velocity (or momentum asng=1 in our simula- hydrogen bonds or entropic forces. The beads in DPD simu-
tions). lations are to be interpreted as a coarse graining of a fluid
Finally, the random force between a bead pair is rather than a simulation of the atoms of a fluid. In this way,
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TABLE |. Bead-bead conservative force parametexs, (in units of
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TABLE IlI. Alphabetical list of symbols used in the text.

kgT/ry), dissipative force parameters;; (in units of \/mOkBT/roz), and

Hookean bond potential parameteks, | (in units ofkgT/r3, ro, respec-  Symbol

Description

tively) for all bead pairs. Water is slightly repelled from the amphiphile
head, and its strong repulsion from the amphiphile tail provides the hydroA
phobic interaction needed to form the bilayer. The amphiphile head is hyAp
drophilic and so repelled somewhat from its tail. The bond strength parama;
eters apply to bonds joining the stated beads, &,5:,128 for HC and CC  C
bonds. Water is represented as a single bead and has no bond parametq;’s
Note that not all amphiphile architectures require all these parameters. Theg
are grouped together here for completeness.

Fi‘“}

Bead Pairs ay; Yii k, lo Fiz

HH 25 45 128 0.5 ';f{

cc 25 4.5 128 0.5 H”
WW 25 45 0 0

HW 35 45 0 0 K

HC 50 9 128 0.5 ka
cwW 75 20 0 0

Ks

K

K

lo
only structure and behavior that occur on length scales larget,,.
than the soft beads have physical relevance. Further, because
the bead—bead interactions are soft, we do not attempt tt-
model the liquid crystal-gel phase transition of lipid hydro- x> by Lz
carbon chains, and work well within the fluid region of the ™
model amphiphile phase diagram.

We refer to the polymers as surfactants or amphlphlles
rather than lipids both to emphasize the generality of they
simulation technique and to avoid suggesting that the modej,
amphiphiles should be viewed as atomically detailed reprer,
sentations of the complex structure of lipid molecules. Groot;;
and Warreff have shown how the equivalent Flory—Huggins Fij
x parameter for a mixture of immiscible DPD polymers may 'ii
be extracted from their segregation and related to the poly?
mer length. Because the DPD beads used here have no intér-

. T
nal structure, and thus do not incorporate small length-scal

G,.i+1
molecular characteristics such as polarizability, we treat the ALi+1)

Mg

glycerol—phosphate-head region of a lipid as a single hydrog i—1;,i+1)

philic head bead for the linear amphiphiles, HTand a lin-

ear sequence of head beads fg;(C,),. The lipid hydro- v;
carbon tails are represented as linear chains of hydrophobW
beads. The number of tail beads per amphiphilic chain igii

Bilayer area

Bilayer projected area

Conservative force parameter between beads

Hydrophobic bead composing amphiphile chigin

Kronecker delta function

Dirac delta function

Conservative force between bedds

Dissipative force between beats

Random force between bead$

Dissipative force parameter between beggls

Hydrophilic bead composing amphiphile headgroup

Boltzmann’s constant

Hookean bond strength for adjacent beads in an
amphiphile

Chain stiffness for adjacent bonds in an amphiphile

Bilayer bending modulus

Bilayer area stretch modulus

Hookean bond unstretched length

Membrane thickness measured from head group to head
group

Amphiphile end-to-end length

Simulation box side lengths

Number of hydrophilic beads in amphiphile head group

Bead mass

Number of hydrophobic beads in one chain of an
amphiphile

Total number of DPD beads in simulation

Preferred angle between adjacent bonds in a stiff chain

Bead radius

Distance between beadlg

Relative position vector joining beadg

Unit vector between beadsj

Number of beads per unit volume in the simulation box

Bilayer surface tension

Temperature parameter

Bond potential between adjacent beads-1 in an
amphiphile

Bending potential between adjacent bead triples
i—1,j,i+1 in an amphiphile

Relative velocity of beads,j

Solvent bead

Random force between bead$

mapped onto the length of actual lipid molecules by compar-
ing the bilayer width and I|p|d end-to- end length W|th their

IIIB. For concreteness, this mappmg results in one DpDvaIues shown are needed for all amphiphile architectures.

chain bead corresponding to three to four methyl groups. Th
same interpretation applies to nonbiological amphiphiles,
such as alkyl phosphate surfactarttsat consist of a single
carbon chain attached to a phosphate head group.

B. Simulation parameters

Simulations take place within a cuboidal box of constant
volumeV=LyLyL,, whereLy, Ly, L, are the simulation

The Hookean bonds and chain stiffness parameters ai®ox side lengths in units of the bead diametgr, Periodic

identified by the names of the beads defining them. Hencéyoundary conditions are used in all three dimensions to mini-
an HG amphiphile requires two bond types, HC and CC,mize edge effects. The simulation box is filled with beads to
and allows two possible chain stiffness potentials, HCC andhe chosen density, which represeptbeads/unit volume.
CCC. The Hookean spring constakj, cannot be zero in an We are interested in studying the properties of a single bi-
amphiphile, but the chain stiffneds;, may be zero. Anon- layer in water. The number of amphiphiles in the bilayér,
zero chain stiffness represents the nonideal chain character isf determined by the box arebyLy, and the desired pro-
hydrocarbon tails. Table | summarizes all the bead-beagected area per amphiphileA, /N according to N
force parameters and Hookean bond strengths used. Also se€2L xL /(A /N). Because the bead radiug, defines the
Table Il. The chain stiffness potential parameters are speclength scale for the simulations, we quote dimensional quan-

Downloaded 05 Sep 2002 to 141.14.51.42. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



5052 J. Chem. Phys., Vol. 117, No. 10, 8 September 2002 J. C. Shillcock and R. Lipowsky

tities in their dimensionless form, e.g., the true area per am-
phiphile (measured using an algorithm described in Sec.
lIIA, and equal toA, /N for a flat bilayey, is(A)Y/Nr3. Ina
similar manner, the mass and time scales are obtained from
the bead mass and radius, and the system temperature.
Once the amphiphile architecture and interaction poten-
tials have been specified, the Newtonian equations of motion e

