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Abstract

We have determined the mixing properties and lamellar organization of bacterial membrane mimetics composed of 1-palmitoyl-2-oleoyl-

phosphatidylethanolamine (POPE) and -phosphatidylglycerol (POPG) at various molar ratios applying differential scanning calorimetry,

small and wide-angle X-ray scattering, as well as optical phase contrast microscopy. Combining the experimental thermodynamic data with a

simulation of the liquidus and solidus lines, we were able to construct a phase diagram. Using this approach, we find that the lipids mix in all

phases non-ideally in the thermodynamic sense. As expected, pure POPE assembles into multilamellar and pure POPG into unilamellar

vesicles, respectively, which are stable within the studied temperature range. In contrast, mixtures of the two components form oligolamellar

vesicles consisting of about three to five bilayers. The layers within these oligolamellar liposomes are positionally correlated within the gel

phase, but become uncorrelated within the fluid phase exhibiting freely fluctuating bilayers, while the vesicles as a whole remain intact and

do not break up into unilamellar forms. X-ray, as well as DSC data, respectively, reveal a miscibility gap due to a lateral phase segregation at

POPG concentrations above about 70 mol%, similar to previously reported data on mixtures composed of disaturated PEs and PGs. Hence,

the existence of a region of immiscibility is a general feature of PE/PG mixtures and the mixing properties are dominated by PE/PG

headgroup interactions, but are largely independent of the composition of the hydrocarbon chains. This is in accordance with a recent

theoretical prediction.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Biological membranes are complex systems which have

attracted scientific interest for a long time and for various

reasons. Recently, research has focused on bacterial

membranes because several antimicrobial peptides were

found to destabilize and destroy only bacteria but leave

mammalian cells unaffected [1–3]. This feature is the key to

the rational development of new antibiotic drugs to fight

infectious diseases [3]. Besides the present lack of an
0005-2736/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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unambiguous understanding of the mechanisms of anti-

microbial peptide action, it is evident that the bacterial

membrane poses a barrier–and therefore essential site of

interaction–that needs to be either overcome or destroyed

[4]. One of the major reasons that allow antimicrobial

peptides to discriminate between bacterial and mammalian

cells is thought to be due to their different lipid composition

and physical properties [3].

Mammalian cytoplasmic membranes contain mainly

phosphatidylcholine (PC), sphingomyelin, phosphatidylser-

ine, phosphatidylethanolamine (PE) and cholesterol [5]. The

phospholipids are asymmetrically distributed between the

outer and the inner lipid leaflet, with PC and sphingomyelin

being enriched in the outer monolayer [6]. Bacterial
cta 1716 (2005) 40 – 48
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membranes, on the other hand, contain to a large extend PE

and phosphatidylglycerol (PG), or PG derivatives such as

diphosphatidylglycerol (DPG) or cardiolipin, but lack

cholesterol ([3], and references therein). Further, the lipid

composition depends also on whether the bacterium belongs

to the class of Gram-negative or Gram-positive bacteria

[7,8]. In general, higher amounts of PEs are found in the

inner membrane of Gram-negative bacteria, while cytoplas-

mic membranes of Gram-positive bacteria are richer in PG

content. For example, PE represents about 82 wt.% of the

inner cytoplasmic membrane of Escherichia coli, whereas

PG and its derivatives are the predominant phospholipid

components of the Staphylococcus aureus membrane.

Qualitatively, it is apparent that different lipid compositions

alter global membrane properties, such as structure, packing

density, bending rigidity, surface charge density, to name but

a few. In order to gain some quantitative insight, it is

convenient to study model membranes composed of

phospholipids only [9]. In the present case, our aim is to

elucidate the properties of bacterial model membranes by

studying binary mixtures of PE and PG under physiolog-

ically relevant buffer conditions (20 mM Na-phosphate

buffer, pH 7.4, 130 mM NaCl).

The two lipids exhibit several different properties. PEs

are zwitterionic amphiphiles and self assemble, in the

presence of an aqueous solution, into multilamellar vesicles

(MLVs) [10]. Their polar headgroup has a smaller diameter

than the hydrocarbon chain region in the fluid phase. This

results in a molecular shape of a truncated cone and an

intrinsic propensity of PE bilayers to form surfaces with a

negative curvature, leading to the formation of non-lamellar

phases at elevated temperatures [11]. PGs, in contrast, are

negatively charged at pH>5 and therefore form unilamellar

vesicles (ULVs) when the electrostatic repulsion is not

screened by counter-ions in the aqueous solution [12,13].

