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We show the existence of a new and unexpected morphology of charged phospholipid membranes composed
of pure dioleoylphosphatidylserine (DOPS, Na+) in the absence of added salt. This new morphology is
characterized by giant collective fluctuations of locally lamellar stacks of membranes at the lamellar-
to-vesicle unbinding transition. The DOPS dispersions have been studied in pure water and at rest using
complementary techniques: small-angle scattering (neutron and X-ray) and freeze-fracture electron
microscopy. In the present case of strong unscreened electrostatic interaction, we show that the order-
to-disorder transition associated with the lamellar phase unbinding into vesicles is hidden by the presence
of this intermediate state of strongly coupled undulating membranes where electrostatic and entropic
forces compete. The giant collective fluctuations produce a texture analogous to that of an oyster shell as
observed by freeze-fracture electron microscopy. Three microstructures are encountered along the dilution
line of bulk samples: an LR lamellar phase with linear swelling, the lamellar oyster shell state characterized
by giant collective fluctuations, and finally stable single- or multilayer vesicles formed spontaneously by
a peeling mechanism of the fluctuating membranes as suggested by the period of the undulations close
to the size of the vesicles.

Introduction

Binary phase diagrams of phospholipids show the
typical sequence of phases upon dilution: Lâ, LR, followed
by thermodynamically stable vesicles.1,2 This is true for
most phospholipids, but the mechanism by which an
ordered lamellar phase transforms into vesicles, the so-
called unbinding transition, is still questioned. We
examine here the phase behavior of dioleoylphospha-
tidylserine (DOPS, Na+), a model anionic phospholipid
with molten chains at room temperature (Tgel/fluid ) -11
°C in excess water) and bearing one net negative charge
per headgroup at neutral pH.

There exists to our knowledge no data reporting values
of a maximum swelling of lipids from the phospha-
tidylserine series in pure water. The equation of state,
binding together in a formal manner the temperature,
the osmotic pressure, and the concentration (or periodic-
ity), is not known for any lipid of this family. From the 700
papers on phosphatidylserines reported in the database
LIPIDAT,3 none of them gives an indication of a maximum
swelling in the absence of salt (or buffer) and only two
studies report explicitly on the binary phase diagram of
phosphatidylserine4,5 in these conditions.

In pure water, with only counterions present (no added
salt), one expects a strong dominating electrostatic
contribution and a high swelling limit before the transition
to vesicles where repulsive interactions between mem-
branes vanish. Depending on whether membranes are
stiff or flexible, an additional entropic repulsive contribu-
tion may come into play, accounting for out-of-plane
fluctuations. In the regime of strongly fluctuating mem-
branes (deviations from the midplane are much greater
than lamellar periodicity), additivity of molecular interac-
tions and entropic forces is no longer valid and renor-
malization theories need to be considered. However, these
have up to now only given trends in comparison to the
simple case of stiff membranes where only additive
molecular interactions need to be taken into account
(hydration, van der Waals, electrostatics). In such systems,
the periodicity d is related to the volume fraction φ and
to the bilayer thickness 2t by an “ideal swelling” relation:
d ) 2tΦ-1. A logarithmic correction has been proposed to
account for small fluctuations but has been questioned
due to mathematical inconsistency in the derivation in
the case of smectics6 and sponge phases.7 The nonlinearity
of swelling when electrostatics competes with undulations
has been considered recently by von Berlepsch and de
Vries8 in the case of weakly charged bilayers.

For the only other known case where a highly swollen
lamellar phase competes with spontaneous vesiculation,
a linear relation between the maximum swelling and the
Debye screening length has been observed.9 This linear
relation is set by the equality of the osmotic pressure in
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the smectic and vesicle phases, the equivalent of an
Onsager transition, but for rigid bilayers.10 One of our
aims is to investigate if this is still true in pure water,
that is, when there is no added salt or electrolyte
background such as dissociated monomers (low critical
micelle concentration). In this case, the repulsive pressure
is known as the Langmuir equation:11

where Lb is the Bjerrum length (7.2 Å in water at room
temperature) and dw is the water layer thickness (dw )
d - 2t). This expression does not depend on values of the
elastic bending constants.

