
DOI 10.1140/epje/i2001-10101-0

Eur. Phys. J. E 8, 275–282 (2002) THE EUROPEAN
PHYSICAL JOURNAL E
c©

EDP Sciences
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Abstract. Thin multilamellar assemblies of neutral lipid bilayers deposited on silicon substrates are shown
to be unstable upon hydration. We analyze the stability of these systems taking into account a reduction of
the fluctuation-related components of the bilayer interaction potential. The sizes of the patterns observed
are consistent with a spinodal dewetting process.

PACS. 68.08.Bc Wetting – 87.16.Dg Membranes, bilayers, and vesicles

1 Introduction

For years, amphiphilic lipid layers have attracted the in-
terest of physicists, as model systems for biological mem-
branes. The quantitative understanding of lipid model sys-
tems often starts from structural investigations. Cell mem-
branes are mainly formed by lipids and proteins, with the
lipids organised in the form of a double sheet (lipid “bi-
layer”). One of the simplest ways to model membranes
is to prepare bilayers made of pure neutral lipids. These
lyotropic systems exhibit a wealth of different phases as
a function of temperature and hydration, due to the in-
terplay of different forces [1]. However, the exact balance
of these interactions is unclear. Phenomena like anoma-
lous swelling at the gel/liquid phase transition of the
aliphatic chains [2–5] or the so-called “vapor pressure
paradox” [6–8] are still objects of controversy.

Among many different systems used to study
membrane physical interactions the most extensively
studied models are multilamellar vesicles in aqueous
medium [9–11]. Stacks consisting of hundreds of bilay-
ers deposited on solid substrates and hydrated by contact
with water vapor [4,12–14] have allowed more detailed
structural studies since the broad orientation distribution
that is present in multilamellar vesicles is suppressed [8].

Such thick stacked multibilayers have the drawback
that only the properties averaged over hundreds of bilay-
ers can be determined. On the other hand, single adsorbed
bilayers interact strongly with the substrate. For detailed
investigation, a compromise could be the formation of only
few bilayers that are likely to be more stable in bulk wa-
ter and are sufficiently thin that the characteristics of each
bilayer can be determined separately, e.g. their structure
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with Å resolution, by techniques like specular and off-
specular reflectivity. We have recently succeeded in the
preparation of samples with a well-controlled number N
of bilayers (typically less than ten), spin-coated on silicon
wafers [15], and have started their characterisation with
X-rays. Here we present results from neutron reflectiv-
ity as well as atomic-force microscopy (AFM) and optical
microscopy measurements on this new model system of
solid-supported membranes.

Neutron reflectivity has been extensively used for the
in situ characterization of soft-condensed-matter systems
at interfaces. It is an attractive technique since it has a
resolution of less than a nanometer, it is non-destructive
and isotopic substitution can be used for highlighting spe-
cific parts of the system. Light elements such as carbon,
hydrogen, nitrogen and oxygen are relatively strong scat-
terers for neutrons which makes them particularly well
suited for the study of biological material. Specular neu-
tron reflectivity gives information on the structure perpen-
dicular to the plane of the membranes, while the lateral
structure is averaged. In order to obtain complementary
information on the lateral structure, observations of the
surface of the samples using standard optical microscopy
and AFM were performed. The systems were found to be
intrinsically unstable and inclined to form inhomogeneous
structures reminiscent of what is observed when dewetting
occurs in thin films of liquid crystals or polymers. AFM
observations, consistent with the reflectivity results, are
interpreted in the framework of spinodal dewetting the-
ory. A detailed analysis of the interaction potentials within
the multilayer stacks and their evolution upon hydration
is given in support to the interpretation. The initial mo-
tivation for this work was the study of the interaction
of the lipids with the peptide alamethicin [14,16,17]. In-
deed, both neutron reflectivity and AFM measurements
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have also been performed on systems including different
proportions of alamethicin (ranging from 1/200 to 1/10
peptide/lipid ratios) all showing similar results as those
reported here for pure lipids. As the presence of the pep-
tide makes the analysis more complicated, its effect can be
quantitatively estimated only after a full understanding of
the model system. The results of the effect of the peptide
will be the object of a future publication.

2 Materials and methods

Chemicals

1,2-dimyristoyl-sn-glycero-3-phosphatidylcho-line (DMPC)
with different isotopic compositions was purchased from
Avanti Polar Lipids, Alabama (USA), and used with-
out further purification. Fully-deuterated(d67-DMPC),
chain-deuterated (d54-DMPC) and head-deuterated
(d13-DMPC) lipids were used. Multilamellar bilayers
were prepared on clean silicon substrates by spreading
from an organic solution. The lipids were dissolved in
isopropanol at a concentration of 5 mg/ml. The 5 cm
diameter substrates were cleaned in methanol followed by
extensive rinsing in ultrapure water (specific resistivity
18 MΩ cm, Millipore, Bedford, MA). They were made
hydrophilic by immersion into a saturated solution of
KOH in ethanol for about one minute. Finally, they were
rinsed several times in ultra-pure water.