Because of their cylindrical molecular shape, they prefer to

form flat bilayers even at high temperatures. Besides pH,

their thermotropic properties depend strongly on the ionic

strength of the aqueous solution, lipid concentration and

incubation time at low temperatures ([12], and references

therein). For salt concentrations below 100 mM, the melting

of the hydrocarbon chains occurs through the formation of

an intermediate defect-rich phase [12,14]. In contrast, at salt

concentrations above 100 mM, PGs display a sharp melting

transition analogous to that observed in PCs [15]. Further

similarities to PCs, in the case of high pH and ionic strength,

are the tilting of the hydrocarbon chains with respect to

bilayer plane [16], as well as the formation of subgel [17]

and ripple phases [13].

Mixtures of PEs and PGs have to accommodate the

different properties of the individual lipids. The thermody-

namic mixing properties of disaturated PEs and PGs have

been studied as a function of pH and acyl chain length at

high (>100 mM) and low (<100 mM) ionic strength,

respectively [18,19]. The largest effect was observed with

respect to pH due to changes in PG headgroup protonation
state (PG has a pKa value of ¨3 [20,21]). However, PE/

PG mixtures with equal chain length, i.e., di14PE/di14PG

and di16PE/di16PG, showed very similar non-ideal mix-

ing behavior irrespective of the electrolyte concentration

[18,19].

The present work focuses on two aspects. The first is the

dependence of the vesicular lamellarity on the lipid

composition under physiologically relevant buffer condi-

tions (20 mM Na-phosphate buffer, 130 mM NaCl, pH 7.4),

i.e., at high ionic strength. Under these circumstances, the

PG headgroups are completely deprotonated, but the

electrostatic interactions between adjacent membranes are

partially screened by the presence of counter ions. We find

that mixtures of POPE and POPG form vesicles that consist

of only very few bilayers, on the order of three to five, so-

called oligolamellar vesicles (OLVs). Below the main phase

transition temperature, Tm, the bilayers within the OLVs are

positionally correlated and we observe Bragg reflections in

the small angle X-ray diffraction patterns. The separation

between the bilayers increases with PG content up to a

molar concentration of xPOPG=0.5 and remains constant up

to xPOPG=0.9, indicating a phase segregation. Interestingly,

the average number of bilayers of the OLVs remains

unaffected by the PG concentration. Above Tm the bilayers

loose, at all PE/PG ratios, positional correlations and the

scattered intensity corresponds to those of freely fluctuating,

unbound, membranes.

The second focus of the present work is on the influence

of the hydrocarbon chain composition on the phase

behavior and in particular on the role of hydrocarbon

chain unsaturation with respect to the thermodynamic

mixing properties of the two lipid species. Here, we find

that the unsaturated lipids POPE and POPG show,

analogous to the disaturated species at the same pH

conditions [18,19], a non-ideal mixing in all phases,

irrespective of electrolyte concentration. The phase diagram

exhibits, in agreement with the results for the bilayer

separation, a miscibility gap at high PG concentration,

which has again been found also for PE/PG of disaturated

species [19]. The thermodynamic mixing properties are

therefore a general feature of membranes composed of PE/

PG that is dominated by the electrostatics of the headgroup

but largely independent of the composition of the hydro-

carbon chains. This is in good agreement with a recent

theoretical prediction by May et al. [22].
2. Materials and methods

2.1. Lipids and chemicals

POPE and POPG were purchased from Avanti Polar

Lipids, Inc., Alabaster, AL, USA (purity>99%) as powder

and used without further purification. Lipid stock solutions

were prepared by dissolving weighted amounts of the

respective lipid in chloroform containing 10 vol.% methanol
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in a cold room at 4 -C and used immediately. Prior and after

measurements, the purity and possible degradation of the

phospholipids was checked by thin layer chromatography

(TLC) using CHCl3/CH3OH/NH3,conc. (70/10/1) (v/v/v) as

solvent.

