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We reproduce the symmetric and asymmetric rippled P o states of lipid membranes by Monte
Carlo simulations of a coarse-grainedmolecular model for lipid-solv ent mixtures. The structure and
properties compare favorably with experiments. The asymmetric ripple state is characterized by a
periodic array of fully interdigitated defect lines. The symmetric ripple state maintains a bilayer
structure, but is otherwise structurally similar. The formation of both ripple statesis driven by the
propensity of lipid moleculeswith large head groups to exhibit splay.
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Membranes are ubiquitous in all living organisms[1].
Their certral structural elemer is a lipid bilayer, which
is kept together by the amphiphilic character of lipid
molecules they self-asserhle sud that their hydrophilic
head groups shield the hydrophobic tails from the water
ervironment. Pure lipid bilayers or monolayers (at the
air-water interface) have beenstudied for a long time as
model systemsthat can provide insight into the struc-
tural properties of biomembranes. Already these seem-
ingly simple systemsexhibit a rich spectrum of structures
and phasetransitions [2 5]. The most common state in
nature is the so-called uid state (L ), which is char-
acterized by a large number of chain defects and high
lipid mobility. If one decreaseghe temperature, one en-
counters a phasetransition (the main transition) into
a gel state wherethe lipid moleculesare more ordered
and lessmobile. The structure of this low temperature
phasedependson the interactions betweenthe lipid head
groups. Loosely speaking, lipids with small head groups
such as phosphatidylethanolamines [4] assumea state
where the long axesof the chains remain perpendicular
to the bilayer normal (L phase). Lipids with large head
groupsand relatively strong head-headattraction sud as
phosphatidylcholines [5] exhibit tilt (L o phase). Finally,
lipids with large head groups and weak head-head at-
traction such asasether linked phospatidylcholines|[5, 6]
form a phaseL™ where both opposing lipid layers are
fully interdigitated [4, 5].

The main transition has attracted considerable in-
terest, since it occurs at temperatures that are simi-
lar to typical temperatures on earth (between 20°C
and 60°C). The mechanism that governs the transition
L $ L to the untilted gelis comparatively straight-
forward. The transition is driven by the competition of
the entropy of chain disorder and the free energyof chain
alignmert [7, 8] (i.e., chain padking) and is thusin some
senserelated to the isotropic-nematic transition of liquid
crystals. At the transition L $ L o to the tilted gel,
the situation is much more complicated. Here, the main
transition is preemptedby a pretransition, and oneob-
senes an intermediate state with a periodic, wave-like
surface structure: The ripple phaseP o, rst reported

by Tardieu et al. [9]. The microscopic structure of this
mysterious phasehas beendebated for a long time.

In fact, at leasttwo di erent rippled states have been
reported, which often coexist [10]. Electron density maps
(EDMs) haverecertly beenderivedfor both of them from
X-ray scattering data [11, 12]. One of the structures is
asymmetric and has a savtooth pro le with alternating
thin and thick armsand a periodicity of 13-15nms, which
correspondsto roughly 20lipid diameters. The other one
is symmetric and has a wavy sinusoidal structure with
twice the period of the asymmetric structure [13]. The
formation of the ripples dependsstrongly on the thermal
history [10, 13, 14]. If the membrane is heated up from
the gel state, asymmetric ripples are obtained. If one
cools down from the uid state, both typesof ripples are
formed predominartly asymmetric onesif the cooling
was fast, and predominartly symmetric onesif the cool-
ing wasslow and if along time wasspert at the transition
temperature. Dynamical X-ray [13] and AFM [15] stud-
ies suggestthat the symmetric ripple state is metastable
and very slowly transforms into the asymmetric ripple
state; howewer, this doesnot yet seemto be fully settled.
The degreeof ordering in the ripple stateslargely resem-
blesthat in the gel state, exceptfor a certain amourt of
disorder in the structure [2] calorimetric studies sug-
gest that approximately 10 % of all chains are melted.
Most strikingly, the self-di usion of lipids in the ripple
states is a few orders of magnitude higher than that in
the gel state, and highly anisotropic [16]. This haslead
to the assumption that the ripple states might contain
coexisting gel-state and uid-state lipids.

