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Chapter 4

Effect of area- and curvature constraints on gel
phase formation in DPPC membranes

H. Jelger Risselada and Siewert J. Marrink

To be submitted

Lipids in the gel phase form highly ordered and close packed struc-

tures. At the limit of highmembrane curvature, as in small lipid lipo-

somes, the two monolayer leaflets are asymmetric, possessing either con-

cave or convex curvature. The occurrence of gel domains in the strongly

curved bilayer seems therefore almost paradoxical and would require

large structural reorganizations. At present very little is known about

the kinetic barriers which a small liposome will face during the liquid-

gel phase transition and how the structural organization of lipids would

occur at a molecular level. In this work we will focus on the kinetic and

structural aspects of gel domain formation in small lipid vesicles using

molecular dynamic simulations. We used the MARTINI coarse grained

model to simulate pure DPPC vesicles at a near-atomic level with a size

range of 20, 30 and 40 nm. We observed that cooling of vesicles below the

phase transition temperature does not result in gel formation within ac-

cessible simulation timescales, which we contribute to the presence of an

area constraint. This area constraint is due to the strongly reduced mem-

brane permeability at lower temperatures. To selectively study the effect

of such area constraint on the liquid-gel phase transition, we also per-

formed simulations of non-curved bilayers at a constant area per lipid. To

circumvent the effective area constraint of the liposomes, we introduced
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artificial pores in the membrane. These hydrophilic pores did indeed

result in the formation of gel domains in the liposome when cooled be-

low phase transition. We identified several distinguishable stages which

occur during the fluid-gel phase transition in the liposome and which fi-

nally result in strongly deformed frozen liposomes. We have been able to

shed some light on the hierarchies of kinetic barriers and the structural

reorganization which a small liposome needs to face when undergoing

the liquid-gel phase transition.

4.1 Introduction

Liposomes, i.e. tiny lipid vesicles, play an important role in many biolog-

ical processes such as membrane fusion/fission and transport. They are

also widely used in biotechnological applications e.g. for drug delivery.

In studies of biophysical model membranes liposomes are often used to

mimic cells. Small liposomes have many fascinating characteristics lack-

ing in lamellar membranes and are an ideal tool to reveal curvature ef-

fects in lipid membranes.

Obviously, the curvature of the liposomal membrane affects its prop-

erties compared to the lamellar state, and the properties become curva-

ture dependent. For instance, the main phase transition temperature Tm

is found to decrease gradually with decreasing vesicle size for vesicles

smaller than± 70 nm in diameter.39, 40 Especially in the limit of high curva-

ture (small vesicles) the formation of gel domains is strongly suppressed,

which is directly related to the strong increase in bending modulus of

gel membranes with respect to membranes in a liquid-crystalline state.

In some cases, this may cause freeze induced fusion or rupture of small

vesicles.85 The cooling of vesicles is furthermore subject to a number of

additional kinetic effects which are not present in lamellar systems, such

as the efflux of interior water and the redistribution of lipids between the

inner and outer monolayer.
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Very little is in fact known about the mechanisms of gel domain for-

mation in vesicles at a molecular level of detail. Particle based simu-

lation models offer a useful tool to provide this information. At pres-

ence, lipid phase transitions have already been computationally studied

extensively at molecular or even atomistic detail in planar model mem-

brane patches.13, 86–88 Simulations studies of lipid vesicles are also increas-

ingly reported, mainly based on coarse grained models.23, 30, 34, 37 Only a

few computational studies concerning lipid liposomes and phase transi-

tions have been reported.35, 41 These studies were based on very simplified

membrane models, lacking chemical detail.

Here, we focus on a realistic description of the phase transition of

a small liposome consisting of DPPC (dipalmitoylphosphatidylcholine)

lipids. We explore the energetic barriers which play a role in the phase

transition of pure DPPC vesicles at the limit of high curvature. We use

the Martini coarse grained force field, which has been extensively opti-

mized to reproduce lipid bilayer properties.55, 56 This work is divided in

three parts. In the first part, we consider vesicles that are instantaneously

cooled below Tm. We analyze the induced stress in the liposomal mem-

brane using our recently developed method to calculate the 3D pressure

field across the system.62 The kinetic barriers for lipid flip-flop and sol-

vent exchange prevent these vesicles to form gel domains on the time

scale of our simulations. In the second section of this work, we inves-

tigate the general effects of area constraints and lipid asymmetry on the

formation of gel domains in lamellar systems, i.e. in the absence of curva-

ture. In the last section of this work, wemimic the slow, near-equilibrium,

cooling of the vesicles. This is achieved by incorporating artificial pores

which allow both lipid flip-flops and solvent exchange. The formation of

gel domains is now observed, and described in detail. Before the results

are presented and discussed, we describe the methodology used in this

work.
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4.2 Methods

4.2.1 System details

TheMARTINI coarse grained force field: All simulationswere performed us-

ing the MARTINI coarse grained (CG) model version 1.4. Details about

the Martini force field and the standard simulation procedure can be

found in chapter 6. The Martini force field is able to reproduce several

thermodynamic properties at a semi-quantitative level13, 89 including the

phase transition from the liquid-crystalline to the gel state. For the CG

martini force field the DPPC phase transition temperature Tm is 295 ± 5

K 13, slightly below the experimental value (315 K). As the CG model has

been parametrized mainly on thermodynamic equilibrium states, ener-

getic barriers separating those states may not be quantitatively accurate,

with an exponential effect on the kinetics. Hence, the time scale of the

processes described in this paper need to be interpreted with care.