In the case of pure solutions of the anionic phospholipid
DOPS, we would like to address the following questions:
(1) What is the swelling law of a soft lamellar structure
in unscreened electrostatic repulsion? (2) Are fluctuations
in the range of interlayer separation distances important?
(3) Are there correlated undulations of neighboring
membranes? To this aim, we used small-angle scattering
(neutron and X-ray) and freeze-fracture electron micros-
copy.

The experimental results presented here are the first
part of a study aimed at giving a complete description of
the structures and thermodynamics of the observed phases
inwell-definedregimesandat the transitionbetweenthese
regimes in the strong unscreened electrostatic interaction
case. The measurements described in these two papers
make it possible for theoreticians to think quantitatively
about the dramatic effect of fluctuations in a charged
lamellar system. For example, it was predicted by de Vries
that highly charged membranes could have a compress-

ibility and hence osmotic pressures influenced by the
presence of undulations.12 In the case of weakly charged
bilayers, the presence of undulations far from a macro-
scopic solid interface has been evidenced recently by
Salamat et al.13

The equation of state derived from scattering experi-
ments under controlled osmotic pressure via equilibration
with polymer solutions or vapor pressure is described in
the second part of the present paper.14

Materials and Methods
DOPS(1,2-dioleoyl-sn-glycero-3-phospho-L-serine, sodiumsalt,

MW ) 810) was purchased from Avanti Polar Lipids (Alabaster,
AL) and was dialyzed versus Milli-Q water (Millipore, Bedford,
MA) to ensure elimination of residual salt. Thin-layer chroma-
tography showed a single spot corresponding to DOPS and no
detectable organic impurity. The pH of DOPS samples was around
9, and conductivity after equilibration and several replacements
of the water in the reservoir was of the order of 10 µSi.

Small-angle neutron scattering (SANS) experiments were
performed on D2215 at the Institut Laue-Langevin, Grenoble,
France. Small-angle X-ray scattering (SAXS) experiments were
performed on a home-built camera in pinhole geometry.16

Freeze-fracture electron microscopy (EM) was performed on
samples prepared in a H2O/glycerol mixture (70/30 v/v), using
the protocol previously described.17

Results

Figure 1 shows SANS curves obtained for a series of
volume fractions of DOPS in D2O ranging from 0.20 to
0.07. Important features come out from these scattering
curves measured to our knowledge for the first time over
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(14) Demé, B.; Dubois, M.; Zemb, Th. Langmuir 2001, 17, 1005-

1013.
(15) http://www.ill.fr/YellowBook/D22/.
(16) Le Flanchec, V.; Gazeau, D.; Taboury, J.; Zemb, Th. J. Appl.

Crystallogr. 1996, 29, 110-117.
(17) Gulik-Krzywicki, Th. Curr. Opin. Colloid Interface Sci. 1997, 2,

137-144.

Figure 1. Dilution experiment of DOPS bulk samples at room temperature (25 °C) followed by SANS. Left: stiff electrostatic phase,
from bottom to top φ ) 0.20-0.12 (w/w). Right: soft lamellar phase in the oyster shell state, from bottom to top φ ) 0.11-0.07
(w/w). I(q) in cm-1 for the left and right lower curves; other curves are offset for clarity.
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nearly three decades in q and six decades in intensity for
the more dilute samples. The minima of the membrane
form factor are observed at high q, while several peaks
corresponding to the lamellar structure factor are visible
at low q. The first and second minima of the membrane
form factor are located at q ) 0.20 and 0.38 Å-1. From the
position of the first minimum, the thickness of the layer
of aliphatic chains can be estimated since the chain-head
contrast is the dominating term. We find here a thickness
2t ) 31 Å. A detailed density profile including the
headgroup contribution will be used for the X-ray form
factor where the head-solvent contrast term dominates.
The structure factor of dilute samples is observed at low
q in a range of scattering vectors where it is only modulated
by the q-2 decay of the membrane form factor. Three quasi-
Bragg peaks are visible for volume fractions φ > 0.14, but
only one broad (smectic?) order is still visible below φ )
0.10.