2.2. Preparation of liposomes

Appropriate amounts of POPE and POPG were mixed

from freshly prepared stock solutions, dried under a stream

of nitrogen and subsequently placed in a vacuum chamber

overnight to remove residual traces of the organic solvent.

The dry lipid films were hydrated in buffer (double-

distilled water containing 20 mM Na-phosphate, pH 7.4,

130 mM NaCl) by vigorous vortex-mixing at 45 -C
combined with six freeze and thaw cycles using liquid

nitrogen. The lipid concentration of the samples was 1

mg/ml for DSC and 50 mg/ml for X-ray diffraction

measurements, respectively.

Samples with POPG molar fractions xPOPG>0.6 exhibit

a main phase transition temperature, Tm, or transition onset

temperature, Ton, close to or below 0 -C. These samples

were therefore prepared in buffer containing 50 vol.%

ethyleneglycol. This lowers the freezing point of water,

thus preventing the freezing of the buffer solution. Control

DSC heating scans at xPOPG=0.3, 0.5, and 0.6 in the

presence and absence of the antifreeze gave very similar

results for transition on and offset temperatures as well as

phase transition temperature, while showing minor differ-

ences in transition enthalpy (data not shown). This finding

is in agreement with earlier data demonstrating negligible

effects of ethyleneglycol on dimyristoylphosphatidylcholine

liposomes [23].

2.3. Differential scanning calorimetry

Calorimetric experiments were performed on a MicroCal

VP-DSC high-sensitivity differential scanning calorimeter

(MicroCal, Inc., Northampton, MA, USA) applying a

heating scan rate of 30 -C/h. This scan rate was determined

as the fastest and therefore optimal choice showing no scan

rate dependent influence on Ton and Toff from a series of

DSC experiments. All liposomal dispersions were degassed

for 10 min prior to measurement. The on- and offset

temperatures were determined by the tangent method as the

intersection of the peak slopes with the baseline of the

thermograms [24]. Ton and Toff are then corrected by the

finite widths of the transitions of the pure components

weighted with their mole fractions according to a method

described earlier [25]. The phase transition temperature (Tm)

is taken as the temperature of maximum heat capacity

(Dcp,max) and calorimetric enthalpies were calculated by

integrating the peak areas, after baseline adjustment and

normalization by the lipid concentration, using MicroCal’s

Origin software. The same software is also used to

determine the transition half width DT1/2.
2.4. Simulation of the phase diagram

The applied simulation of the phase diagram is based on

regular solution theory using non-ideality parameters for

describing deviations from ideal mixing behavior [26] and

has been described in detail before [26,27]. Negative non-

ideality parameters (qi) indicate the preference of pair

formation of unlike molecules (A–B), whereas positive

ones indicate the preferential formation of like pairs (A–A

or B–B) [27]. In other words, a positive q reflects

immiscibility between the lipids, resulting in a lateral phase

separation and domain formation of lipids of the same type

and in the same phase, whereas negative q values reflect a

tendency to ordered, ‘‘chessboard’’ type mixing of the two

lipids in the membrane plane.

Due to the fact that these non-ideality parameters are in

most cases a function of the composition, a non-ideal, non-

symmetric model is chosen. Within the framework of this

model, the excess free energyDGE=x(1�x)[q1+q2(2x�1)],

with x being the mole fraction and qi the non-ideality

parameters (q1 describes the non-ideal mixing at x =0.5 and

q2 accounts for the asymmetry term of the non-ideality).

The input parameters for the phase diagram simulation

are the phase transition temperature, the phase transition

enthalpy of the pure components, as well as the transition

onset and offset temperatures for all lipid mixtures. From

this, we obtain the solidus and liquidus curves, as well as

two non-ideality parameters for the fluid (qf1 and qf2) and

for the gel phase (qg1 and qg2). In order to increase

reliability, the non-ideality parameters are usually combined

as Dq1=qf1�qg1 and Dq2=qf2�qg2.