Setup and equilibration of vesicular systems: Vesicles of three different

sizes were studied, 20, 30, and 40 nm diameter, consisting of 2528, 5915

and 10529 DPPC lipids respectively. All vesicles were formed by sponta-

neous aggregation at 323 K, using the MFFA boundary approach earlier

introduced in chapter 2. In here, the liposome is embedded in a spherical

shell consisting of explicit solvent. Excess solvent is efficiently replaced

by the action of the MFFA boundary, leading to an obvious computa-

tional advantage. Importantly, the MFFA boundary also helps to form

liposomes of a desired size from spontaneous aggregation on very short

timescales. To equilibrate the vesicles we introduced cylindrical bound-

ary potentials with a radius of 1.5-4.0 nm, depending on the size of the

vesicle. These boundary potentials induce toroidal pores in the liposomal

membrane, which allow both the internal solvent (pressure difference)

and the population of lipids over the monolayers to equilibrate. Vesicles

were defined being equilibrated when no net drift in lipid flip-flops and
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water flux occurred anymore. For the biggest vesicle used in this study

(40 nm diameter) we created an additional setup using an internal MFFA

cavity of 10 nm radius, which we coupled to a Langevin piston (cf. sec-

tion 4.2.2) to accelarate equilibration of the pressure difference between

the internal and the surrounding solvent. Table 4.1 shows the different

system setups used in this study.

Quenching of vesicles: After the equilibration of the vesicles at 323 K,

a temperature high enough to ensure the DPPC lipids are in the liquid-

crystalline state, two sets of cooling simulations were performed. In the

first set, the cylindrical potentials were removed and the liposomal ma-

trix allowed to seal, after which the vesicles were instantaneously cooled

to a temperature of 273 K, well below Tm. During the subsequent sim-

ulations of 0.2 - 1 µs, no gel formation was observed in this series of

simulations, which we attributed to the non-equilibrium nature of the

instantaneous cooling process as will be discussed in the results section.

To allow the vesicles to equilibrate at the lowered temperature, a second

set of simulations was performed. Here, the artificial pores used for the

equilibration of the vesicles were retained during the subsequent simula-

tion of 0.2 - 1.5 µs at 273 K.

Bilayer simulations: In order to compare the effects observed for the

vesicular systems, a number of bilayer systems consisting of 512 lipids

were also simulated for 400 ns in the NAPzT ensemble, with the area

ranging from 0.46 to 1.0 nm2 per lipid. Starting structures for these sim-

ulations were generated from an initially equilibrated bilayer at 323 K,

which was quenched to 273 K under constant surface tension, allowing

the area/lipid to adjust. Configurations of this simulation with a specific

area per lipid, were used as the initial condition of a new simulation but

now under a constant area constraint. The temperature was set to 273

K, the reference pressure (Pz-component) to 1 bar. In addition, a series of
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asymmetric bilayers were prepared by systematic removal of a number of

lipids from one of the twomonolayers. These systems were subsequently

simulated at 273 Kwith coupling to equal lateral and perpendicular pres-

sures of 1 bar corresponding to a tension-less state.

Simulation parameters: An integration time step of 40 fs was used, cor-

responding to an effective time of 160 fs (cf. chapter 6). Temperature of

both the vesicular and bilayer systems were coupled to the Berendsen

thermostat using τt = 1.0, with separate scaling of lipids and water. Pres-

sure in the bilayer system was controlled using the Berendsen barostat
59, with τp = 1.0 and a compressibility of 5 x 105 bar−1. For the pressure

control in the vesicular systems we used a Langevin piston method as

described in section 4.2.2. The software used to perform the simulations

is Gromacs version 3.3.1 57 modified to include both the MFFA-boundary

and the Langevin piston method.
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Table 4.1: Overview of vesicle simulations.
Vesicle Rin Rout # DPPC # W (CG) Time2,3

diameter (nm) (nm) (nm) (ns)

20 0 15.0 2528 84220 1600

30 0 20.0 5915 200844 800

40 0 23.0 10529 288184 300

40(1) 10 22.5 10529 243329 800

1 The 40 nm vesicle with an internal cavity (see text for details).
2 Simulations concerning the fluid-gel phase transition in the membrane were performed in

duplo both with and without the use of artificial pores.
3 Equilibration times were resp. 400 ns (2 pores of 1.5 nm radius), 200 ns (6 pores of 3.5 nm

radius), 240 ns (6 pores of 3.5 nm radius) for the 20, 30 and 40 nm vesicle.

4.2.2 Langevin piston method

Different from a normal planar bilayer under periodic boundary condi-

tions, the pressure inside and outside the vesicle can differ. In the defi-

nition of pressure coming from the internal virial of the system, the av-

erage pressure over the whole system is derived. Therefore problems in

the interpretation and coupling to an average pressure will arise when a

net pressure difference between the region inside and outside the vesi-

cles occurs, especially when the vesicle is of similar length scale as the

simulation box. Such pressure differences will occur under conditions of

osmotic shock or sudden changes in temperature. Ideally, only the sur-

roundings of the vesicle remain coupled to atmospheric conditions while

the interior of the vesicle is not affected by the coupling. Such coupling

schemes would require a local definition and coupling of pressure. The

most straightforward solution is to use the Langevin piston method 71 to

couple the position of the MFFA-boundary to the equations of motion:

ρbAb
dv

dt
= Fb −

Pref

Ab
− γv + R(t) (4.1)
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Here, ρb is the surface density of the boundary (themass per unit area),

Ab is the area of the boundary surface, v is the velocity of the boundary, Fb

is the force on the boundary coming from the particles, Pref is the chosen

reference pressure, γ is the friction coefficient, and R(t) is a white noise

random force. By definition γ and R(t) are related by the fluctuation dis-

sipation theorem. The application of such coupling scheme under mean

field boundary conditions has already been successfully demonstrated

previously by Heller et al.53 However, in the case of a non-periodic sys-

tem the reference pressure Pref does not equal the interior pressure Pint.