Figure 2 shows the scattering produced by DOPS
dispersions in water using SAXS in pinhole geometry.
Again, the scattering curves contain information both on
the bilayer structure and on membrane interactions. In
dilute samples where the structure factor disappears
toward low q, the membrane form factor can be fitted

using a three-level electron density profile accounting for
the chains, the heads, and the solvent.18 The best fit
obtained for a dilute sample at φ ) 0.065 is shown in
Figure 3 with the corresponding electron density profile
in the inset. The arrows indicate the q-range considered
to fit the data. The fit (including 5 free parameters) yields
an electron density of 0.28 e-/Å3 for aliphatic chains, 0.50
e-/Å3 for the layer of hydrated headgroups, 28.6 ( 0.3 Å
and 43.9 ( 0.3 Å for the apolar and total membrane
thicknesses, respectively, and a roughness of 4 Å. Thick-
nesses and densities determined here are completely
independent from swelling (or concentration) and do not
depend on the small-angle scattering, since the membrane
form factor is well separated from the low-q region. The
directmembranethicknessdeterminationavoidsproblems
inherent to other methods, like for instance when the
bilayer thickness is derived from the linear relation
between the smectic periodicity and 1/φ. This relation is
only valid in the absence of fluctuations19 or defect regions
containing excess water.20 Another indirect method is
based on the reconstruction of Bragg peak amplitudes
modulated by the form factor.21

We have derived the structure factors of the membrane
stacks for the different concentrations studied. The result
is a series of normalized X-ray structure factors S(q) for
the stack of charged membranes shown in Figure 4A. Four
Bragg orders can be seen for the LR phase at a volume
fraction of 0.30. Using the parameters obtained from the
fit to the X-ray data, we have calculated the neutron form
factor and extracted S(q) from the neutron data shown in
Figure 1. These are shown in Figure 4B. At concentrations
below 0.1, the samples are still dispersions of strongly
repulsive bilayers. Thus, their smectic nature can hardly
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Figure 2. Dilution experiment of DOPS bulk samples at room
temperature (25 °C) followed by SAXS. From bottom to top: φ
) 0.30-0.05 (w/w). I(q) in cm-1 for the lower curve at φ ) 0.30;
other curves are offset for clarity.

Figure 3. SAXS of a dilute DOPS sample (φ ) 0.065 w/w, S(q)
∼ 1). The solid line is a fit to the data (fitting interval between
arrows) using a three-level electron density profile (inset).
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be questioned. In the absence of added salt, the ionic
strength is of the order of 10-5 (pH ∼ 9), and the Debye
screening length (100 nm) is of the order of the stack
periodicity. Therefore, it is obvious that strong repulsions
between highly charged bilayers are still present.

In Figure 5, we have reported the swelling versus 1/φ
by regrouping results obtained by SANS, SAXS, and
freeze-fractureelectronmicroscopy.Forperiodicitiesbelow
250 Å, the swelling is linear, but above this value it
deviates from linearity. A fit to the data in the linear
regime gives a bilayer thickness of 42.2 Å, consistent with
the value derived from the experimental X-ray membrane
form factor (43.9 Å). At higher dilution, deviation from
linearity has already been observed in the case of a cationic
synthetic lipid and with DMPC membranes decorated by
soluble polymer chains.22 But in this latter case, period-
icities were above those expected for a linear swelling and
were explained in terms of excess area required to build
a lamellar structure with strongly bent membranes.
Fluctuations leading to a nonlinear swelling are common
to uncharged membranes.23 However, fluctuations lead
to an additional repulsive contribution in the force
balance24 and enhance the swelling, that is, relation 1
becomes d > 2t/Φ. Here, we have a negative deviation
from linearity, that is, d < 2t/Φ. This means that correlated
undulations which can be seen on the electron micrographs
of Figure 6 have a direct consequence: the coexistence of
defects inducing the presence of regions with more water
than in strongly undulating bilayer stacks. The simplest
case of defect is at the contact point between large (>1