. 2, -
of the beads are integrated, and samples of the bilayer prop- r X A A% h 2, 255

erties are collected for analysis after allowing initial tran- ( % PEFCR-4 2 f&‘-.'
sients to decay. The first 50 000 configurations are typically .
excluded from analysis to ensure that the influence of the
initial state is negligible. Observables are constructed from at
least 1000 independent samples of bead coordinates. Be
cause of the soft potentials in DPD, the correlation times for
bead properties are very short, typically only a few tens of
time steps, and samples are taken every 50 time steps. A
typical run of 16 steps for a bilayer containing 3200 am-
phiphiles takes 72 CPU hours on a Compaq Alpha ES400
processor. b)
Random initial configurations are created by assigning
ra”‘?'om pOS't'P” Coordlnate_s to all bea_ds’_ subject to the COMkg. 1. (@ Snapshot of a bilayer containing 3321 fl@mphiphiles. The
straint that adjacent beads in an amphiphile are not separatgghulation box has size (82°, and the bead density jsr3=3, giving
by more than a bead diameter to prevent artificially largeaimost 100000 beads of all types. The projected area per amphiphile is
forces occurring in the initial state. Bead momenta are ther/Nr5=0.616, leading to a surface tension @0.02-0.04. This is an
assigned from a Maxwell disrbution whose temperaturd20° v obaned o rpeated smuatons of e same blave o
corresponds to that defined by the ratio of the dissipative anghain beads are light gray. The average membrane thickness, measured from
random force constants. A bilayer initial configuration is cre-the center of the head beads of one monolayer to those of the other, is
ated by Specifying the number of amph|ph||es in the bi|ayer<€me>/l'o=6.61i 0.01. Water beads are invisible for C|a|’im) Snapshot of

. . s . other simulation of the system (i@ except that the terminal chain bead is
and placmg the heads of pairs of amphlphlles on the sites O?c;llored darker to demonstrate that the amphiphiles terminate near the bi-

two parallel hexagonal lattices representing the outer Sufiayer midplane, and form two relatively non-interdigitated monolayers.
faces of two apposed monolayers. The amphiphiles are oriFhermally excited shape fluctuations are small because of the amphiphile

ented so that their head beads face out into the water arf@ain stiffness.
their tails point into the bilayer bulk. In all initial states,

sufficient water beads are randomly distributed throughoubiC force of, for example, lipid hydrocarbon tails in water.

empty regions of the simulation box to achieve the choseq.he absence of attractive forces between amphiphile tails

den3|typrg. does, however, influence the structure of the bilayer’s hydro-
phobic region, a point we discuss in more detail in the next
. RESULTS section. Because of the large parameter space of the simula-
' tions, we investigate the effects of just a few parameter com-
The simplest amphiphile architecture that is found tobinations. Given three bead typ@s$, C andW), there are six
self-assemble into a bilayer consists of a single, hydrophiliagndependent bead—bead conservative interaction parameters.
head bead attached to a linear chain of hydrophobic chaiWe follow the procedure of Ref. 42 and fix the self-inter-
beads designated HCA snapshot of a bilayer composed of actions,ayy, acc, aww, from the requirement that a pure
HCg amphiphiles is shown in Fig. 1. The simulation box sizefluid of each bead type has the compressibility of water. The
is V/r3=32%, and the overall bead density js3=3, giving  beads are connected into semiflexible polymers using a bond
approximately 100 000 beads of all types. A bilayer readilypotential and a chain bending potential that contribute two
self-assembles when the amphiphiles are initially randomlymore parameters each. We fix the spring constant and un-
distributed in water for surfactant number fractions in thestretched bond length ﬁoZrS/kBT=128 andly=0.5, re-
fairly restricted range of 3%—6%. Below this range micellesspectively, and the preferred bond angle to 0. This choice of
occur, and above it complicated three-dimensional structureglues leads to well-ordered bilayers and is explained in the
are formed(data not shown Unlike recent coarse-grained next section. This leaves four parameters to be investigated:
MD simulations?®~323% there are no attractive forces be- ayc, auw, acw, andks/kgT in addition to the number den-
tween amphiphiles in our DPD simulations. The absence o$ity of amphiphiles. We have not investigated the effects of
attractive forces is not essential, but their presence is foundarying the dissipation coefficients;;, because they are
to be unnecessary in obtaining well-ordered bilayer memirrelevant for the equilibrium structures we are interested
branes whose properties agree at least qualitatively witin.*? Instead, they are chosen to yield a well-ordered bilayer.
coarse-grained MD simulations. The amphiphiles aggregatBecause of the periodicity of the simulation box, bilayers do
into a bilayer because of the strong repulsion between theot always assemble with the same orientation, but to sim-
chain beads and the solvent beads, mimicking the hydrophglify the discussion we refer to the bilayer normal as the
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axis in all our results. A small bilayer containing 830 am- 44
phiphiles in an area (16)? readily self-assembles from an
initially random configuration in 20 000 time stefata not 31-F TN

shown. Because the self-assembly of bilayers has been stud-
ied previously®=32% and we are interested in measuring "o
equilibrium properties of large membranes, we preassemble <
the amphiphiles into a planar bilayer, and allow it to relax to

an equilibrium state before constructing ensemble averages 17

of observables.

A. Structural properties of bilayers of linear 0 15 10
amphiphiles

The bilayer shown in Fig. 1 contains 3321 f@m-
phiphiles and has a relaxed area per amphiphilébc)fNrS
=0.63+0.01, and an approximately zero surface tension,
oT3/ksT=0.02+0.04 (see the next section for the measure- ]
ment of surface tension and error analysihe snapshots in 3
Figs. a) and Xb) come from separate simulations with
identical parameters, but the terminal chain bead is colored
differently from the intermediate chain beads in Figh)lto
show that the amphiphiles terminate near the bilayer mid-
plane. Previous studies of bilayer geometric propeitied>®
have used the projected areﬁq,/NrS, obtained by dividing ]
the simulation box area by one-half of the amphiphiles. This O+
projected area differs from the true or intrinsic area when the
bilayer undergoes thermally excited shape fluctuations, or the (b) z/rg

numbers of amphiphiles in the monolayers are significantl
phip y 9 yFIG. 2. (a) Bead number density proﬁleﬁrg, for amphiphile headH, and

_diﬁerem- ;:or the bilaygr shown in Fig. 1, the projected ar€&nain,c, beads in the bilayer of Fig. 1 and the bulk watt, The simula-
is Ap/Nrg=0.616, quite close to the relaxed area, as theion box is divided into 128 slices of thicknesg/4 parallel to the bilayer

bilayer is almost flat. To ensure greater accuracy for undusurface, and 1000 samples of the number of beads of each type in the slices