According to the Laplace law the interior pressure will be altered by a

pressure difference ∆P due to a non-vanishing surface tension σ between

the (α) solvent- and (β) boundary interface,

Pint − Pref = ∆Pα,β = 2σ/Rs (4.2)

with Rs denoting the so called radius of tension. This surface tension,

however, is not apriori known. In practice, we calibrated the reference

pressure based on pure solvent systems embedded in a MFFA potential

matching the size of the vesicles. The reference pressure was optimized

to give a desired internal pressures of 1 bar, compensating ∆Pα,β in the

reference pressure itself. Using our recently developed 3D pressure field

method 62 as a post analysis tool on the simulation trajectory, we were

able to measure the internal pressure in the system independently. The

reference pressures for the three different vesicle sizes were found to be

29.5, 22.0, 21.5 bar for the 15, 20 and 23 nm radius vesicles respectively.

For the same systems at 273 K these values were found to be slightly

lower, 19.0 16.0 and 16.0 bar respectively. A friction coefficient γ of 60

ps−1 and a surface density ρb of 0.26 u/nm2 were found to result in the

most effective damping of pressure fluctuations, and were used in all

simulations.
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4.2.3 Analysis details

Definition of gel phase: To provide a quantitative estimate of the fraction of

the gel phase in the membranes, we used a simple distance based cluster

algorithm on the second tail bead of DPPC (C2). In this definition each el-

ement belongs to a certain cluster when the distance to any element in the

cluster is smaller than Dcut. We found that the ideal cutoff distance Dcut

for the cluster algorithm is 0.543 nm in the planar membrane and 0.570

nm in the vesicle. Using this definition, fluid and gel clusters are easily

identified. In the planar membrane, the biggest cluster corresponds to

the gel domain (only one gel domain per monolayer is formed in the bi-

layer simulations), whereas in the vesicular membrane the gel domains

are characterized by the set of clusters consisting of more than 10 lipids.

Solvent and lipid exchange: The number of solvent beads in the vesicle

was defined as the number of solvent beads that are located within the

average vesicle radius. This average radius was determined by the aver-

age distance of all lipid beads in the membrane to the geometrical cen-

ter of the vesicle. This result, however, becomes more qualitative when

strong shape deformations occur. A more quantitative estimate was ob-

tained by the use of a distance based cluster algorithm on all internal

solvent beads using a cutoff of 0.8 nm. This method is only applied to

sealed vesicles, i.e. in the absence of pores. The amount of lipid flip-flops

was calculated by identifying the location in the membrane of each lipid,

i.e. inner versus outer monolayer, as a function time. To prevent artifacts

due to shape deformations, lipids were assigned to a certain monolayer

by use of a distance based cluster algorithm (as previously described) on

the glycerol-groups of the lipids using a cutoff criterion of 1.5 nm. All

lipids within a buffer region of 4 nm radius located around the center of

the artificial pores were excluded from the clustering. Using this defini-

tion exactly two clusters are defined representing the two monolayers.

Only when a lipid was initially located in one monolayer and it later ap-
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peared in the other monolayer, a flip-flop event was counted. Due to the

existence of a buffer regime at the pore interface which the lipids need to

pass, the initial detection of flip-flop requires a certain lag-time.

Vesicle shape: To quantify the shape of the vesicle a quantity Ad called

asphericity is used. Mathematically it is defined by:

Ad =

∑
i>j

〈
(λi − λj)

2
〉

2
〈
(
∑3

i=1 λi)2
〉 (4.3)

and it has zero as a lower bound for a spherical object. Here λ1,λ2, and

λ3, are the principal radii of gyration, given by the eigenvalues of the ra-

dius of gyration tensor.

Calculation of surface tension: The surface tension in the curved vesicu-

lar membrane σ is computed using the mechanical approach reported by

Thompson et al. 90,

σ =

[
−

(Pout − Pin)
2

8

∫ ∞

0

r3dPN(r)

dr
dr

]1/3

(4.4)

where Pout − Pin is the pressure difference over the vesicle membrane,

r is the distance to the center of the vesicle and dPN (r)
dr the first derivative

of the local normal pressure component with respect to the distance from

the center.

4.3 Results

4.3.1 Quenching vesicles below Tm

In this section we study the effect on vesicles of a sudden temperature

quench from T = 323 K to T = 273 K, corresponding to a quench from the

liquid-crystalline phase to the gel phase in the case of lamellar DPPC. The
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vesicles were allowed to fully equilibrate at the higher temperature, mak-

ing use of artificial pores which were removed before the actual quench-

ing to the lower temperature. Based on the detailed visualisation of the

biggest domains found with the cluster algorithm, none of the vesicles,

varying in diameter of 20, 30, and 40 nm, showed any gel formation over

the entire simulation time (up to 2 µs for the smallest). We will argue

below that this is likely a kinetic effect, and show in detail the stress de-

veloping inside the quenched vesicles in their meta-stable fluid state.

Rapid cooling imposes area constraint

Figure 4.1 shows the flux of solvent through the membrane of a 20 nm

DPPC vesicle over a 100 ns time period, both before and after cooling the

vesicle from 323 K to 273 K.

0 10 20 30 40 50 60 70 80 90 100
time (ns)

7113

7114

7115

7116

7117

7118

#p
ar

tic
le

s

273K
323K

Figure 4.1: The internal amount of CG water beads in a DPPC vesicle of 20 nm as a function of

time at 273 K and 323 K. One CG bead represents 4 atomistic water molecules.