2.5. X-ray diffraction

X-ray diffraction patterns of samples with xPOPG�0.5

were recorded in the small-(SAXS) and wide-angle

(WAXS) regions using a SWAX camera [28] (Hecus X-

ray Systems, Graz, Austria). The X-ray camera was

mounted on a sealed-tube generator (Seifert, Ahrensburg,

Germany) operating at 2 kW. SAXS diffraction patterns in

the range 10�3 Å�1<q <1 Å�1 and WAXS diffraction

patterns in the range 1.2 Å�1<q <2.7 Å�1 were recorded

simultaneously using two linear, one-dimensional, position-

sensitive detectors, where q =4 p sinh/k is the scattering

vector. CuKa radiation (k =1.542 Å) was selected using a

Ni filter in combination with a pulse height discriminator.

Samples were filled in sealed 1 mm diameter quartz-

glassed capillaries and kept in good thermal contact with a

programmable Peltier unit, which allows temperature

control in the range of 0 -C to 70 -C. Samples were

equilibrated for 10 min at each temperature prior to

measurement. The exposure time was set to 1000 s for

the SAXS and 2000 s for the WAXS regime, respectively.

Diffraction patterns were calibrated using silver behenate

[29] for the small-angle regime and p-bromo-benzoic acid

[30] for the wide-angle regime.



Fig. 1. DSC heating thermograms of POPE/POPG mixtures at various

POPG concentrations (numbers adjacent to data give the molar fraction of

POPG (xPOPG). Mixtures with xPOPG	0.6 were hydrated in buffer

containing 50% vol. ethylenglycol. For better graphical representation,

thermograms of some samples have been omitted.
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Samples with xPOPG>0.5 were measured at the Austrian

SAXS beamline at the Italian synchrotron radiation source

Elettra [31]. Similar to the set-up in Graz, diffraction patterns

were recorded with one-dimensional gas detectors [32] at the

same time in the SAXS and WAXS regime in a comparable

range of scattering vectors. The photon energy was set to 8

keV, which corresponds to a wavelength k=1.5498 Å.

Sealed glass capillaries containing the liposomal dispersions

were placed into an in-line micro-calorimeter, which permits

the simultaneous performance of DSC and X-ray diffraction

experiments [33]. This set-up also allows the recording of X-

ray scattering data below 0 -C. DSC data obtained this way

are qualitatively similar to that obtained with the MicroCal

VP-DSC and are, therefore, not shown.

The X-ray diffraction data below the Tm was background

corrected and analyzed in terms of a global model described

previously [34,35] taking into account the different instru-

mental influences of the synchrotron and SWAX camera set-

up. Briefly, the scattered intensity is described as

I qð Þ ¼ S qð ÞjF qð Þj2

q2
þ Nu

jF qð Þj2

q2
; ð1Þ

where S( q) is the structure factor taking into account the

nature of the crystalline lattice, F( q) the form factor given by

the Fourier transform of a Gaussian model for the electron

density profile and Nu a scaling factor accounting for

additional diffuse scattering from uncorrelated bilayers. We

choose a paracrystalline structure factor [36], which includes

the effect of bilayer stacking disorder, but neglects bending

fluctuations, which can safely assumed to be absent below the

Tm. From this analysis, we obtain the lamellar repeat distance,

membrane thickness, bilayer separation and an estimate for

the average number of bilayers within the vesicles.

2.6. Optical microscopy

The microscopy images were acquired using the Axio-

vert 135 inverted microscope (Zeiss, Germany) in phase

contrast mode. The objective used was of magnification

40�. The sample was placed in a home-made glass chamber

and temperature-controlled with a circulating water bath to

within T0.1 -C. The sample was equilibrated at a given

temperature for at least 5 min before taking a snapshot.

Because vesicles were freely diffusing within the chamber,

it is safe to assume that they were not sticking to the glass

wall.
3. Results and discussion

Fig. 1 gives an overview of the DSC heating scans at all

PE/PG ratios, while Table 1 summarizes the thermodynamic

parameters. The results for pure POPE are in good agree-

ment with previously published data [37]. In contrast, and to

the best of our knowledge, no thermodynamic parameters
are available so far for pure POPG. Usually, it is assumed

that the chain melting of PGs at pH>5 and high ionic

strength occurs in the same temperature range as their PC

chain analogs. In the case of POPC, the Tm has been

reported to lie between �5 and 0 -C [38]. We find a chain

melting of POPG at Tm=�5.3 -C, which agrees with the

above assumption.