; ; ; ; e used to construct the density profiles. Water is excluded from the bilayer
Iatmg bllayers' we measure the bllayer thickness and are%terior by the strong hydrophobic repulsion of the chain beads, and the head

from a triangulation of the two monolayer surfaces. A rect-peaqs are localized at the water—hydrophobic interface. All chain beads are
angular grid is placed over the simulatiatY plane and the included in the tail density profile, and it shows that the density in the
amphiphiles are assigned to grid cells according toxtie  VaR e (o808 B Lo e o an ndependent smuation
cqordmates of th?'r _head beads. The “Pper monolayer co vith the same pargmgters', but only the final chain b:ad contribut:s to the
tains those amphiphiles whose headoordinates are greater tail density distribution. The narrow peak indicates that the amphiphiles
than their tailZ coordinates. The lower monolayer contains terminate near the bilayer midplane. All error bars are similar to the one
all other amphiphiles. This defines the number of am-shown, and indicate the statistical accuracy of the ensemble averages ex-
S . . tracted from a single simulation.
phiphiles in each monolayer. The averageoordinate of the
head beads in each grid cell for each monolayer is used to
define the height of the monolayers at each poiitY).  hydrophobic interfaces and their terminal tail beads close to
This procedure yields a two-dimensional height field,the bilayer midplane, and that the two monolayers are not
h(X,Y), for each monolayer. The bilayer thickness is thevery interdigitated in keeping with the, order of fluid-
difference between these heights averaged over all grighase lipid bilayers. The profiles are calculated by averaging
points, and the surface area of each monolayer is the sum @e bead densities over thin slicesf width r/4) parallel to
the areas of the triangles composing them. The grid celihe bilayer surface. The water is excluded from the hydro-
width is typically twice the bead radius, so that there are aphobic region of the bilayer by the strong chain—water re-
least several amphiphiles per cell. This smears out the prguision, whereas the head beads can sometimes penetrate to
trusions of single amphiphiles from the monolayers, ensuringhe center, although this is hardly visible in this figure. Two
that the monolayer width and area are not overly sensitive teffects contribute to this penetration: amphiphiles can bur-
small-scale fluctuations. row their way through the bilayer emerging into the apposed
The lateral density profiles of the hydrophobic and hy-monolayer, a process known as “flip—flop;” and the ther-
drophilic beads in the HEbilayer, together with the water mally excited shape fluctuations of the bilayer lead to density
beads, are shown in Fig. 2. The profile in Figa)2s calcu-  profiles that include contributions from nonplanar bilayer
lated with all chain beads included in the density, whereagonfigurations. The chain bead density shows a small dip at
that in Fig. Zb) shows the distribution of the terminal chain the midplane of the bilayer, indicating that the monolayers
bead only. It is clear from these profiles, and the snapshots iare not significantly interdigitated. Bilayers composed of lin-
Fig. 1, that the amphiphiles are disordered within eaclear amphiphiles HC with n=4-10 exhibit these general
monolayer, with their head groups confined to the solvent-properties, although the shape fluctuations are larger for

HH

™
S 4
a 27

1]
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shorter-chain amphiphiles. Amphiphiles containing four or 6
more chain beads are not observed to leave the bilayer ant T
exchange with the solvent on the time scale of the simula- 7]
tions, which is of the order of tens of nanoseconds. |

4

Although a bilayer forms from HE surfactants for a % i
wide range ofsufficiently large tail-water repulsiongcyy, 8 34
two constraints should be satisfied before the simulated bi- vV 1

layer has properties that match the typical structure of a lipid 27
bilayer. The average amphiphile end-to-end length should be ]
approximately one-half of the bilayer thickness, so that the ]
two monolayers do not interdigitate, and the amphiphiles 0

T T T T T T T T T 1

should be oriented along the bilayer normal. We present re- 2 3 4 5 6 8 9 10 11 12
sults for a region of the simulation parameter space satisfy-(a) n
ing these constraints by adjusting the bond stretching and
stiffness potential parameters. Under these constraints, the 2.3+ —

. . ] Amphiphile
amphiphile length can be meaningfully compared to that of :
- . . ) . 2.2 architecture
lipid molecules, and the bilayer thickness scales linearly with ] HE
the amphiphile tail length. The end-to-end lendtl, of an Ag 2.1- . ' 4
HC,, amphiphile is measured from the center-to-center dis- ¥ : "}v‘ . + HCs
tance from theH bead to that of the la€t bead. Two bond "g 2.0 v HCq
types are present in these amphiphiles: HC and CC, al-% 19_' . v, + HCg
though, for simplicity, both types have the same bond T L. . + HCip
strength parameters d{2r§/k5T=128, lo/rg=0.5. These 1.8
values yield average bond lengths {@fc)/ro=0.62+0.01 1 7'
and(lcc)/r9=0.55t0.01. The Iarge(IHC>/r0_Iength reflects _ 055 060 065 070 075 080
the repulsion of the head from the chain beads, and its

greater freedom to fluctuate into the adjacent water than is(b) Apr/Nr02
possessed by chain beads deeper in the hydrophobic bulk.

The standard deviation of the bond lengths is less than 20f/C: 3: (8 End-to-end lengtti¢g/r, of linear amphiphiles HEversus the
number,n, of hydrophobic beads in the tail. The variation is linear with a

for all tail lengths and bilaygr tensions. The amphiphile end-siope of 0.52, showing that the polymers are kept straight by the chain
to-end length for the tensionless El®ilayer is (£¢g/rg stiffness potential given by Ed5). The end-to-end length changes by less

=3.23+0.01, which can be compared with the bilayer thick- than 1% for all amphiphile tail lengths and bilayer projected areas we

_ X . _present(b) Variation of bilayer thickness( ¢, divided by the amphiphile
neSS<6m9>/r0 6.61+0.01, ShOWIﬂg that the two monOIay end-to-end length, as a function of the projected area per amphiphile. For

ers are not interdigitated. (€mel{€e9~2, the amphiphiles in the two monolayers are not interdigi-
The end-to-end length grows linearly with the number oftated. The normalized thicknesses approximately collapse onto a single

tail beads for all HG amphiphiles for a given chain stiffness curve for amphiphiles with more than four tail beads.

k3 /kgT, as shown in Fig. @), and is only slightly affected

by the tension on the bilayer in the regime we study. It de-

creases slowly as the projected area per amphiphileamphiphiles are quite rigid, for the parameter set shown in
Apr/NrS, increases, with the decrease being larger for longeTable I, and show only small shape fluctuations even close to
amphiphiles. For Hg amphiphiles, it decreases from zero surface tension. We provide an estimate of their bending
(€exlry=4.28+0.01 for Ap,/Nr§=0.60 to (leg/ro=4.24  rigidity in the next section.