Over a time scale of 100 ns 15 flux events are observed at 323 K. Con-

sidering the large amount of internal solvent beads (7115), flux events are

rare. Eventhough the cooling of the vesicle causes an increased pressure

gradient between the interior and exterior solvent (see below), a dras-

tic decrease in water flux is observed when cooling the vesicle to 273 K.
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Not more than a handful of water molecules are observed to cross the

membrane during the entire 2 µs simulation. Since water is also not very

compressible (for a temperature decrease from 323 K to 273 K the density

of the CG water decreases with 4% in the CG-model; for real water this

is around 1%), in practice this means that an area constraint is applied

to the vesicular membrane. This effective area constraint is anticipated

to be the reason for the stability of the fluid phase. The average area per

lipid based on the C2 tail bead is 0.689 and 0.603 nm2 for the inner- and

outer monolayer respectively, a decrease of only 3.4% and 2.6% compared

to the area/lipid of 0.707 and 0.624 nm2 at 323 K. The question remains

why the permeability of the membrane decreases so much. Previously

we have shown that the water permeability coefficient of a DPPC vesicle

at 323 K is of the order of 10−3 cm s−1 23, in agreement with experimen-

tal measurements.91, 92 Experimental measurements also show a large de-

crease of the water permeability for vesicles below Tm. Cooling of DPPC

membranes from 10 degrees above Tm to 10 degrees below Tm the per-

meability is observed to decrease by a factor of 100 91, which is usually at-

tributed to the increased packing of the lipid tails in the gel phase. How-

ever, in our simulations the vesicles are still in a fluid phase. There are

several factors that might contribute to the reduced permeability of this

meta-stable fluid phase. First, the area per lipid has decreased slightly,

allowed for by the small but non-zero water compressibility. Second, as-

suming an Arrhenius dependence of the permeation rate, the tempera-

ture difference reduces the rate by a factor of approximately five. Third,

the activation energy for the permeation process, which has been found

to be dependent on the dissolvation energy of water in the membrane

interior 93, might be temperature dependent. Based on temperature de-

pendent data 94 for water solubility in apolar solvents one expects a sub-

stantial increase in the activation barrier. Taken together, these factors

can easily account for the low permeation rate of the supercooled vesi-

cles, putting the membrane under stress and preventing the formation of
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gel domains. Before testing this hypothesis by looking at gel formation

in planar bilayers under stress, first we analyze the stress distribution of

the vesicles in more detail.

Stress distribution for a liposomal membrane is different from the lamellar case

In figure 4.2 we compare the local pressure distribution for the 20 nm

vesicle to that of a lamellar bilayer. Figure 4.2 clearly demonstrates that

the distribution of local pressure over the bilayer differs between a planar

and a curved bilayer. There are three main differences between the local

pressure profile of the planar bilayer and the profile of the vesicle:

(1) The profiles of the planar bilayer are symmetric around the mem-

brane center, while the profiles of the vesicle are asymmetric around its

center. Due to bending, the peaks are more negative in the head group

region of the outer monolayer than in the inner monolayer of the vesicle.

This means that the outer monolayer has more tendency to contract than

the inner monolayer. In case the membrane would be allowed to deform

freely this difference would result in the stretching of the membrane (re-

lease of curvature strain).

(2) The normal component of the local pressure (hydrostatic pressure)

is uniform through the planar bilayer, while it is non-uniform across the

vesicle. The shape of the normal component (radial) is similar to the

shape of the lateral component (angular), but its magnitude is on aver-

age a factor of two smaller. This difference has to do with the fact that the

lipids havemore degrees of freedom to distribute stress in a curvedmem-

brane compared to a planar membrane. There are two different ’princi-

pal’ mechanisms for the lipids to respond to curvature: Either the lipids

tilt with respect to each other or the lipids shift with respect to each other.

The competition between these two degrees of freedom allows the stress

to distribute over both pressure components, resulting in lower pressure
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Figure 4.2: The individual components of the pressure (lateral and normal) and the overall

profile (lateral minus normal) as a function of position in the bilayer. The two negative peaks

represent the headgroup region while the big positive peak represent the tail region. (A) Pres-

sure distribution in a planar DPPC bilayer at 323 K. The bilayer is centered around the origin.

(B) Pressure distribution in a 20 nm DPPC vesicle, at 323 K. The center of the vesicle bilayer is

located at a radius of 8 nm. (C) Comparison between the overall local pressure profile of the

planar bilayer and the vesicle (shifted with the central peak to the origin).
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Table 4.2: Properties of vesicles obtained from the pressure distribution.

Vesicle R323K
1 R273K

1 ∆P323K
2 ∆P273K

2 σ323K
3 σ273K

3

diameter (nm) (nm) (nm) (bar) (bar) (mN/m) (mN/m)

20 8.0 7.8 8 ± 5 85 ± 5 4.3 ± 2 29.9 ± 12

30 12.3 12.2 19 ± 5 70 ± 5 13.0 ± 5 38.7 ± 16

40 16.6 16.3 22 ± 5 60 ± 5 14.3 ± 6 44.2 ± 18

1 The radius is defined as the center of the positive peak of the carbon tails in the pressure

profile.
2 Calculated as the difference in the pressure between the inside and outside the vesicle.
3 The tensions were calculated using equation 4.4, the error of this method was estimated to be

within 40%.

differences.

(3) Themagnitudes of all peaks in the pressure profiles are lower (about

two to three times) for the vesicle than for the planar bilayer. In fact this

observation is the direct result of the contribution of the normal compo-

nent of the local pressure profile explained in the previous point, which

in fact lowers both the magnitude of the individual components of the

pressure (lateral and normal component) and the overall local pressure

profile (lateral minus normal).

Cooling stresses the liposomal membrane

Next we discuss the temperature effect on the shape and magnitude of

the pressure distribution for the vesicular systems, shown in figure 4.3.

Some of the properties derived from these profiles, namely the radius,

the pressure difference between the inside and outside of the vesicles,

and the tension of the vesicular membrane are summarized in Table 4.2.