Fig. 2 shows all on and offset temperatures deduced

from the DSC scans, as well as the solidus and liquidus

lines obtained by the simulation described above. Both

liquidus and solidus curves, respectively, show a reason-

able agreement between model and experimental data. The

shape of the phase diagram clearly deviates from a ‘‘cigar’’

like shape known from ideal mixtures. This indicates a

thermodynamically non-ideal miscibility of POPE and

POPG. The difference of the non-ideality parameters is

Dq1=�700 J/mol and Dq2=+1600 J/mol with qg1>qf1

and qf2>qg2. The second parameter (Dq2) illustrates the

strong asymmetry of the phase diagram, while phase

diagrams with a ‘‘cigar’’ like shape have non-ideality

parameters around zero [18,39]. The liquidus curve points

to non-ideal mixing throughout the whole composition

range. In contrast, the solidus line has a straight form for

xPOPG¨0.75–1.0, indicating the presence of a miscibility

gap, i.e., the formation of gel-like lipid domains with

different PE/PG compositions.

X-ray diffraction experiments have been carried out in

order to assign the phase and to determine the lamellar

morphology of the mixtures. Fig. 3 shows the diffraction

patterns for all PE/PG mixtures in the gel phase, including

those of pure POPE and POPG. The SAXS patterns of pure

POPE exhibit sharp Bragg reflections corresponding to a

lamellar d-spacing of 62.2T0.1 Å. Most prominent is the

first order reflection. Higher orders are also present, but of

low intensity, such that they cannot be seen on the linear

intensity scale. The linear scale is better suited to demon-

strate the sharpness of the Bragg peaks. It is well known that

the central width of a Bragg peak is determined by the finite-

size of the scattering domains [35,40]. The larger the domain



Fig. 3. SAXS patterns of POPE/POPG mixtures in the Lh phase. Panel A

shows data for 0<xPOPG�0.5 recorded with the SWAX camera. Panel B

gives the synchrotron data in the xPOPG range of 0.7 to 1. Solid lines give

the global fits to the scattering data. Numbers adjacent to diffraction data

give the respective xPOPG values. h denotes the lamellar diffraction order.

Dashes indicate the position of the first order Bragg peak in panel A and the

second order in panel B. Offsets have been added to shift the data vertically.

Table 1

Thermodynamic parameters of the Lh to La phase transition of POPE/

POPG mixtures

xPOPG Tm

(-C)

DHcal

(kJ/mol)

Ton
(-C)

Toff
(-C)

DT1/2

(-C)

Dcp, max

(kJ/mol -C)

0 24.7 20.5 24.7 24.7 0.8 18.0

0.05 24.5 23.0 22.2 24.9 1.5 11.7

0.10 23.7 27.2 21.7 23.9 1.6 14.2

0.13 23.4 28.4 22.1 23.8 1.6 15.0

0.15 23.1 26.7 22.1 23.9 1.2 18.4

0.18 22.7 24.2 21.5 23.2 1.5 13.4

0.30 20.6 25.5 17.4 21.4 2.3 9.2

0.40 19.4 24.2 14.3 19.9 2.5 8.4

0.50 15.4 29.3 10.1 16.5 4.5 5.8

0.60 12.6 23.8 3.1 13.8 7.4 2.9

0.70 8.7 23.0 �2.6 10.0 8.2 2.5

0.75 7.6 18.8 �5.5 8.5 8.7 2.1

0.80 4.8 19.6 �6.9 7.7 11.8 1.7

0.90 �3.7 21.7 �6.3 3.3 7.4 2.9

1 �5.3 20.5 �5.3 �5.3 2.7 5.4
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size, the smaller the width of the Bragg peak. In the present

case, the observed peak width is determined by the

resolution of the camera which puts an upper limit of

1600 Å to the domain size that can be determined from the

global data analysis [35]. This limit corresponds, at the

observed lamellar repeat distances, to about 25 bilayers per

scattering domain. Hence, the POPE vesicles consist of at

least 25 bilayers and can therefore, in agreement with

previous studies on POPE in pure water [10], be considered

as MLVs. Further, apparently the presence of ions in the

buffer has no influence on the lamellar aggregation form of

pure POPE. WAXS data show a single peak at 1.461 Å�1

(Fig. 4) given by the in-plane packing of the hydrocarbon

chains. The peak position corresponds to an average

separation of the hydrocarbon chains of 4.3 Å and is

characteristic of a hexagonal packing of the hydrocarbon

chains in an all-trans conformation pointing perpendicular
Fig. 2. Phase diagram for POPG/POPE mixtures as determined from the

heat capacity functions. The coexistence lines (solidus and liquidus curve)

are calculated using the four-parameter model for non-ideal, non-symmetric

mixing as described in the Materials and methods section. The dashed line

is a schematic representation of the coexistence line of this miscibility gap.