µm) multilayer onion-type lamellar crystallites.20 Between
spherical multilayers in contact, excess water is needed
to fill space. This behavior induces a nonlinear swelling
with d < 2t/Φ. In the case of cationic bilayers, in the
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Figure 4. (A) X-ray experimental structure factors S(q) obtained by dividing I(q) by the experimental form factor. From bottom
to top: φ ) 0.28-0.14. (B) Neutron structure factors S(q) obtained by dividing I(q) by the neutron form factor calculated with
parameters obtained from the fit to the X-ray data (chain and head thicknesses, densities, hydration, roughness). Bottom to top:
φ ) 0.20-0.07. The series of neutron and X-ray S(q) evidences the fast disappearance of quasi-Bragg peaks while the smectic
layering is still present. Lower curves are to the scale (limqf∞ S(q) ) 1); other curves are offset for clarity.

Figure 5. Plot of the lamellar periodicity vs 1/φ as obtained
by SANS, SAXS, and microscopy, showing the nonlinear
behavior above 250 Å.
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absence of salt too, long-range ordering of defects has been
shown to be the origin of colored iridescence of samples.23

In the case of DOPS reported here, the nonlinear
swelling is not only due to sterical interactions. Giant
undulations appear on the images shown in Figure 6,
where samples at volume fractions φ ) 0.30, 0.14, and
0.05 are compared at the same magnification. The crucial
point is the strong increase of fluctuations seen upon
dilution and the evolution from noncorrelated to correlated
fluctuations. Atφ) 0.05, the range over which fluctuations
are correlated corresponds to stacks of several membranes
and the typical wavelength associated with these fluctua-
tions is of the order of 5 times the periodicity. The
fluctuations are different from the egg-carton structure

proposed by Klösgen & Helfrich and Antonietti & Thun-
emann,25 which relies on correlated perpendicular surface
waves producing the egg-carton structure. In the case of
DOPS, the one-dimensional nature of the dominating
undulations is evidenced in regions of the micrographs
where the fracture plane is not perpendicular to the layers.
In these regions, the texture is an analogue to that of an
oyster shell.

Further dilution without input of energy or shearing of
the sample produces a dispersion of vesicles. A typical

(25) Klösgen, B.; Helfrich, W. Eur. Biophys. J. 1993, 22, 329-340.
Antonietti, M.; Thunemann, A. Curr. Opin. Colloid Interface Sci. 1996,
1, 667-671.

Figure 6. Freeze-fracture electron microscopy of DOPS samples: (A) regular lamellar phase (φ ) 0.30), (B) lamellar phase with
low-amplitude uncorrelated fluctuations (φ ) 0.14), and (C) giant correlated fluctuations in a stack of membranes (φ ) 0.05). The
bar represents 1 µm.
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image obtained by freeze-fracture electron microscopy is
shown in Figure 7. The corresponding SANS is shown in
Figure 8. The curves show a nearly pure form factor of
bilayers and a small oscillation due to the mean distance
between membranes of adjacent vesicles or to residual
oligolamellar vesicles producing a broad smectic correla-
tion peak. The peak position corresponds to 600 and 900
Å at volume fractions of 0.016 and 0.008, respectively.
Microscopy confirms that a polydisperse dispersion of

vesicles with diameters in the range of 500-5000 Å is
produced (Figure 7). These dispersions of spontaneous
vesicles are stable upon time and after heating/cooling
cycles and are therefore supposed to correspond to
thermodynamic stability. This is expected from the general
theory of two-component vesicles26 and observed here for
one-component vesicles as explained further on in the
discussion.