The first observation the pressure profiles of the cooled vesicle reveal

is the appearance of a pressure difference between the interior and exte-

rior solvent (showing up in the normal and tangential components). The

pressure difference exceeds 60 bars, as listed in Table 4.2 for the three
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Figure 4.3: Pressure distributions for vesicular systems. (A) Panel showing the effects of cool-

ing from 323 K to 273 K on the local pressure distribution across a 20 nm DPPC vesicle. Black

lines represent the situation at 323 K and grey lines the situation at 273 K. At 273 K a pressure

difference of 85 bar over the membrane of the vesicle is present, which is revealed by the differ-

ence in either lateral or normal pressure between the regions at radius r, r < 5 nm and r > 11

nm. (B) Panel showing the local pressure profiles (lateral minus normal) of the three different

vesicle sizes at both 323 K and 273 K. The profiles are centered with respect to the center of the

membrane. Black lines represent the situation at 323 K and grey lines the situation at 273 K.

vesicles studied. As a consequence of the interior pressure, the vesicular

membrane is under considerable tension. Table 4.2 quantifies these sur-
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face tensions, estimated from the pressure difference over the membrane

using equation 4.4. Note that, also at 323 K, the membrane is not in a

tension-less state especially for the two bigger vesicles. In fact, it seemed

surprisingly difficult to fully equilibrate the vesicles. The cylindrical po-

tentials used to equilibrate the internal pressure in the vesicle have to be

rather big to allow sufficient lipid flip-flops. After their removal, sealing

of these pores takes place within a few nanoseconds. Within such a short

time scale this sealing is achieved by expanding the area of themembrane

rather than by decreasing the internal volume of the vesicle, resulting in

a small remaining tension. Interestingly, after spontaneous aggregation

of lipids into a vesicle in the absence of cylindrical potentials, similar net

pressure differences were found to be present (results not shown). The

presence of this initial tension gives a bias in the interpretation of the ten-

sions resulted from cooling. Nevertheless it is clear that upon cooling,

the tension in the vesicular membrane increases significantly, to values

exceeding 30 mN/m (see Table 4.2).

Due to the tension in the membrane, the pressure profiles shift in the

direction of more negative local pressure values (see figure 4.3). The

largest changes are seen for the negative oil-water interfacial peaks. For

the smallest vesicle (cf. figure 4.3A), the magnitude of these peaks de-

creases from -35 to -105 bar in the inner monolayer (r = 5.9 nm) and from

-85 to -140 bar in the outer monolayer (r = 9.4 nm), a decrease by a factor

of 2.9 and 1.6 respectively. The same trend is seen for the other vesicles

(cf. figure 4.3B), with relative changes by a factor of 2.1 and 1.7 in the

inner monolayer and 1.8 and 1.5 in the outer monolayer for 30 and 40 nm

diameter vesicles respectively. These numbers demonstrate a clear trend

toward a larger relative increase in stress in the inner monolayer than in

the outer monolayer of the vesicle upon cooling. These findings are con-

sistent with the more significant structural changes in the inner mono-

layer in comparison with outer monolayer due to temperature changes
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in the vesicle previously shown in section 3.3.1. Moreover, the effect on

local pressure seems to decrease with decreasing curvature in the inner

monolayer, but remains rather constant in the outer monolayer.

4.3.2 Quenching stressed planar membranes below Tm

To test the hypothesis that the effective area constraint on the liposomes

prevents the formation of gel domains in these systems, as discussed in

the previous section, here we look at the effect of area constraints on gel

formation in planar membranes. To do so, we simulated small DPPC

patches under normal periodic boundary conditions at fixed areas cover-

ing a range of area/lipid between the gel and fluid phase, each of these

quenched to a temperature of 273 K. In addition, we tested the effect of

membrane asymmetry on gel phase formation by systematically remov-

ing lipids from one of the monolayers.

Area constraint induces fluid-gel phase coexistence in planar membranes

Figure 4.4 shows the effect of an area constraint on the membrane when

cooling from 323 K to 273 K.

A membrane trapped at an area per lipid of 0.64 nm2 remains com-

pletely in the Lα phase. In fact, even when cooled to a temperature of 250

K for 1 µs no gel formation was observed (results not shown), indicating

that the fluid phase at 273 K is most likely a stable state at this area per

lipid. At an area of 0.54 nm2 a gel domain spontaneously forms, reaching

an equilibrium after 100 ns with no further growth observed. As a gel do-

main itself has a nearly fixed area per lipid (hexagonal closed packing),

any extra growth of the gel domain would further decrease the area per

lipid of the surrounding fluid phase, with an associated cost in free en-

ergy (determined by the area compressibilitymodulus of the fluid phase).

To optimize its free energy the membrane adopts a state of gel/fluid co-

existence in which a balance occurs between enthalpic gains by forming
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Figure 4.4: Effect of an area constraint on DPPC bilayer patches cooled to 273 K. (A) An area

per lipid of 64 nm2, no gel formation is observed.(B) An area per lipid of 54 nm2, a clear gel

domain is observedwhich is in coexistence with the fluid phase.(C) An area of 45 nm2, the entire

membrane is in the gel phase. (D) An external tension of 90 mN/m applied on the membrane

depicted in (C) leads to a tilted gel phase (Lβ′) rather than a decrease in gel fraction.

the gel phase and elastic costs by increasing the area per lipid in the re-

maining fluid phase. The boundary interface between the two phases is

straight and well defined, reflecting a large line tension between the two

phases. At an area of 0.45 nm2 the membrane is entirely in the gel phase

(Lβ). This area per lipid corresponds to the equilibrium area per lipid
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when no area constraint is present.
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Figure 4.5: Effect of an area constraint on the surface tension (solid line, circles) and on the

fraction of gel phase (dotted line, triangles) of a DPPC bilayer cooled to 273 K.