(q)s correspond to the experimental Ton and (4)s to the Toff of the main

phase transition. The assignment of the phases is deduced from WAXS data

(see Fig. 4).
from the plane of the bilayer towards the bilayer center

[41]. Hence, the correct phase assignment for pure POPE

below the Tm is Lh.

In contrast to pure POPE, its phosphatidylglycerol

analog, POPG, exhibits no Bragg peaks but solely diffuse

scattering below the Tm (Fig. 3). The observed scattering is

due to the Fourier transform of the electron density

distribution within single, uncorrelated bilayers and is

characteristic for ULVs. From the global fit to the diffraction

pattern in the gel phase (Fig. 3), we find a head-to-

headgroup distance of dHH=45.6T0.2 Å. This contrasts

with the dHH=48.4T0.2 Å that we find for pure POPE.

POPG forms ULVs under present conditions because of the

negative charge of the lipids, which leads to a net electro-

static repulsion of the bilayers. This is a general observation

for charged lipids and has been well documented both

experimentally [42,43] and theoretically [44]. The hydro-

carbon chain reflection is again symmetric with a slightly
Fig. 4. WAXS patterns of POPE/POPG mixtures in the Lh phase. Panel A

shows data for 0<xPOPG�0.5 recorded with the SWAX camera. Panel B

gives the synchrotron data in the xPOPG range of 0.7 to 1. Numbers adjacent

to diffraction data give the respective xPOPG values. The dashed line

indicates the position of the POPE hydrocarbon peak and the dashed-dotted

line the one from pure POPG. Offsets have been added to shift the data

vertically.
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lower d of 4.26 Å (Fig. 4). Thus, also for POPG, the chains

are packed on a 2D hexagonal lattice and are not tilted with

respect to the membrane normal. In order to differentiate

between the two gel phase packings, we will call the gel

phase of pure POPE Lh2 and that of pure POPG Lh1 (see

also Fig. 2).

The addition of POPG to POPE has a remarkable effect

on the lamellar periodicity: it jumps from 62.2 Å in the case

of pure POPE to 113 Å at the lowest POPG concentration

measured (Fig. 3). The increase in the lamellar repeat

distance is accompanied by a significant increase in the peak

width. Interestingly, the second order Bragg reflection now

exhibits a higher intensity than the first order reflection.

This is due to the ‘‘weighting’’ of the peaks by the absolute

square of the form factor F( q) (Eq. 1). |F( q)|2 is small at the

position of the first order peak and has a maximum near the

second order peak. This attenuates the first order and

enhances the second order reflection. The reason for the

large increase in d is the negative surface charge induced by

POPG, which leads to a strong electrostatic repulsion

between adjacent layers and hence to an increase of the

bilayer separation [45]. Because of the counter ions present

in the buffer, however, the repulsion is partially screened.

Thus, the system does not unbind completely to form ULVs,

but rather attains a finite separation of the bilayers. The

lamellar repeat distance increases further with the addition

of POPG as evidenced by the shift of the Bragg peaks to

lower scattering angles (Fig. 3) and is shown for all PG

concentrations in Fig. 5. The first order reflection vanishes

at xPOPG=0.5. Higher POPG concentrations exhibit only the

second order peak and a weak shoulder from the third order.

Our global fit of the X-ray patterns gives a dHH value of

about 48 Å for all mixtures. Besides showing that the

membrane thickness is dominated by POPE, this finding

demonstrates that the increase of d is due to an increase of

the bilayer separation resulting from a stronger electrostatic

repulsion as more and more PG is included in the

membrane.