+0.005 forAp,/NrS=0.64. The surface tension increases At small values oprr/NrS, the HG, membranes show
from aré/kBTz —-3.0to arS/kBT=7.3 over this span of ar- substantial shape fluctuations that are increasingly sup-
eas, showing that HCbilayers are stiff and strongly resist pressed for amphiphiles with longer tails. In addition, a ten-
stretching. Note that the membrane buckles as soon as tlsionless state could not be found for filayers, given the
negative tension exceeds a threshold value, as indicated parameter set of Table I, simply by varying the projected area
Fig. 11. Figure 8) shows that the bilayer thickness,, because some amphiphiles inverted and buried their heads
divided by the amphiphile end-to-end length,, decreases inside the hydrophobic region generating a positive surface
as the area per amphiphile increases for,H& HC,, am-  tension. A well-ordered bilayer forms with a projected area
phiphiles. The product of membrane thickness and area is natf Apr/Nr§=O.70, and surface tensiomé/kBTzo.Ol:S
constant, however, because the two monolayers increasinglyy 0.016, when the head—water conservative repulsion pa-
interdigitate as the area increases. That it is monolayer interameter is decreased froapro/kgT=35 to apwro/kgT
digitation that occurs and not amphiphile shortening is=27, keeping all other potential parameters unchanged. In-
shown by the small change in amphiphile lengths, of thecreasingApr/Nré for all bilayers composed of HCam-
order of 1%, over the span of areas considered. All of ouphiphiles reduces their shape fluctuations and thickness and,
results for tensionless bilayers are taken from the regiméeyond a certain point, ruptures the membranes by the ap-
(Ime/{leg=~2.0, in which the monolayers are not signifi- pearance of a pore. The amphiphiles around the pore rim
cantly interdigitated. Bilayers composed of KIGr longer  reorient so as to shield their hydrophobic tails from the sur-
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rounding solventdata not shown Although interesting as a 2-
possible model of pore formation, we do not investigate bi- 1
layer rupture further here. A simulation study of the rupture
of amphiphile bilayers due to the presence of a cosurfactan 1
has just been publishélWe comment on the differences to - |
our work in the Conclusions. 2

In the absence of chain stiffneds;/kgT=0, stable bi- "2 o
layers are formed in which the amphiphile tails represent ©
(almosj} freely jointed chains, but the hydrophobic region of
the bilayer does not resemble two apposed monolayets -1
not shown. Instead, the tails of amphiphiles in both mono- 1
layers are randomly intermixed. The hydrophilic head beads )
also show a tendency to penetrate into the hydrophobic inte: 2l r——————— ——
rior, an effect that decreases if a chain stiffness is imposed. # -15 -10 -5 0 5 10 15
chain stiffness ok;/kgT=20, and a preferred angle of, z/rg
=0 causes the amphiphiles to align approximately parallel to
the bilayer normal, as seen in Fig. 1, and leads to a bilayer afiG. 4. Stress profilegr,/kgT, for the HG bilayer shown in Fig. 1. The
two opposed monolayers. Note that because the hydrophobfetal stress is the sum of three contributiofi: the repulsion potentials

; T between head, tail, and water beads;the Hookean spring potentials con-
chain beads(C) do not correspond to individual methyl necting adjacent beads in the amphiphiles; @nd the chain stiffness po-

groups, the order in the simulated amphiphile tails cannot bgngial between adjacent bonds in the amphiphiles. The outer positive peaks
directly compared to the hydrocarbon chain order obtainedst the monolayer—water interfaces are due to the repulsion between the
for example, from NMR experiments. hydrophobic tail beads and the hydrophilic head and water beads. The ad-
jacent negative troughs arise from the Hookean bond potential compressing

. . . the amphiphiles, while the inner positive peaks near the monolayer mid-
B. Lateral stress profile for bilayers of linear planes are due to the chain stiffness potential. Note that although the statis-
amphiphiles tical errors in a single simulation are large, the shape of the stress profile is

o . . very similar in independent simulations and leads to a reproducible mean
Lipid bilayers around cells and vesicles are often closesyrface tension, as described in the text.

to a tension-free state. The distribution of stresses within the
bilayer is not, however, uniform. Recent calculatitrisdi-
cate that the presence of cosurfactants, and hydrocarbgotentials is not essential for capturing the stress profile
chain stiffness due to unsaturated carbon—carbon bondsfructure in mesoscopic simulations. The integralogf)
modulate the membrane stress distribution, and that this igcross the bilayer yields the surface tension. We approximate
important, for example, for the potency of anaesthéfiasle  this integral by a summation across the whole simulation box
have measured the stress distribution within the model bilayin the Z direction because the contribution from regions con-
ers as a function of amphiphile tail length and stiffness, andaining only solvent vanishes. We have used slices with
the number of tails attached to the hydrophilic head group. widthsr ,/4 andr ¢/8, and the resulting surface tensions differ
this section we present the results for linear H&8m- by less than the errors in the simulations. Even though the
phiphiles, and Sec. IlIC presents the stress profile foerror bars for the stress tensor profile are quite lésge Fig.
double-tail amphiphiles. 4), the mean surface tension is highly reproducible in inde-
The calculation of the stress tensor for a system compendent simulations. Additionally, the shape of the stress
posed of point particles interacting via continuous potentialgprofile is very similar in independent simulations. The large
is described in Ref. 29, which extends the earlier work oferror bars in the stress profile reflect the rapidly fluctuating
Schofield and Hendersd#In this method, the contributions forces acting on each bead, but the mean surface tension is
to the stress profile of the bead—bead interactions, bonihtegrated over the whole bilayer, and the individual bead
stretching, and chain stiffness potentials are averaged ovductuations are smoothed out. The errors quoted for bilayer
thin slices parallel to the bilayer surface. We define the stressurface tensions are obtained from several independent simu-
profile, o(z), as the difference of the normal and lateral lations, each of which has a different initial set of bead co-
components of the stress tensor summed over all potentialerdinates and momenta, and uses a different sequence of
For further details of the calculation, the reader is referred taandom numbers. So, for example, eight repeated simula-
previous work?® The stress profile for the H(bilayer de-  tions of the bilayer shown in Fig. 1 produced surface ten-
scribed in Sec. Il A is shown in Fig. 4, and exhibits a very sions 0.048,—0.028, 0.029, 0.099,-0.016, 0.050, 0.016,
similar structure to that seen in the MD simulations of Ref.—0.021. These yield a mean VaIUHg/kBT=0.02t 0.04,
29. The aspects of this structure attributed to the bond andnd this is the value quoted in the caption of Fig. 1. The
chain stiffness potentials in Ref. 29, namely the negativestatistical errors of other measured quantities, such as the
peaks assigned to the Hookean bond potential and the innéilayer thickness, amphiphile end-to-end length and bead
positive peaks due to the chain stiffness, appear here becaudensity profiles, are much smaller than those of the stress
the same potentials are used to build the amphiphiles out girofile, and so we quote the errors obtained from a single
soft beads. However, the absence of Lennard-Jones potesimulation for these other quantities.
tials in our simulations does not visibly modify the stress  The surface tension of bilayers near their tensionless
profile, indicating that the infinite barrier of Lennard-Jonesstate can be very sensitive to changes in the area per am-
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-6 FIG. 6. Slope of the surface tension curves of Fig. 5, near their zero crossing