To quantify the appearance of the gel domains, we calculated the frac-

tion of lipids in the gel phase (Lβ) as a function of the area. This is shown

in figure 4.5, together with the associated surface tension of the mem-

brane system. Three different regimes can be distinguished:

(I) Fluid phase (area/lipid> 0.59 nm2). In this regime the area per lipid

is so large that gel domains are not stable. The surface tension increases

roughly linearly with the area per lipid, corresponding to the elastic be-

havior of a fluid bilayer. The increase in Lg fraction to a value of 0.2

merely reflects the noise in the cluster algorithm used. Visual inspections

shows that no actual gel domains are formed.

(II) Fluid-gel coexistence (area/lipid between 0.47 - 0.57 nm2). Here,

the Lα phase coexists with the Lβ phase in the membrane. The surface

tension increases inelastically with decreasing area per lipid and reaches
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a maximum value of 70 mN/m at an area per lipid of 0.50 nm2. The Lβ

fraction on the other hand, increases gradually with decreasing area per

lipid. The domain formation is reversible in this regime, i.e. an increase

in area per lipid decreases the Lβ fraction (results not shown).

(III) Gel phase (area/lipid ≈ 0.46 nm2). In this regime the tension

rapidly decreases in response to only a minor decrease in area per lipid,

referring to themore ’brittle’ behavior of the gel phase. This regime, how-

ever, seems to be an irreversible regime were an external applied tension

leads to a tilted gel phase (Lβ′) or rupture rather than a decrease in Lβ

fraction (cf. figure 4.4D).

Comparing the maximum area per lipid at which gel domains are sta-

ble in the planar membrane, around 0.57 nm2, to the area per lipid of the

inner- and outer monolayer of the cooled vesicle described in the previ-

ous section, resp. 0.603 and 0.689 nm2, we conclude that the area con-

straint is indeed reason for the absence of gel domain formation in the

vesicular case.

Membrane asymmetry decouples gel phase formation in the two monolayers

An important difference between planar systems and vesicles is the asym-

metry between the monolayers. Earlier work of Marrink et al. suggested

a strong coupling of the gel domains between the two opposite leaflets.13

A plausible mechanism for monolayer coupling is the presence of a small

surface tension between the two leaflets when the two different phases

are in contact.95 In a curved bilayer, however, the monolayers possesses

both different dynamical and structural properties.23 It is therefore not

unlikely that domain formation is less coupled between the monolay-

ers when curvature is present. A gel domain in only one of the mono-

layers is expected to be higher in free energy than two coupled gel do-

mains, which may in principle lower the phase transition temperature.
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In this section, we investigate the effect of monolayer asymmetry on the

gel phase formation process in planar bilayers, by systematically remov-

ing lipids from one of the monolayers of a DPPC bilayer at 273 K.
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Figure 4.6: Gel phase formation in asymmetric DPPC bilayers. (A) Panel showing the Lβ fraction

in each monolayer (I and II) as a function of membrane asymmetry (expressed as ratio between

the number of lipids in the monolayers). The solid lines represent the Lβ fraction and the dotted

lines the area per lipid in the monolayer. Squares represent the monolayer depleted in lipids

and circles represent the normal monolayer. The vertical lines represent the liposome diameters

at the corresponding membrane asymmetry. (B) Snapshot of a system at 273 K after 800 ns

of simulation were 50% of the lipids is removed from one monolayer. The left monolayer is

completely in the gel state (Lβ) while the right monolayer remains completely in fluid state (Lα).
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Figure 4.6A shows the Lβ fraction in each monolayer as function of

the ratio between the number of lipids in the right and left monolayer

(membrane asymmetry). The normal monolayer remains purely in the

Lβ phase, while the depleted monolayer shows a very strong transition

in the Lβ fraction between an asymmetry ratio of 0.75 - 0.8 in the depleted

monolayer. At a membrane asymmetry of 0.8 the corresponding area per

lipid in the depleted monolayer is 0.57 nm2. The symmetric bilayer also

shows clear signs of gel phase formation at this area/lipid (cf. figure

4.5). However, at the same area per lipid of 0.57 nm2, 77% of the de-

pleted monolayer is in the Lβ phase in the asymmetric bilayer compared

to only 53% in the symmetric case. The major difference between the two

systems is that in the asymmetric monolayer the gel domain in the de-

pleted monolayer is opposed to a monolayer completely in the Lβ phase,

whereas in the symmetric bilayer it faces a monolayer containing a fluid

domain. Themore abundant growth of the gel domain in the asymmetric

bilayer is therefore likely due to the compensation of the inter-monolayer

surface tension which scales with the domain-domain mismatch area.

We conclude that asymmetry has a measurable effect on the onset of

gel phase formation in planar membranes, but that the effect is small

compared to the effect of an area constraint. We therefore expect that the

asymmetry of the lipid distribution is not a major determinant for the

absence of gel phase formation in the case of the vesicles.

4.3.3 Quenching vesicles below Tm under pseudo-equilibrium condi-

tions

In this section, we describe results obtained for the same series of vesicu-

lar systems as before, however, here we keep the artificial pores to allow

for solvent exchange and lipid flipping in the cooled vesicle system. In

effect, this releases the area constraint of the vesicular membrane. This

approach resulted indeed in the almost complete gelation of the vesicles.