Numeroustheoretical modelsfor the ripple phasehave
beenproposed,which explain the ripple formation by dif-
ferent mechanisms: Chain padking e ects [17, 18], dipolar
interactions [19], a coupling of monolayer curvature with
local chain melting [20 22] or with tilt [17,23,24] in com-
bination with chiralit y [24]. This list is far from complete.
In contrast, molecular simulations of rippled membrane
states are still scarce. Kranenburg et al. [25] were the
rst to reproduce a periodically modulated membrane
state in a dissipative-particle dynamics (DPD) simula-
tion of a coarse-grainedipid model. They obsene a pe-



riodic sequenceof stripeswith alternating gel and liquid
order, similar to a structure proposed theoretically by
Falkovitz et al. [20]. Unfortunately, the distribution of
head groups in that structure is not consistert with the
experimental EDMs  the structure is neither asymmet-
ric, nor doesit feature the wavinesswhich characterizes
the symmetric ripple. Moreover, the relative fraction of
molten molecules 50 % seemstoo high, comparedto
experimerts. A second,very interesting simulation has
recertly been carried out by de Vries et al. [26]. In an
atomistic model of a lecithin bilayer, theseauthors found
a structure containing a stretch of interdigitated mem-
brane and a stretch of gel membrane. The interdigitated
patch connectsthe neighboring gel membrane suc that
the upper lea et of the bilayer on one side crossesover
into the lower lea et on the other side. The authors as-
sumethat this structure will repeat itself periodically in
larger systemsand identify it with an asymmetric ripple.
It is worth noting that the lipids are not arranged in a
cortinuous bilayer ashad beenassumedin all previous
models for the ripple state.

In this letter, we presert Monte Carlo simulations of
a simpli ed coarse-grainedipid model, which reproduce
asymmetric and symmetric ripple states with properties
that comparevery favorably to experiments. The struc-
ture of the asymmetric ripple is similar to that proposed
by de Vries et al. [26]. Our simulations shaw that it is
indeed a periodic structure, and that it is generic,i.e., it
doesnot depend on molecular details of the lipids. More-
over, they enableusto proposea structural model for the
symmetric ripple aswell, and to identify the medanisms
that stabilize the rippled structures.

We employ a lipid model which we have used earlier
to investigate phase transitions in Langmuir monolay-
ers [27, 28]: Lipid moleculesare represened by chains
made of oneheadbeadand six tail beads(Fig. 1b), which
are connectedby anharmonic springs and subject to an
intramolecular bending potential. The tail beadsattract
one another with a truncated and shifted Lennard-Jones
potential (diameter , well depth ). The head beads
arelarger than the tail beads(1:1 ) and purely repulsive.
The other parameters and the exact form of the poten-
tials can be found in Ref. 28 (the model corresponding
to Fig. 7). Self-asserhly of the lipids is enforcedwith

a) b) c) d)

FIG. 1: lllustration of our lipid model and snapshot of two
lipid states (at P = 2= 3). (a) All-atom model of DPPC (b)
Coarse-grained bead-spring model used in this work (c) The
uid phaseL at kgeT = 1:3 (d) The tilted gel phaseL o
at kg T = 1:1 . For better visualization, only heads (reduced
size) and tail bonds are shown.
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FIG. 2: Phase diagram of the lipid model as a function of
temperature and pressure, i.e., e ectiv e head interaction P.
The phasesare: L (uid), L o (tilted gel), L™ (interdig-
itated gel), P° (ripple). At high temperatures, the bilayer
disintegrates. Open squaresindicate transition points from
simulation runs of small systems initially set up as fully or-
dered, untilted bilayers. No ripples were observedin that case.
Closed squaresshow transition points determined by heating
up and cooling down the system (di eren t system sizes), with
the error bars corresponding to the width of the hysteresis.
Open circles denote points where the membrane undergoes a
transition from L o to L™' upon heating.