o o, . . point, with respect to the projected area per amphiphile for bilayers com-
FIG. 5. Variation of the surface tensiom g/kgT with the projected area per posed of HG amphiphiles. The data are obtained by a linear fit to the
amphiphile Ay, /Nr5, for bilayers composed of HGamphiphiles for several regions of the curves where the surface tension changes sign, and have been
tail lengths. The surface tension is obtained by first averaging the stressymalized by the preferred area. The bilayer area stretch modgjus,
profile over slices parallel to the bilayer surface, and then integrating théneasured from the rate of change of the surface tension with projected area,
averaged profile across the whole simulation box. The profile vanishes oufcreases linearly with amphiphile tail length, A linear least-squares fit to
side the bilayer region, as shown in Fig. 4. The lines connecting the pointg, o qata yields, r2/kgT=(61=2)n— (265= 16).
are only to guide the eye, but show that the surface tension varies linearly mone
around its zero point and exhibits a sublinear dependence on area at large
areas. The preferred area per amphiphile, at which the surface tension van-

ishes decreases as the amphiphile tail length increases. E(A, n)~K [A— Ao(n)]/AO(n), (6)

whereAy(n) is the projected area at zero surface tension and

K, is the area stretch modulus of a bilayer formed of am-
phiphile. Adding or removing just three amphiphiles from phiphiles with tail lengthn. Figure 6 shows that the area
the tensionless HeCbilayer of Fig. 1, which contains 3321 stretch modulus increases linearly with the length of the hy-
amphiphiles, changes its surface tension fran‘né/kBT drophobic tail. After scaling the surface tension by the pre-
=0.02+0.04 to or3/kgT=—0.15 andori/kgT=0.10, re- ferred area, the compressibility iK,r3/ksT=(61*2)n
spectively. The surface tensions for an H@layer contain- —(265+16). TakingkgT as room temperature and assuming
ing 3368, 3365, 3362 amphiphiles in a fixed simulation boxry=~1 nm yields, for bilayers witm=6, Kg~418 dyn/cm.
of size (32,)° are or3/kgT=—0.24, 0.024, 0.21, respec- By a similar calculation, the area stretch modulus of a bilayer
tively. This sensitivity reflects the large area stretch moduluzomposed of HE amphiphiles isKs~166 dyn/cm. These
for these bilayers, which increases rapidly with increasingvalues are comparable to recent measurements of the area
amphiphile tail length. Although the equilibrium bilayer stretch modulus of 18-carbon diacyl phosphatidylcholine
structure is insensitive to the exact value of the tail-watewesicles'* which yield K~243 dyn/cm. If we compare the
repulsion parameter in the ranggwro/kgT=65-85, the thickness of the simulated HTmembrane({ ,o)/ro=5.4,
thickness of the bilayer changing by less than 0.2% to 6.6@vith the width of a typical 18-carbon diacyl lipid bilay&t4
+0.01 and 6.620.01 for the two extreme values, the peak nm, we see that the HTamphiphiles are somewhat longer
heights in the lateral stress profile, and the surface tensiothan 18-carbon lipids, and each DPD hydrophobic bead cor-
are sensitive to this parameter. Changi@yro/kgT for the  responds to three or four methyl groups.
bilayer of Fig. 1 to 65 and 85 changes the surface tension We can extract an estimate for the bilayer bending rigid-
from approximately zero tarré/kBT: —0.58, 0.55, respec- ity, «, using the reIation<=K€2me/48 from Ref. 30. Noting
tively, all other parameters being constant. This has the effe¢hat the thickness of the tensionless H®ilayer is
of moving the tensionless bilayer state to higher and lowe(¢ ,¢)/ro=6.61+0.01, givesk~90kgT. This is larger than a
projected areas, respectively. typical value for one-component lipid bilayefswhich is of

The variation of the surface tension with projected areahe order of k=~24kgT for dioleoylphosphatidylcholine

for bilayers formed of Hg to HC,, amphiphiles is shown in  (DOPQ, but we note that cholesterol-containing lipid bilay-
Fig. 5. The surface tension increases;A’;g;,;/Nr?J increases, ers such as dimyristoylphosphatidylcholif@MPC) with 30
the increase being steeper for amphiphiles with longer tailsnol.% cholesterol sulphaf®have k~91kgT. However, re-
and becomes sublinear at large values of the projected arggeating the calculation for the Hilayer, using Fig. 5 to
These results are very similar to those found in Ref. 29 usindind the projected area of the tensionless state and Fig. 3 to
coarse-grained MD simulatiorisee their Figs. 7 and)8The  obtain the bilayer thicknesé( o)/t o= 5.4, together with the
surface tension varies approximately linearly near zero tenabove relation forK,, results in the smaller valuex
sion, and amphiphiles with longer tails form stiffer bilayers =24kgT. The close agreement with for DOPC is fortu-
for which a small change of area produces a large tensiortous, but suggests that the Hamphiphiles form bilayers
We assume a dependence of the surface ten3ipon the  whose elastic properties are comparable to those of typical
bilayer projected area, and amphiphile tail lengtim, of the  lipid bilayers. The stiffness of the simulated bilayers arises
form?° mainly from the tail bending stiffness potential, which is
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needed to keep the amphiphiles in their separate monolayers, Amphiphile
and its rapid increase with amphiphile tail length is consis- architecture
tent with the mean-field theory prediction that the bending 4 ——HC4
energy of single-component amphiphilic films increases 3] e H.C
strongly with tail lengtt® 1 H206
Reducing the chain stiffness for HGamphiphiles to _ 2] TTRvs
k3 /kgT=10, while keeping all other parameters constant, _\!2 ™ / /‘
causes the bilayer shown in Fig. 1 to increase in thickness as o o(+—+—F"——Ff——F—FT—F—F——
some amphiphiles invert so that their heads are buried inthe & ;] 0. / o 08 0.9
hydrophobic regiondata not shown This creates a large 2]
positive surface tensiomré/kBTz 1.62, across the bilayer. X

The surface tension remains positive as the projected area is NP2
varied, although it reaches a minimum, and the bilayer re- -4- Apr/NFo

ga!ns some of its (_)rdered r,]ature’ mﬁrlNrg:D]' at which FIG. 7. Variation of the surface tensionr 2/kgT, with the projected area
point the mean bilayer thickness {€e)/ro=5.71£0.03. e amphiphileA,,,/Nr3, for bilayers composed dfl ,C amphiphiles with
The bilayer may be restored to a tensionless state by redue=1,2,3. The tensionless bilayer state occurs at an area per amphiphile that
ing the head—water repulsion parametgg,ro/kgT to 30, ?ncreases with the ngmber of head b_eads, while the sl_ope of_thg te_nsion near
and increasing the projected areaig/Nr3—0.71, but this 1= 21 1oz pont decreases wih head grup sz, This dctes
reduces the chain order in the hydrophobic region, anditmess.
leaves the bilayer thickness &f,¢)/ro=5.72+0.02. This
result shows that the chain bending stiffness and amphiphile
head—water repulsion parameters cannot be independentjat decreasing the hydrophobic tail length or increasing the
varied to produce a tensionless bilayer, but that they plajyumber of head beads both force the amphiphiles apart, and
effectively opposite roles in controlling the tendency of am-lead to a larger area per amphiphile in the tensionless bilayer
phiphiles to invert and bury their heads in the hydrophobicState.
region. Reducing the chain stiffness of amphiphiles in a ten-
sionless bilayer requires a simultaneous reduction in theifc- Results for bilayers composed of double-tail
head—water repulsion, and an increase in the projected are¥nPhiphiles
to restore the bilayer to a tensionless state. This behavior Although vesicles made of single-tail surfactants are of
agrees qualitatively with experimental d&tehat increasing great current intered¢® naturally occurring lipid bilayers
the lipid head group size stabilizes the, phase of lipid typically consist of double-tailed lipids. A more realistic am-
hydrocarbon tails with respect to the inverted hexagonalphiphile architecture for lipid membranes is thdg(C,), in
Hy , phase, whereas reducing the amphiphile chain stiffnessvhich two tails, each containing hydrophobic beads, are
thereby increasing the tail entropy, destabilizeslthehase. attached to a head composed mafhydrophilic beads. We