Here we will specifically focus on the domain formation in the smallest
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(20 nm diameter) and biggest (40 nm diameter) vesicle simulated. The

gel formation process is found to proceed through four distinct stages,

which become apparent from a plot of the gel-fraction versus simula-

tion time as shown in figure 4.7. Graphical snapshots of the process are

shown in figures 4.8 and 4.9. We discuss these regimes now in their order

of appearance.
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Figure 4.7: Quantitative analysis of the evolution of domain formation in the 20 nm DPPC vesi-

cle as a function of time. Shown are the size of the biggest domain in each monolayer, the overall

membrane fraction in the gel-phase (Lβ), the amount of internal solvent particles, the amount

and direction of lipid flip-flops and the asphericity parameter. Due to the increasing asphericity

of the vesicle and the existence of an ’offset time’ in the definition of flip-flops, flip-flops could

only be well defined between 200 - 1200 ns. In general, we distinguished four different stages

during the evolution of the fluid-gel phase transition in the vesicle. Stage A (0 - 250 ns): Situation

were the first gel domains are formed in the outer monolayer. Stage B (250 - 600 ns): Initiation

of coupling between domain formation in outer- and inner monolayer. Stage C (600 - 1400 ns):

Coupled domain formation in both monolayers. Stage D (> 1400 ns): Situation were equilib-

rium seems to be reached. Here the gel domains have reached their maximum size, resulting in

a stable co-existence between fluid:gel-phase. Around 40% of the vesicle membrane remains in

the fluid-phase.
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Stage A: Initial formation of uncoupled gel domains in the outer monolayer

The first stage is defined by the appearance of uncoupled gel domains in

the outer monolayer only, which corresponds to more or less the first 250

ns of the simulation (see the evolution of the gel phase fraction in figure

4.7). Figure 4.8A shows a snapshot of a gel domain in the 20 nm vesicle

at 273 K after 160 ns. In line with the results obtained for the asymmetric

planar membranes presented in the previous section (cf. figure 4.6), the

gel domain is only present in the outer monolayer. The local curvature in

the membrane is almost not affected by the presence of these uncoupled

gel domains (figure 4.8A), which is also revealed by the nearly constant

asphericity parameter during stage A in figure 4.7. After 160 ns the inter-

nal volume of the vesicle interior has decreased with≈ 10% compared to

the start of the simulation (7115 versus 6385 solvent beads). The pressure

difference ∆P at this point is still considerable, around 70 bar, resulting

in an estimated surface tension of 26 ± 5 mN/m. It should however be

noted, that tension increases with decreasing area per lipid during the

fluid-gel coexistence regime as shown in figure 4.5 for the planar mem-

brane. More informative is the area per lipid; with respect to the lipid

headgroup (PO4) it is 0.44 nm2 for the inner and 0.75 nm2 for the outer

monolayer. Compared to the area per lipid at 323 K, 0.52 nm2 for the

inner and 0.82 nm2 for the outer monolayer, these numbers show that a

phase transition in the outer monolayer is already observed at a decrease

of area per lipid of 9% in the outer monolayer, while it still remains absent

at the larger decrease of 15% in the inner monolayer. In the planar bilayer

the first signs of phase transitions also appeared at a similar overall area

decrease of 10% (0.57 nm2). However, due to the presence of different

curvatures (concave versus convex), it makes more sense to compare the

local area per lipid at the position of the individual carbon tail beads. The

area per lipid at the position of the first carbon tail bead (C1) is 0.59 nm2

for the inner- and 0.61 nm2 for the outer monolayer; for the second tail

bead (C2) this is already 0.67 nm2 for the inner- and 0.55 nm2 for the outer
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Figure 4.8: Snapshots from the cross-section of the 20 nm diameter vesicle during different

stages of the evolution of domain formation (cf. figure 4.7). (A) Left, stage A after 160 ns, the

first gel domains have appeared in the outer monolayer of the vesicle. The shape of the vesicle

remains nearly unaffected. Right, zoomed view of the uncoupled gel-domain during this stage.

(B) Left, stage C at 600 ns, the gel domains in the opposing monolayers are coupled. Some clear

’kinks’ are appearing in the membrane. Right, close-up of the ’coupled’ gel-domain. (C) Left,

stage D at 1400 ns, equilibrium situation where the gel domains have reached their maximum

size. The vesicle has become very irregular, with an egg-shaped cross-section. Right, close-up of

the cross section of the ’tip’ of the vesicle.
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monolayer. The latter is already smaller than the ’critical’ area per lipid

of 0.57 nm2 found for the planar bilayer. These values suggest that it is

especially the local available space of the tail beads that plays a crucial

role in triggering the phase transition.

Stage B: Gel domain formation in the inner monolayer

The second stage in the evolution of the phase transition is the initiation

of domain formation in the inner monolayer, as can be seen in figure 4.7.

It covers the time period roughly between 250 and 600 ns. On the other

hand, figure 4.7 also reveals that the size of the largest gel domain in the

outer monolayer reaches a plateau from 400 to 600 ns. Based on our re-

sults obtained for asymmetric planar bilayers, we expect the growth of

the uncoupled gel domain in the outer monolayer to be limited by the

inter-leaflet surface tension. In addition, a shrinking vesicle creates stress

especially in the outer monolayer, which may also explain the limited

growth of the gel domain in the outer monolayer during this stage. As

shown in chapter 3, vesicles with smaller radii are relatively enriched in

lipids in the outer monolayer. Further growth of the gel domain of the

outer monolayer therefore requires lipid flip-flopping. Figure 4.7 indeed

shows the onset of this process, with a large number of lipid flip-flops

taking place during this stage which strongly enriches the lipid popula-

tion in outer monolayer. Note that the detection of the flip-flops involves

a lag-time (see Methods section); it is likely that the onset of this pro-

cess already starts during stage A. During this stage we determined the

area/lipid in the inner monolayer from several snapshots and found that

the area/lipid based on the C1 and C2 tail beads (resp. 0.60 and 0.62 nm2)

remained constant and even showed a slight increase compared with the

values found during stage A at 160 ns. This phenomenon results from

the strong lipid depletion in the inner monolayer during this stage which

compensates for the decrease in area. It is not clear why gel domains form

in the inner monolayer when the area per lipid is still above the threshold
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value of 0.57 nm2.