Interestingly, the evolution of the d spacing saturates and

attains a value of 132 Å at xPOPG around 0.5. Since the

electrostatic interactions are dominated by the surface
Fig. 5. Lamellar repeat distance of POPE as a function of POPG content

determined from the global SAXS data analysis.
charge density, this finding indicates that it gets more and

more difficult to increase the charges within the membrane

until finally no more PG can be incorporated for xPOPG>0.5.

This is a signature of phase segregation and agrees, besides

a slightly lower xPOPG value for the border line, well with

our thermodynamic results (Fig. 2). The excess of PG that

cannot be included into the PE/PG membranes at higher PG

content will most likely form pure POPG ULVs that coexist

with vesicles composed of POPE and POPG.

There is another interesting detail regarding the lamel-

larity of the PE/PG mixtures: While the Bragg peaks shift to

lower angles and decrease in intensity, their central width is

much broader than in the case of pure POPE but stays

essentially constant with PG concentration (Fig. 3). In the

case of POPE, we concluded that the width, relating to the

average number of lamellae per scattering domain, is

resolution limited. This is not the case for the PE/PG

mixtures. Here, our global X-ray data analysis yields that the

number of bilayers is on the order of three to five and shows

no trend with respect to the PG concentration. This indicates

the formation of oligolamellar vesicles (OLVs), whose

number of bilayers does not depend on PG content. Within

the miscibility gap the OLVs coexist with ULVs composed

of pure POPG, as described above.

While the addition of POPG to POPE had dramatic

effects on the bilayer morphology the hydrocarbon chain

packing shows little changes due to the presence of PG (Fig.

4). In the xPOPG range of 0 to 0.5, all hydrocarbon peaks are

symmetric and centered at 2p/4.3 Å�1. Similar to the

supramolecular structure, the hydrocarbon packing is there-

fore also dominated by the POPE chains. Hence, we denote

the gel phase within this PG concentration regime also as

Lh2 (Fig. 2). A further increase of POPG up to xPOPG=0.9

leads to a progressive broadening of the hydrocarbon chain

reflection and renders the peak shape asymmetric (Fig. 4B).

The tailing occurs towards higher scattering angles and

coincides with the position of the POPG wide angle peak at

2p/4.26 Å�1. Apparently, the asymmetry is due to an

overlap of the POPE/POPG (Lh2) chain reflection with that

of POPG (Lh1). Hence, the scattering data indicate a

demixing of POPE and POPG as also manifest from our

results above.

We now turn to the structure of the POPE/POPG

mixtures above the Tm. Here, all wide-angle diffraction

patterns show a broad peak centered at around 2p/4.5
Å�1(data not shown), demonstrating that the system is in the

La phase. The SAXS patterns are shown in Fig. 6.

Remarkably, with the exception of the pure POPE, all

samples exhibit pure diffuse scattering. This is in contrast to

the gel phase, where Bragg peaks were observed up to

POPG concentrations of 0.9 (Fig. 3). Apparently, the system

transforms in the xPOPG range of 0.1–0.9 from a state where

the bilayers are positionally correlated (bound state) below

the Tm to a state where there are no positional correlations

between adjacent bilayers (unbound state) above the Tm.

This is called a thermal unbinding transition and has been



Fig. 6. SAXS of the POPE/POPG mixtures in the La phase at 30 -C.

Numbers adjacent to diffraction data give the molar fraction of POPG. Data

recorded in the xPOPG range from 0 to 0.5 with the SWAX camera is shown

in panel A. Panel B gives the SAXS data in the xPOPG range of 0.7 to 1

recorded at the SAXS beamline at ELETTRA, Trieste.

Fig. 7. Phase contrast optical microscopy images of a single OLV composed

of POPE/POPG at xPOPG=0.18 as a function of temperature. The vesicle

shows a well defined border below Tm ((A), T= 18 -C), which becomes

fussy in the unbound state above Tm ((B), T= 24 -C) due to enhanced

fluctuations. The bilayer arrangement is schematically shown in the insets.

Fig. 8. Schematic representation of the vesicle morphology as a function of

POPE/POPG composition and phase state. The phase diagram exhibits a

miscibility gap at xPOPG>0.70 indicated by the straight solidus line in this

composition range. Panel I corresponds to the existence range of

unilamellar vesicles, panel II to oligolamellar vesicles and panel III to

multilamellar vesicles.
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described theoretically [46,47] and experimentally for the

present system [45].