In addition to the hydrophobic tail length, another key have used architectures with two to four head beads, and tails
amphiphile property that determines the bilayer structure igontaining four or six beads. Unless otherwise stated, all
the size of the hydrophilic head group. A planar bilayer isbead—bead, bond, and chain stiffness potential parameters
readily formed from amphiphiles of the fork;Cs in which  are the same as for the single-tail amphiphiles.
three head and six chain beads are connected in a linear Adding an extra tail to a single hydrophilic head bead
chain. The bead repulsion parameters and bond strengths afestroys the lamella order in the simulated bilayers. The sec-
as shown in Table I, and the bending stiffness for HCC andnd tail almost doubles the amphiphile volume while leaving
CCC bead triples ik3/kgT=20, while that of HHH and the head area unchanged, and the small head is unable to
HHC bead triples is zero. This parameter set assigns a chaghield the hydrophobic tails from the solvent. Increasing the
stiffness only to the bonds connecting pairs of hydrophobiceffective head group size by adding extra head beads restores
beads, allowing the head beads to mimic a bulky head grouthe ordered bilayer. Therefore we consider first the architec-
rather than a linear one. The bead density profiles are verjure H;(Cg)» in which the head beads are attached in a linear
similar to that of Fig. 2 with the width of the head bead curvesequence, and the tails are attached to two adjacent head
increasing for larger head group sizes, and the lateral stres¢geads. This architecture should be distinguished from that of
distribution has the same structure as that shown in Fig. 4revious simulatiorf§ of diblock copolymers in which all
except that the peak heights are modulated by the size of tHeeads are connected in a single linear sequence, and also
head grougdata not shown Figure 7 shows the variation of from a previous DPD lipid bilayer simulatiéhbecause of
the surface tension with the area per amphiphile for bilayershe quite distinct interaction parameters. The amphiphiles in
composed of Hg, H,Cg, andH;Cg amphiphiles. The area Ref. 36 have, in our notation, ath,H'(Cs), architecture, in
per amphiphile in the tensionless state increases stronglyhich two head bead types] andH' are attached to two
with the number of head beads, i.e., the area per amphiphilégils of C beads that have no chain stiffness; and kthed’
while the bilayer area stretch modulus, which is related to thdeads are as strongly repelled from iebeads as are the
slope of the surface tension curve, decreases. These resuitslvent beads. Our parameter set in Table | only assumes a
are in agreement with mean-field predictions of bilayer bendstrong repulsion between solvent and tail beads, in order to
ing elasticity?® Comparing these results with Fig. 5 shows represent the hydrophobic effect, and the head—tail and
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FIG. 8. Snapshot of a bilayer containing 1683(Cg), amphiphiles. The z/r
simulation box has size (8% and the bead density isr3=3, giving 0
almost 100 000 beads of all types. The projected area per amphiphile i
APE/N.rSZ 1.215, leading to a surface tensmmq#—0.0St0.0?.. The am- bead,H, and last tail beadZ, in the bilayer of Fig. 8 and the bulk waté#/.
phiphile heqd beads are daTk gray, and the tail beads gre_hght gray, excephiq can pe compared with the lower graph in Fig. 2. The head bead is
for the terminal one, Wh'Ch. is darker. Water beads are invisible for (T‘Iamy'co fined to the water—hydrophobic interfacial region while the last tail bead
The average membr_ang thlc_kness, measured from the center of the first heg restricted to the bilayer midplane, showing that the tails are relatively
bead of the amphiphiles in one monolayer to those of the other, iSyqight The areas under theandC curves yield the number of beads of
(€me)/r=7.05:0.25. The Ie_lrger stgndard deviation of the bilayer th'CkneS_Sthose types in the simulation box. Because only the first and last beads are
here compared to that in Fig. 1 arises from the greater freedom of the fir§{ge 1o construct the profiles, the areas give the number of amphiphiles in
head bead iff5(Ce), amphiphiles, which is unattached to the tails, to moVe e pijayer. The difference between the peak heights in Fig. 2 and this figure
around. Thermally excited shape fluctuations are small here because of thgfiect the different numbers of amphiphiles in the two bilayers: 3321 single-
chain stiffness of the amphiphiles. tail amphiphiles and 1685 double-tail amphiphiles, respectively.

FIG. 9. Bead number density profileﬁrg, for the first amphiphile head

head—solvent repulsions are relatively weak. The propertiessed to calculate the density for thg;(Cg), amphiphiles.
of the resulting bilayers are sensitive to the head-tail andHence, the areas under the head bead distributions, multi-
head—solvent repulsion parameters, and this indicates thatpied by the monolayer surface area, gives the number of
detailed study of their effects is required in order to map theamphiphiles in each bilayer and this accounts for the de-
varying degrees of hydrophilicity of lipid head groups onto crease in peak height for the double-tail amphiphiles. The
the simulation’s parameter space. lateral stress profile for thid;(Cg)» bilayer is shown in Fig.