arecertly proposed phantom solvent environment [29]:
We add solvent particles which interact only with lipid
beads (repulsively), and not with one another. Two ex-
amples of self-asserbled membranesin the L and the
L o state are shown in Fig. 1c,d). The phantom solvent
has the simple physical interpretation that it probesthe
accessiblefree volume for solvent particles in the pres-
enceof lipids. It entropically penalizeslipid/solv ent in-
terfaces, and thus e ectiv ely createsan attractive de-
pletion interaction betweenthe lipid beadsnext to such
an interface, i.e., the head beads. Compared to other
explicit solvert ernvironments, it has the advantage that
it doesnot introduce an arti cial solvent structure and
arti cial solvent-mediated interactions between periodic
imagesof bilayers. Moreover, it is computationally cheap
- in Monte Carlo simulations, lessthan 10 % of the total
computer time is typically spent on the uninteresting sol-
ven region. We have carried out Monte Carlo simulation
at constart pressureP. The system sizesranged from
288to 1800lipids (corresponding to 2000-12600beads),
typical run lengths were 1-10 million Monte Carlo steps.
We used periodic boundary conditions, and as simula-
tion box a parallelepiped of uctuating size and shape.
This ensuredthat the overall pressuretensor remained
isotropic, and that the membraneshad vanishing surface
tension. It is important to note that the pressure in our
system should not be related to the physical pressurein
a real experimental setup; it is just an additional model
parameter. Increasing P increasesthe phantom solvert
density in the lipid freeregionsaccordingto the ideal gas
law, = P=kgT, which in turn enhances(linearly) the
amplitude of the solvert-mediated interactions between
the lipids [30]. The other e ects of P are comparatively
minor.



The resulting phasediagram is showvn in Fig. 2. The
model reproducesthe experimentally obsened gel and
uid phasesfor lipids with large heads: The uid phase
(L ), the interdigitated gel (L™*) for low P, i.e., weak
headattraction, and the tilted gel(L o) for higherP, i.e.,
strong head attraction. The structures of these phases
and the phasetransitions shall be discussedn detail else-
where [31]. Here, we x the pressure at P = 2= 3,
where the gel phasehas the tilted L o structure. In the
transition region betweenL o and L , we obsene modu-
lated con gurations which weidentify with rippled states.

The ripples dewelopreproducibly whencooling a uid
menbrane or heating a tilted gel membrane in a temper-
ature range closeto the transition temperature. As in
the experiments, their exact structure depends on the
thermal history. Fig. 3 (left) shows three examples of
ripples that have formed spontaneously starting from dif-
ferert initial con gurations. The structure in Fig. 3a)
emergedafter cooling the system rapidly from the uid
phasedown to kg T = 1:1. It exhibits two ripples of
width 15 with a structure very similar to that found
by de Vries et al. [26] in their atomistic simulations: At
ead ripple, oneof the membrane monolayerscrossegrom
the lower side to the upper side of the menbrane, pass-
ing through a line with an interdigitated structure. The
secondmonolayer ends at this line with an edge of dis-
ordered, melted chains. Our results strongly support the
hypothesis that the structure reported by de Vries et
al. correspondsto the genericcon guration of the asym-
metric ripple state. There is only one di erence: In our
simulations, the interdigitated stretch is very short, like
a line defect. As we shall seebelow, this is consisten
with the structural information provided by the EDMs.

The secondstructure, Fig. 3b), resulted from heating
up a bilayer in the tilted gel state up to a temperature
closeto the main transition, kg T = 1:21 . During the
simulation, the bilayer rst uctuated very strongly. At
somestage, the tilt was so strong that the lipids in both
monolayers slid along ead other and connectedwith the
other monolayer. The nal structure (after 10 million
Monte Carlo steps) exhibits one asymmetric ripple and
uctuates much less. The formation of the secondripple
is apparertly prevented kinetically.

The third structure, Fig. 3c), correspnds to a mem-
brane which hasbeencooled down from the uid state to
a temperature closeto the main transition kg T = 1:18 .
In this case,a new type of structure emerges:The mem-
brane maintains its bilayer structure, but the monolayers
exhibit curved, ordered stripes with a width of roughly
25 . These gel stripeson the upper and lower mono-
layers are interlocked, such that the membrane assumes
an overall sinusoidal shape. Each stripe ends on both
sideswith conical regionsof disorderedchains, which are
very similar to the monolayer capsin the asymmetric rip-
ple state. The total width of aripple is 30 , which is
twice as much asthe width of an asymmetric ripple. We
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FIG. 3: Three examples of ripple con gurations in a model
bilayer of 720 lipid molecules (left) with corresponding tilt

proles (x) acrossthe ripple (right). (a) Two asymmetric
ripples, formed after rapidly cooling down to the temperature
ke T = 1:1 from the L phase (b) One asymmetric ripple,

formed after heating up to kg T = 1:21 from the L o phase
(c) Symmetric ripple, formed after cooling down slowly to
the temperature kg T = 1:18 from the L phase. The open
circles in the graphs correspond to the lower monolayer, the
closed squaresto the upper monolayer. The hatched ellipses
indicate the regions with the interdigitated line defect, the
thick solid lines in c) the slopesof on the ordered monolayer
regions. Compared to the snapshots, the curves are shifted
and replicated periodically in the x direction.

identify this structure with the symmetric ripple state.