Deposition

The deposition was made at room temperature by spin-
coating. In order to obtain samples with less than 10 lipid
bilayers, a drop of 500 µl was spread on the substrate sur-
face in rotation at a speed of 1000 rpm. After one second,
the speed was increased to 5000 rpm for 30 s. The samples
were then put under vacuum for about 8 hours to remove
the solvent. Then the samples were kept in air at 8 ◦C,
until the measurement.

Reflectivity measurements and analysis

Specular reflectivity, defined as the ratio between the in-
tensity of the specularly reflected beam, I, and that of
the incoming beam, I0, is measured as a function of the
wave vector transfer q = 4π

λ sinθ, perpendicular to the re-
flecting surface, where λ is the wavelength of the neutron
beam and θ the incident angle. This signal is a function of
the scattering length density across the interface, ρ(z). An
expression within the Born approximation is given by [18]

I/I0 ≈ 16π2

q2
z

|ρ̃(qz)|2 , (1)

where ρ̃(qz) is the Fourier transform of ρ(z). Measure-
ments were performed at the Institut Laue Langevin on

the D16 diffractometer adapted for reflectivity measure-
ments [19]. A monochromatic neutron beam (wavelength
λ = 4.52 Å with a wavelength spread ∆λ/λ ≈ 0.02) was
collimated by two sets of slits located in front of the sample
position. Neutrons specularly reflected off the sample were
detected using a two-dimensional 3He detector placed at a
1 m distance from the sample. The reflected intensity was
measured as a function of the glancing angle of incidence θ
by rotating the sample. The detector was kept at 3 differ-
ent fixed positions covering the angular θ range 0–7.12 ◦.
Samples were hydrated in a temperature-controlled hy-
dration chamber. The chamber (adapted from [20]) con-
sists of two thermally insulated compartments that can
be kept at different temperatures by water circulation.
In the lower compartment, there is a water reservoir set
at a temperature TL. In the upper part, equilibrated at
temperature TU, sits the sample. A small aperture allows
the exchange of water vapor between the two chambers.
Such a chamber allows one to set an osmotic pressure Π,
given by the temperature difference between the lower and
the upper chambers: Π = −kBTU

Vw
ln( pL

pU
) where pL and pU

are the equilibrium pressures of water vapor at TL and
TU, respectively, kB is the Boltzman constant and Vw the
molecular volume of water. For this work both chambers
were thermalized by the same waterbath, the warm wa-
ter entering the lower part first so that TU � TL. As the
sample temperature can only be lower than TU (no exter-
nal heat supply), we expect the sample to be the coolest
point of the system and hence to be facing a vapor phase
of 100 per cent relative humidity (no osmotic stress). Mea-
surements were performed at about 45 ◦C, a temperature
where DMPC is in the fluid phase Lα. The samples were
kept at this temperature for one hour before starting the
measurement, as had been verified that the reflectivity
profile did not show changes after this time and it was
assumed that the system had equilibrated.

Optical and atomic force microscopies

Optical microscopy and AFM were used to observe the
in-plane structure of the samples before and after hy-
dration [21]. All experiments were carried out at room
temperature. AFM measurements were performed using
a Park Scientific Instrument Autoprobe CP microscope
operating in the tapping mode. All images have been ob-
tained using soft cantilevers (bending rigidity 0.3 N/m,
resonance frequency of 18 kHz) and a scanning frequency
of 1 Hz/line. Samples were hydrated using the same
temperature-controlled hydration chamber as the one used
for the neutron reflectivity measurements. Samples were
observed in air at room temperature immediately after
hydration.

3 Results and discussion

Reflectivity measurements and analysis

Neutron reflectivity profiles were measured on DMPC and
d67-DMPC samples in D2O, and d54-DMPC, d13-DMPC
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Fig. 1. (•) Reflectivity data from d54-DMPC sample in 100%
r.h. H2O vapor. Dashed line: simulation obtained from theo-
retical SLD values (SLDtails = 7.13 ·10−6 Å−2 and SLDheads =
1.75 · 10−6 Å−2). Solid line: best fit to the data. Insert: corre-
sponding scattering length density (SLD) profiles.

and d67-DMPC samples in H2O. Data were analysed by
model fitting with a standard Parratt [22] algorithm using
the exact optical matrix formulation of reflectivity [23].
The first step was to compare the data with a model
of the system consisting of homogeneous bilayers, well
aligned with respect to the substrate and separated by a
water film. The scattering length densities for the DMPC
molecules were fitted around their literature values. These
were obtained from atomic scattering length densities [24]
and molecular volumes taken in reference [25]. The thick-
ness and roughness parameters were fitted starting from
the parameters obtained from previous measurements [19].
For all measured samples, the total repeat distance, de-
duced from the Bragg peak positions (q001 ≈ 0.12 Å−1