Briefly, bilayers are positionally correlated in the gel

phase via their attractive van der Waals and the repulsive

electrostatic interactions. However, the correlation is weak,

which is also evidenced by the large separation between

adjacent bilayers and large width of the Bragg peaks. Thus,

compared to non-charged lipid membranes, the present

system can be easily transformed into an unbound state.

Now, as the system is transformed into the fluid phase at the

Tm, the bending rigidity of the bilayers drops by about one

order of magnitude [45,48]. This causes a significant

increase of bilayer undulations, leading to the well-known

Helfrich repulsion [49], which, in the present case, is strong

enough to destabilize the membrane stack. The unbinding

transition is fully reversible and the system returns into its

bound state when cooled back below Tm [45].

With respect to the unbinding transition, there remains

one open question that we did not address in our previous

paper [45], but which is of interest to the present study:

What is the lamellar aggregation form in the unbound state?

Are the vesicles unilamellar, or do they remain oligolamellar

but positionally uncorrelated? Both cases, ULVs and

uncorrelated bilayers within a OLV, respectively, yield

similar, pure diffuse SAXS patterns. There might be some

change in intensity at very low scattering angles, because of

a possible change in vesicle size in going from OLV to ULV.

However, due to the large vesicle size (¨10 Am; see Fig. 7),

such changes cannot be resolved with the present exper-

imental set-up. The most direct answer to the above question

can be obtained from optical phase contrast microscopy.

Fig. 7 shows the results of such an experiment. At low

temperatures, the vesicle has an almost spherical shape and

shows a well-defined border line (Fig. 7A). The contrast

from the membrane indicates that the vesicles consist of a

few bilayers in agreement with our global X-ray data

analysis. However, when the temperature is increased above

the Tm, the border line becomes very fuzzy (Fig. 7B). This is

due to the loss of positional correlations between the
bilayers. More important, the vesicle remains intact and

does not break up into ULVs. Hence, the unbound state is

characterized by OLVs comprised of freely fluctuating and

hence uncorrelated bilayers. Fig. 7 also shows that the inner

core of the vesicle is rather large. This is important to place

no restrictions on the unbinding by imposing a tension

within the vesicle through stress, as would be the case for

vesicles with a small inner core (Lipowsky, R., personal

communication).
4. Summary and conclusion

We have determined the lamellar morphology and

mixing properties of POPE/POPG mixtures under physio-

logical relevant conditions (20 mM Na-phosphate buffer,

130 mM NaCl, pH 7.4). Our findings are summarized in the

schematic representation shown in Fig. 8. POPE/POPG

exhibits non-ideal mixing properties in the fluid phase and
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in the gel phase as demonstrated by the strong asymmetry of

the liquidus/solidus line. The morphology of the system

changes from MLVs for pure POPE to OLVs with a roughly

constant number of three to five bilayers for POPE/POPG

mixtures and finally exhibits ULVs for pure POPG. The

bilayers within the OLVs are positionally correlated within

the gel phase but become uncorrelated upon entering the La

phase, triggered by a drop in the bilayer bending rigidity at

the Tm [45]. However, while positional correlations are lost,

the vesicles as a whole remain intact as evidenced by phase

contrast microscopy (Fig. 7).

Another important feature of the binary mixture is the

existence of a miscibility gap at PG concentrations above

70 mol% that we observe independently from DSC, SAXS

and WAXS experiments. This region of phase segregation

appears to be a general feature of PE/PG mixtures, as it

has been also observed for di14PE/di14PG and di16PE/

di16PG at high [18] and for di16PE/di16PG at low ionic

strength [19], respectively. Additional evidence for this

notion has been reported from fluorescence studies on

model [50], as well as on E. coli and B. subtilis mem-

branes [51]. These findings are further in remarkable

agreement with mean field calculations based on the

Poisson–Boltzmann theory, which predict a critical con-

centration of charged lipids of 0.63 above which demixing

is expected [22]. Hence, the two-dimensional organization

in PE/PG membranes appears to be dominated by head-

group interactions and to be largely independent on

hydrocarbon chain length or degree of saturation. For-

mation of lipid domains with different compositions is

consequently unavoidable in mixtures with excess of the

negatively charged component.
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