To support this hypothesis, we superimposethe pro-
posedstructures for the asymmetric and the symmetric
ripple with the EDMs of Senguptaet al. [12] in Fig. 4.
They canbeinserted very nicely. In the asymmetric case,
they explain the savtooth shape with the thin and thick
arm (assuming that the interdigitated region is indeed
small). In the symmetric case,they reproduce the sinu-
soidal shape.

The simulations can be usedto characterize the rip-
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FIG. 4: Sketch of the proposedmicroscopic structures of the
ripple states superimposed onto EDMs from Ref. 12. (a)
asymmetric ripple (on an EDM for DMPC at 18.2° C) (b)
symmetric ripple (on an EDM for DPPC at 39.2° C)



ple states in more detail. We just summarize some of
the results here, the data will be presernied and discussed
elsewhere[31]. The structure of the ripple statesis in

many respect similar to that of a gel: Roughly  85%
of the chains have chain lengths distributed as in the

gel, only 15% have a reduced length. This is in rough
agreemen with the experimental ndings on the amount

of chain disorder in the ripple state. The head layer in

the ordered parts of the ripple state hasthe samethick-

nessthan in the gel state. The structure factor of the

ripple state indicates a large amourt of positional order,

and resenbles that of an untilted gel. The most reveal-
ing structural feature is the averagetilt of the molecules.
It points perpendicular to the ripple and is modulated.

Fig. 3 (right) shaws pro les of the averagetilt angle for

the three ripples discussedabove. The slope Yx) turns

out to be almost constart throughout the whole ordered
part of the monolayer. Moreover, the numerical values
are comparable: © 2:6 on averagefor the two asym-
metric ripples, and ©  2:5 for the symmetric ripple.

Eventhe single asymmetric ripple of Fig. 3b), which pre-
sumably has an unfavorable period, still featuresa con-
stant slope of © 2:3. This suggestsstrongly that the

ripple formation is driven by the propensity of lipids with

large head groupsto exhibit splay. In cortrast, local cur-

vature seemslessimportant. In the system of Fig. 3b)

the lipids always splay inwards, even though the local

curvature varies and even changessign.

In sum, we have reproduced symmetric and asymmet-
ric rippled states with a generic model for lipid mem-
branes. The comparison with experiments is favorable:
The structure is consistert with the available EDMs, the
period length is of the sameorder asthe experimental pe-
riod length (15 lipid diameters), the amourt of chain
disorder is comparable,and we obsene the samedepen-
denceon thermal history. Therefore, we believe to have
strong evidencethat our structures correspond to the real
ripple states obsened in experiments. Factors that are
important for the formation of these states are: (i) The
vicinity to the L phase, such that a small humber of
chains can melt, (ii) a strong tendency of monolayers
to splay inwards causedby a mismatch between head
group and tail size,and (iii) the possibility to interdigi-
tate. Chirality is not necessaryin agreemen with exper-
iments [13]; the lipids do not even have to asymmetric.
The factors (i) and (i) have beenpointed out before;our
simulations shav how they work together to bring about
the rippled states.

The factor (iii) is only neededto stabilize the asym-
metric ripple state. If it is absen, the system can still
form a symmetric ripple state. We note that the sym-
metric and the asymmetric ripples are structurally quite
similar. Both contain about the sameamount of molten
chains, both have large ordered monolayer regions with
comparable splay. This explains why the two types of
ripples coexist, and why it seemsso hard to determine
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which oneis stable. Our results suggestthat the answer
to that question may depend on the type of lipid, e.g,
on the head interactions and other factors that promote
or prevert interdigitation. Coarse-grainedlipid models
may help to study this systematically. Unfortunately, we
have not yet been able to dewelop an e cient strategy
to determine the free energy di erence betweenthe two
states. This will be subject of future work.
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