A typical configuration of a membrane containing 168510, and is qualitatively similar to that of Fig. 4. The positive
H3(Cg), amphiphiles is shown in Fig. 8. The membrane ispeaks near the center of the hydrophobic region have been
close to a tension-free state with a projected area ofeduced in magnitude, as have the negative peaks. The sur-
Apr/Nr§=1.215 and a surface tension ofr3/kgT=0.03 face tension is less sensitive to the number of head beads in
+0.08. As for the linear amphiphiles of Sec. 11 B, this value H,(Cg), amphiphiles than to their tail length, as shown in
is the average of several independent simulations. The takfig. 11. At a projected area dipr/Nrgz 1.21, the surface
bead farthest from the first head bead is colored darker solelension of bilayers composed bff;(Cg), andH4(Cg), am-
for display purposes. The second tail almost doubles the am-
phiphile volume and tail area for fixed tail length, and in-
creases théA)/Nr2 of the tensionless state. The mean bond
lengths in theH3(Cg), amphiphiles are almost the same as
for the HG, amphiphiles: (lyc)/rq=0.63+0.01 and
(lce)/rg=0.54+0.01, and these values are independent of
the tension on the bilayer. The length of the bonds connect-
ing the head beads {$,4)/r =0.55+0.01, and the distance
from the first head bead to the last tail bead(#&g/rg
=3.67+0.01. This is only slightly larger than the end-to-end
length of the HG amphiphiles, which is({c9/ry=3.23
+0.01, and shows that the multiple head beads in the
double-chain amphiphiles are closely grouped and may pro- =
vide a reasonable model for the bulky head groups of some 15 10 -5 0 5 10 15
lipids. The density profiles of the head and tail beads for this
bilayer are shown in Fig. 9. The terminal tail beads are lo-
cated close to the bilayer midplane, and the width of the heags 10, stress profilegry /ksT, for the Hy(Cy), bilayer of Fig. 8. The
bead distribution is comparable to that in Fig. 2, but itStotal stress is the sum of three contributioid: the repulsion potentials
height is smaller. The area under the peaks yields the numbégtween head, tail, and water beafiis;the Hookean spring potentials con-

; ; : o ecting adjacent beads in the amphiphiles; &nd the chain stiffness po-
of head beads in the simulation. This is the same as th%ntial between adjacent bonds in the amphiphiles. Note that although the

number of amphiphiles b_ecguse the d—@nphi_philes have typical statistical error bars from a single simulation are quite large, the
one head bead per amphiphile, and only the first head bead igan surface tension is reproducible between independent simulations.

n w

v Lo o b b bl

oro/keT

2/rg
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Amphiphile IV. DISCUSSION AND CONCLUSIONS
architecture o . . . )
We have used Dissipative Particle Dynamics simulations
6~ —'—Ha(Ce)z . . e R .
——Hy(Cq)» to investigate the equmb'rlum structure of arr.]ph|ph|l|.c bilay-
al ers, and to measure their lateral stress profile and its depen-
dence on the amphiphile architecture. Although we mainly
- e Hi(Ca)a compare model bilayer properties to typical lipid bilayérs,
N—f 1 —Hy(Cd)s the results are applicable to any mesoscopic amphiph@lic Sys-
g’ . tem such as the recently created polymerséneesionbio-
011 LAY S I 13 44 logical vesicles® The ability to extract the mesoscopic prop-
] erties of aggregates composed of amphiphiles with complex
2 architectures, such as multiple hydrophobic tails or polymers
Apro/Nrg? with hydrophilic side chains, and to allow the amphiphile
-4~ . . . . . . _
interactions to vary with their architecture, makes simula

FIG. 11. Surface tensiom;r3/kgT, for bilayers composed dfl,(C,), am- tipn_s a valuable complemen'gary teczh?nique_to the_ore“C_Eu pre-
phiphiles as a function of the projected area per amphiphilg/Nr3, for  dictions for homogeneous bilayer's:?’ A typical bilayer in
head group sizem=3,4 and tail length®1=4,6. The tensionless bilayer our work contains 3200 amphiphiles and although the effec-

state occurs at an area per amphiphile that increases with the number of he, ge potentials used in DPD lack a direct link to the molecu-
beads, and decreases with increasing tail length. This is similar to the resulfs

found for the single-tail amphiphiles, but the dependence of the preferred@’ interac“f)ns of the amphiphilic moIepng_s being repre-
area on the number of head beads is weaker, and the slope of the surfasented, this loss should not be significant for the

tension curves is roughly independent of head group size for amphiphilegletermination of material properties that represent averages
with two tails. over a large number of molecules.
Linear amphiphiles with an Harchitecture immersed

in bulk water readily self-assemble into a bilayer if their

hydrophobic tails are sufficiently strongly repelled by the

water beads. Amphiphiles with four or less tail beads do not

form well-ordered bilayers, whereas ones with five or more

showrn), which indicates that the negative values of surfacéjeadf's per Fail form progressivgly stiffgr bilayers. The hydro-
c,r')hob|c region of the bilayers is relatively structureless and

tension have not yet exceeded their threshold values fd i ble the tw d | £ lioid bi
buckling. The bulkier head groups push the amphiphiles fars 0€s Not resembie the two apposed monolayers ot fipid bi-

. . ; layers unless a chain stiffness potential is imposed on the
ther apart, shifting the preferred area to slightly higher val- : . S .
. o S - hydrophobic tails to mimic the stiffness of hydrocarbon
ues. This shift is less significant than that shown in Fig. 7 for ; _. " . -
chains. In addition, the two monolayers tend to interdigitate

bilayers composed of single-tail amphiphiles. Comparin L L : .
Fig. 7 and Fig. 11 also shows that the slope of the surfagémless the amphiphile end-to-end length is constrained by a

. . _ rong Hookean bond potential between adjacent tail beads
tension curve near its zero crossing does not greatly depeq addition to the(repulsive bead—bead interaction. Because
on the head group size for double-tail amphiphiles, wherea

) L . . o 3 hydrophobic bead in our simulations represents several me-
it decreases significantly for the single-tail amphiphiles.

7 ) ) thyl groups in a hydrocarbon chain, the model amphiphile
Amphiphiles with the architectureis(Cy), form well- s should not be expected to possess the same degree of

ordered, tensionless bilayers wh.ereas linear amphiphiles with. yor a5 lipid hydrocarbon tails. But we expect that the me-
the same number of hydrophobic beads,,H@nd the same  g,5cqpic organization of the hydrophobic region of a bilayer,
|r_1teract|on paramgter se_:t, do not. The thickness of the iz, two apposed monolayers of hydrocarbon chains with
sionlessHs(Cy). bilayer is(€ne)/ro=4.73+0.01 compared  gnisotropic fluid order and only slight overlap at the bilayer
to an amphiphile end-to-end lengtfled/ro=2.67-0.01.  migplane, should be retained in the simulations. These re-
For comparison, the thickness of thig(Cq) bilayer shown  strictions on the chain potentials lead to bilayers whose equi-
in Fig. 8 is({ me)/1o=7.36=0.03 compared to an amphiphile |iprium static propertiegthickness, area per amphipbileor-
end-to-end lengtk{€eg/ro=3.67+0.01. The preferred area respond qualitatively with those found in experimental lipid
for the H3(Cy), bilayer isAy /Nr§=1.26, at which the sur- pjlayer systems. Amphiphiles with five or more hydrophobic
face tension isrr§/ksT=—0.01+0.05. This is a larger pre- beads do not leave the bilayer on the time scale of the simu-
ferred area than that of the bilayer formed frd#3(Ce),  lations that approaches a microsecond of real time. Increas-
amphiphiles, showing that the longer tails lead to moreing the amphiphile tail length, keeping all the interaction
closely packed bilayers as found for the single-tail am-parameters fixed, leads to stiffer bilayers, for which a small
phiphiles. Reducing the chain stiffness of the double-tail amchange in the area per lipid results in a large change in the
phiphiles leads to bilayers with larger shape fluctuations, bugurface tension. Whereas a uniform hydrophobic region den-
does not destroy the lamellar order as it does for membranesity is an assumption of some mean-field theoffes arises
composed of single-tail amphiphiles. An observation of thenaturally in the simulations. At the bilayer midplane a small
bilayer state shows that very few amphiphiles invert anddip in the density reflects the greater conformational freedom
bury their heads in the hydrophobic region. The difficulty of of the terminal tail beads near the bilayer midplane.