Discussion

The driving force for this undulation may be found in
surface charge fluctuations27 or in the correlation of large
fluctuations due to a local coupling mechanism analogue
to an Onsager transition. Compared to random fluctua-
tions, correlated fluctuations of adjacent bilayers increase
the available volume for dissociated counterions. We know
that in the absence of salt the osmotic pressure is
dominated by the counterion contribution. Correlating
fluctuations is a way to avoid locally concentrated coun-
terions, a phenomenon leading to the formation of
“bottlenecks” that would occur if fluctuations were un-
correlated.

There are two possible mechanisms for formation of
stable vesicles in a binary solution of charged bilayers:

(I) The symmetry is broken by an inside/outside ionic
strength difference. For typical vesicle radii in the range
of 500-5000 Å and with monovalent counterions, elec-
troneutrality of the inside volume requires an average
inside concentration to be of the order of 0.1 M, while the
outside concentration of counterions vanishes. This asym-
metry is at the origin of the nonlinearity of refractive
indexes measured for other stable spontaneous vesicles
obtained in the absence of salt.28 Since area per headgroup
is ionic strength dependent, an asymmetry of a few percent
of the area per molecule inside or outside is enough to
induce an instability of the membrane and formation of
vesicles with a diameter of the order of 100 times the
molecular length.

(II) Another mechanism is intrinsic to Poisson-Boltz-
mann electrostatics of charged bilayers. At high dilution,
the bending constant associated with Gaussian curvature
is highly negative29,30 which means that formation of closed
objects is favored by intrinsic properties of highly charged
membranes in the absence of salt.31,32

Back to the intermediate state of the membranes which
appear on the pictures with a shape characteristic of an
oyster shell, we can extract the in-plane persistence length
of the membranes and the typical length scale of the out-
of-plane fluctuations. Plotting the SANS data in the
coordinates used for locally flat aggregates (log[I(q) q2] vs
log(q)) shows a peculiar feature: the growing of a very
large scale superstructure peak (Figure 9). If we associate
a typical length scale s to this superstructure peak with
s ) 2π/qS, we find s ≈ 4d in the range of existence of the
oyster shell state.

The broadening of the quasi-Bragg peaks together with
the appearance of a superstructure peak (s) and correlated
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Figure 7. Spontaneous vesicles as seen in dilute samples by
freeze-fracture electron microscopy. The bar represents 1 µm.

Figure 8. SANS curves (log[I(q) q2] vs log(q)] plot) observed
in dilute samples prepared at φ ) 0.016 and 0.008, where only
vesicles are present. The solid lines are fits to the data in
absolute scale using a single layer form factor. Given a fixed
scattering length density contrast (6.36 × 10-6 Å-2), the fitted
volume fractions are 0.0165 and 0.0094, respectively, in
excellent agreement with the preparation data. Note the
remaining soft peak at low q resulting from the mean
membrane-membrane distance of adjacent vesicles.
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fluctuations with the same length scale strongly supports
that one-dimensional large amplitude undulations affect
stacks of parallel membranes until formation of the oyster
shell state (Figure 10). In the pure oyster shell regime
shown in Figure 6 and at the volume fraction Φ ) 0.05,
we observe an average fluctuation 〈u〉 around the mean
position of a given bilayer, typically 4-6 times the period
d. A larger number of layers, of the order of 10-30, appear
in stacks of correlated membranes on the pictures. The
stack is correlated in a direction perpendicular to the
bilayers on a length ê⊥ which is therefore 10-30 times the
periodicity. Considering undulations of a given bilayer,
the micrographs suggest an in-plane persistence length
ê// typically 4-6 times the periodicity d and identified to
the in-plane periodicity s at the origin of the peak
appearing at low q at s ) 2ê//. Lipowsky and Leibler33

have considered the case where a strong exponential
repulsive force and a dispersion force combine. They have
identified theoretically a strong fluctuation regime which

gives the following relation between perpendicular and
parallel (in-plane) correlation lengths:

If we take numerical values of the bending constant out
of the tablepublishedbyDaicic7,weconclude that ê⊥ should
be less than d. And if we try now to identify these quantities
in the oyster shell state, we find that the in-plane
correlation length gives rise to the superstructure peak
s ) 2ê// ≈ 5d ≈ ê⊥/4 and hence ê// ≈ ê⊥/8, a result consistent
with the theoretical prediction. Other evaluations estimate
maximum periodicity and in-plane correlation length to
be approximately equal, ê// ≈ d.34,35 Our experimental
result (s ∼ 4d) is thus in qualitative agreement with
theoretical expectations.