Stage C: Coupled growth of gel domains

Once the process of ’catching up’ of gel domain formation in the inner

monolayer has occurred during stage B, the speed of gel domain growth

in both monolayers becomes similar. This stage of coupled growth lasts

approximately from 600 to 1400 ns. Figure 4.7 demonstrates that the

growth and overall size of the biggest domain during this stage is cor-

related between the monolayers. Also the flip-flop rate becomes similar

in both directions. The increased bending stress as a result of coupled do-

main formation is causing the membrane to deform during this stage, as

revealed by the strong increase in the asphericity parameter. See also the

snapshot of the vesicle in figure 4.8B. Remarkably, the pressure difference

around this stage was estimated to be still around 50 bar.

Stage D: Stabilization of fluid-gel coexistence

After 1400 ns the domain growth seems to have reached a plateau. At

this stage the fluid:gel co-existence has stabilized, with around 60% of

the membrane is in the Lβ phase. The vesicle possesses around 3900 in-

ternal solvent beads, which is a 45 % decrease of internal volume com-

pared to the initial conditions. Nomore net flux occurs through the pores

(∆P = 0). The pores sealed when the cylindrical potentials were removed

(not shown). Figure 4.8C demonstrates howwell the organisation in lipid

packing to accomodate stress and to optimize enthalpy can be. The final

vesicle is strongly irregular shaped, overall like an egg. The curvature

at the ’tip’ of the egged-shaped vesicle is so strong that in fact almost

no inner monolayer is present, whereas the outer monolayer is fully in

the gel phase at an almost perpendicular orientation with respect to the

surrounding gel domains. At the interface, especially in the outer mono-

layer, the gel domains are connected by lipids remaining in the fluid
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phase. The packing of the lipids is somewhat reminiscent of that seen

in the rippled gel phase.88

Interestingly, as shown in figure 4.9 for the vesicle with a diameter of

40 nm, the radius of the artificial pore spontaneously increased toward

8 nm within the first 40 ns. The increase in pore size indicates that the

rupture threshold of the membrane is surpassed, causing the vesicle to

pop like a balloon, resulting in a strongly deformed vesicle. The surface

tension for the 40 nm vesicle being higher than the surface tension for

the smaller vesicles (cf. table 4.2) explains the fact that this phenomenon

was not observed for the two smaller vesicles. The rupturing process ob-

served in our simulations might be similar to the freeze induced rupture

of liposomes reported in experiments.96

Figure 4.9: Snapshots showing the cooling of a 40 nm diameter vesicle from 323 K to 273 K

in the presence of an artificial pore. From left to right: (1) The starting situation, cross section

showing one out of two hydrophilic pores of 2 nm radius which are present in the vesicle. The

entire vesicle is in the fluid state. (2) The situation after 160 ns, same view as previous snapshot.

The pore size has increased to 8 nm radius. Gel domains coupled across the monolayers have

already formed. The contour of the vesicle along this projection remains close to spherical. Kinks

in the contour indicate the connections between the gel patches.(3) A cross section of the same

vesicle along the direction of the pores. Both pores are of similar size. The vesicle is of a conical

symmetric shape. Both the kinks in the middle and the pore interfaces remain in the fluid state.
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Major kinetic barrier for gel phase formation in instantaneously cooled vesicles is

solvent exchange

Finally, we wish to answer the question whether it is the ability to release

the interior solvent pressure, or the ability to remove the stress imbalance

between the monolayers through lipid flip-flops that allows the vesicles

to undergo the transformation to the gel phase. To this end, we cooled

an additional 20 nm vesicle without the artificial presence of pores, but

with the initial reduction of internal solvent to 3900 CG solvent beads

(corresponding to the final solvation state of the porated 20 nm vesicle, cf.

figure 4.8). This simulation gave a very similar result of the simulation in

which the artificial pores were present. The final stage shows a strongly

deformed vesicle, similar to the one shown in 4.8, with large gel domains

coupled between the monolayers. It appears, therefore, that the ability to

expel interior solvent after the instantaneous cooling of the vesicles is of

primary importance for gel formation to occur. However, the gel fraction

was in this case 11% lower compared to the vesicle were artifical pores

were used, whichwe attribute to the lack of lipid flip-flopmediated stress

minimization.

4.4 Conclusions

Using a model at near-atomic resolution, we have been able to shed some

light on the kinetic and structural aspects of gel domain formation in

small lipid vesicles. Cooling vesicles below the main phase transition

temperature does not lead to gel phase formation on the microsecond

time scale. Based on control simulations of planar membrane systems,

we conclude that this is caused by the implicit area constraint of the li-

posomal membrane as a consequence of its very low water permeability.

To mimic the long time scale effect we introduced artificial pores which

allow both the exchange of internal solvent and the ability of lipids to

redistribute between the two monolayers. In this case the transformation
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from a fluid to a gel phase membrane could be observed. Four different

stages were identified during the transformation. The first stage is char-

acterized by the formation of gel domains in the outer monolayer only.

In the second stage, the outer domain growth is strongly reduced, how-

ever, domains start forming in the inner monolayer. In the third stage,

domains become registered across the monolayers, and the gel fraction

increases for both monolayers. During this stage the vesicles also start to

deform considerably. Finally, an equilibrium stage is reached with most

of the lipids in the gel state. The finally obtained gelated vesicles are

very irregularly shaped, with large ’non-curved’ gel domains in a kinked

geometry separated by domain-domain interfaces of lipids in the fluid

phase. For the largest vesicles studied (around 40 nm diameter), we ob-

served spontaneousmembrane rupture during the phase transformation.