pulling the bulkier head group into the hydrophobic region =~ More complicated amphiphile architectures lead to bi-
appears to stabilize the lamella state. layers whose structure and material properties are modulated

phiphiles is or3/ksT=—0.8 and or3/kgT=—2.0, respec-
tively. For these two cases the bilayers are still ftta not
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by the relative head-to-tail size. Increasing the tail volume bysurface tension to vary linearly with projected area for ten-
reducing the chain stiffness destabilizes the bilayer, as som&ons close to zero allows us to extract an estimate of the
amphiphiles bury their heads inside the hydrophobic regionbilayer area compressibility modulus. We obtain the value
This effect is opposed by increasing the effective head grouf =418 dyn/cm for amphiphiles with six tail beads. This
volume by, for example, adding more hydrophilic beads tomay be compared to the experimental vafier lipid bilay-
the head group or reducing the repulsion of the head beadss made of lipids with between 13 and 18 carbons of ap-
from the solvent. These results are qualitatively similar toproximately 243 dyn/cm. When converted into an estimate of
experimental data on lipid systefisand previous micro- the bilayer bending rigidity using the relatidh «
scopic models of lipid phase behavirAmphiphiles pos- =K€fn€/48, the simulated bilayer composed of amphiphiles
sessing two hydrophobic tails require three or more headvith six hydrophobic tail beads has a bending rigidity of
beads to shield the tails from the surrounding solvent, an®@0kgT. This is approximately a factor of 4 larger than that
form a well-ordered bilayer. They are also able to form well-for lipid bilayers containing only DOP¥ for which «
ordered bilayers with shorter tails than is possible for the=24kgT. Simulated bilayers containing amphiphiles with 5
single-tailed amphiphiles. Additionally, reducing the chainhydrophobic tail beads have a smaller bending rigidity,
stiffness for double-tail amphiphiles, keeping all other pa-which we estimate to be=24ksT using the above relation.
rameters fixed, increases the shape fluctuations of the bilay&iven the coarse graining of a number of methyl groups to
but does not destroy the lamella state as it does for theach DPD beadsee Sec. Il B, this suggests that one DPD
single-tail amphiphilic bilayers. These results show that al-hydrophobic bead corresponds to three or four methyl
though many combinations of simulation parameters mayroups.
yield bilayers, not all such bilayer structures correspond Increasing the amphiphile head group size at a fixed
quantitatively or qualitatively to, say, experimental lipid bi- chain length leads to an increased repulsion between am-
layers, and not all parameters can be independently varieghiphiles, and the tensionless bilayer state occurs at a larger
Reducing the amphiphile chain stiffness, for example, repreferred area per amphiphile. These results are in qualitative
quires a reduction of the head—solvent repulsion parametergreement with the concept of “opposing forces” in lipid
or an increase in the head group size, to restore the tensiobilayers>® which states that the equilibrium bilayer structure
less bilayer state. It may be possible to work in regions of thés determined by the balance of the opposing tendencies of
simulation parameter space so as to mimic, for example, aniipid hydrocarbon tails to aggregate in water and the steric
phiphiles possessing different physical properties, such agpulsion of the phosphatidyl-glycerol head groups. This
head group size, hydrophilicity, and tail stiffness. Severalgives us confidence that the mesoscopic DPD method cap-
such amphiphilic species could then be formed into a bilayetures at least some of the physical properties of amphiphilic
or vesicle, and the properties of composite membranes exnolecules necessary to allow it to be extended to simulations
plored. A comparison of the resulting aggregates with experiof more complex membrane phenomena.
mental data can be used to identify the parameter combina- A recent application of DPD investigates pore formation
tions most appropriate for representing selected amphiphileg a lipid bilayer induced by the presence of a nonionic
The lateral stress profile across the bilayers exhibitsosurfactant® The lipid architecture used is similar to our
structure that is qualitatively similar to that previously seenH3(C,), amphiphiles. The lateral stress profile has some
in coarse-grained Molecular Dynamics simulatidhand is  similarity to the current work and previous resifitsbut
sensitive to the amphiphile architecture. Several peaks arghows no central peaks. The authors suggest that the differ-
observed for single-tail amphiphiles, whose heights reflecence between their stress profile and that found in MD
the relative contributions of the bead—bead, bond strengtisimulationg® may be due to the lack of hard-core Lennard-
and chain stiffness potentials. Increasing the number of headbnes potentials in the DPD simulations. We present data
beads or decreasing the hydrophobic tail length of linear amshowing that this is not the case: We find a similar stress
phiphiles shifts the tensionless bilayer state to larger memprofile in our DPD simulations as Ref. 29. Instead, we sug-
brane areas. Amphiphiles with two tails have quite similargest that the absence of the central peaks in Ref. 36 is due to
stress profiles. The excellent qualitative similarity betweerthe absence of the chain stiffness potential. Our results show
the stress profiles produced in our DPD simulations and priothat ignoring the chain stiffness potential leads to entangled
MD simulations, and the faster execution of DPD, suggestamphiphile conformations and interdigitation of the two
that studies of the stress distribution in bilayers may be morenonolayers. That this may be the case in Ref. 36 can be seen
efficiently performed using DPD than coarse-grained MD. by comparing the spatial distribution of the terminal tail bead
In the absence of an external tension or osmotic stresgf the amphiphiles with our results. Figure 9 shows the den-
the lipids in a vesicle adopt their preferred area thereby minisity profiles of the head and terminal tail beads for the bi-
mizing their free energy. The preferred area per amphiphiléayer of Fig. 8. The terminal tail bead has a sharply peaked
for the model bilayer is found by measuring the surface tendistribution close to the bilayer midplane, as expected for
sion as a function of the projected area until the state of zerapproximately straight amphiphiles. This is in contrast to the
surface tension is obtained. At small enough values of theesults of Ref. 3@seen in their Fig. %in which the terminal
area per amphiphile, such that the surface tension is sufftail bead distribution spans the entire hydrophobic region of
ciently negative, the bilayer is buckled. As the projected aredhe bilayer, and penetrates the hydrophilic head region. The
per amphiphile increases, the surface tension passes througbft beads in DPD simulations require additional constraints,
zero to positive values for stretched bilayers. Assuming thémposed by the chain stiffness potential, to create well-
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