Conclusion

Using simple dilution and structural characterization
of DOPS dispersions, we have encountered four distinct
states:

(1) An LR lamellar phase made of regularly spaced and
flat bilayers in strong electrostatic repulsion, where no
detectable fluctuations can be triggered by thermal energy
at room temperature. This lamellar phase is present under
the form of large multilayer polydisperse onion-type
aggregates (φ > 0.30).

(2) An LR lamellar phase with low-amplitude (u < d)
uncorrelated fluctuations (φ ) 0.14).

(3) The oyster shell state, characterized by giant (u >
d) collective undulations of the membranes, vanishing
broad quasi-Bragg peaks, and an in-plane persistence
length equal to 4-6 times the smectic periodicity (0.11 >
φ > 0.05).

(4) Spontaneous stable vesicles, observed both by EM
and SANS (φ < 0.05). These vesicles are of the size of the
spontaneous small unilamellar vesicles discovered by
Talmon et al. in cationic double-chain surfactants in the
absence of salt.36

(33) Lipowsky, R.; Leibler, S. Phys. Rev. Lett. 1986, 56, 2541-2544.
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(36) Talmon, Y.; Evans, D. F.; Ninham, B. W. Science 1983, 221,

1047-1048.

Figure 9. SANS curves (log[I(q) q2] vs log(q)] plot) obtained
for different volume fractions (from bottom to top, φ ) 0.20-
0.07). The oyster shell state corresponds to volume fractions
below 11%, with the soft superstructure peak appearing at low
q (S). I(q) in cm-1 Å-2 for the lower curve; other curves are
offset for clarity.

Figure 10. Sketch of the oyster shell microstructure. The
maximum smectic periodicity d detected is of the order of 700
Å, at which unbinding occurs. In the intermediate oyster shell
state, a superstructure s is detected on scattering patterns.

ê⊥ ) (kΤ/κ)1/2ê// ≈ 0.3ê// (2)
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In the range φ ) 0.08-0.05, structures 3 and 4 coexist
on electron micrographs. It has been observed that the
diameter of the small unilamellar vesicles produced is of
the same order as the in-plane undulation wavelength in
the oyster shell state, suggesting a peel-off mechanism
from the oyster shell state to the spontaneous unilamellar
vesicles.

The question is whether it is general that unbinding
occurs as a progressive formation of nearly unilamellar
vesicles from the oyster shell state or if the first vesicles
formed have an average number of layers of the order of
5-10. This number is given by the ratio of length to in-
plane correlation in the undulation instability. Our results
point toward the first route in the case of highly charged
bilayers where the Debye screening length is larger than
the periodicity.

Finally, the answers to the questions raised previously
are as follows:

The maximum swelling of the soft lamellar phase with
one structural charge per 70 Å occurs around 700 Å.37

A broadening of quasi-Bragg peaks, with the appearance
of a superstructure peak due to the periodicity of in-plane

correlations, occurs while giant fluctuations (lateral
displacement larger than periodicity) appear for volume
fractions between φ ) 0.11 and φ ) 0.05. This corresponds
to the intermediate oyster shell state.

Correlations extend to more than one neighbor, so that
first-neighbor-only, undulation as a perturbation, mean
field, or Caillé type approaches are no longer valid to
interpret Bragg peak shapes.12 Predictive theories of
charged membrane stacking compatible with structure
factors as shown in Figure 4 seem to us a challenge for
theory of charged membranes since the decrease of
scattering seen in SANS for dilute samples is the two-
dimensional equivalent of the correlation hole known in
the case of polyelectrolytes.

The equation of state of the system determined by
complementary scattering experiments under controlled
osmotic pressure on either bulk samples or oriented films
is given in the second part of this paper.
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