and q002 ≈ 0.24 Å−1), was found to be d = 52 ± 1 Å and
the bilayer thickness was dB = 39 ± 1 Å (see Fig. 5 be-
low) with a head-group thickness of 7.5 ± 1 Å and a tail
thickness of 12.0 ± 1 Å. The r.m.s. roughness was about
σ = 4 Å. The number N of periods in the system, ob-
tained from the width of the Bragg peaks, was found to
correspond to about N = 10 bilayers. For example, Fig-
ure 1 shows the experimental data obtained for d54-DMPC
in H2O vapor humidity along with a simulated reflectiv-
ity profile obtained from a homogeneous-layer hypothe-
sis (Fig. 1 (dashed line)). The corresponding scattering
length density profile is given in the insert. Similar results
were obtained for all the measured reflectivity profiles. As
the layers were supposed to be perfect and well aligned,
the simulation exhibits well-defined Kiessig fringes. Such
fringes are due to the interference between the external
interfaces of the system. They are not observed on the
experimental curve. This can be already interpreted by a
large degree of disorder at the surface of the sample. Note
that if the disorder had affected the multilamellar stack-

ing, the Bragg peaks would have disappeared as well and
in particular at high wave vectors. However, the presence
of the third order (q = 0.35 Å−1) indicates that the inter-
nal structure at small scale is still well defined. A better fit
to the data was obtained only when the scattering length
density (SLD) and roughness of the lipid layers were al-
lowed to change across the sample (see Fig. 1 (solid line)).
The scattering length density profile obtained (see insert,
solid line) shows that it decreases with the distance from
the substrate. In the present example, this can be inter-
preted with a decreasing amount of matter in each layer.
The first bilayer, highly anchored on the substrate, keeps
an SLD close to the theoretical one, while that of the last
bilayer decreases to about 10% of the theoretical one. The
total number of layers had to be increased, with respect
to the model found with the theoretical values of SLD, in
order to compensate for the reduced contrast of individual
layers affecting the Bragg peaks intensity.

This result is surprising and it seems general to all
multilamellar systems we have looked at. To our knowl-
edge, it has never been observed before. A reason may be
that most experiments reported in the literature were car-
ried out on samples formed by a large number of bilayers
(typically several hundreds). Because of the large number
of bilayers, the Kiessig fringes spacing on such systems
is too small compared to the instrumental resolution and
fully compact system models were used to describe the
data [14].

Optical microscopy and AFM observations

Figure 2(a) shows an AFM image of a partially deuter-
ated (d54-DMPC) sample stored in air for one week after
fabrication. The AFM measurement was done at room
temperature and before hydration. Most of the surface is
flat and no detectable features were observed by optical
microscopy. However, a few holes with diameters ranging
from 2 to 6 µm and depths ranging from 130 to 330 Å are
observed by AFM. All the patterns observed show a min-
imum thickness variation unit. This unit thickness varia-
tion corresponds to the multilamellar repeat distance of
about 52 Å . After 4 hours of hydration at a temperature
of 45 ◦C, a dramatic change in the surface morphology
is observed (see the AFM image in Fig. 2(b) and optical-
microscopy image in Fig. 3). The hydration has triggered
a large reorganisation at the surface which presents an ar-
ray of large holes and patches. The maximum thickness
between the holes and the top of the patches is of about
1200 Å. The AFM observations indicate, in agreement
with the reflectivity measurements, that the multilamellar
nature of the stack is preserved (also shown in Fig. 4). The
empty zones (clear areas in Fig. 3) are not totally free of
material as a few shallow holes can still be observed us-
ing AFM in these areas (see Fig. 2(b)). This observation
is consistent with the reflectivity measurement analysis
which suggests the existence of a lipid bilayer strongly ad-
sorbed on the substrate. It is also consistent with our expe-
rience from Langmuir-Blodgett transfer of DMPC layers:
while it is relatively easy to transfer two lipid monolayers
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Fig. 2. AFM images of multilamellar lipid layers sample before hydration (a) and after hydration (dewetted sample) at 45 ◦C (b),
cross-section along the black line (c).

Fig. 3. View by optical microscopy (thicker stacks in grey) of
a DMPC sample surface after hydration at 45 ◦C during 4 h.
The full width of the image is 100 µm.

(one bilayer) by this method, the transfer rate drops con-
siderably when one attempts to build up more layers. The
interactions between a hydrophilic substrate and a bilayer
are strong but the interaction between DMPC bilayers is
too weak to allow the deposition of other bilayers.

Interpretation of the structure

The patterns observed after hydration are highly similar
to the dewetted surface of a liquid crystal film as observed,
e.g., by Herminghaus et al. (see [26], Fig. 2(a)). The struc-
ture was explained, in that case, by spinodal dewetting,
i.e. by an instability induced by the development of a sur-
face fluctuation. Fluctuations and undulations are known
to play a large role in the interactions between the lay-
ers in multilamellar systems and we examine here what
conclusions can be drawn by using this framework.

For an instability to be present in a thin film, the in-
teraction force between the liquid/vapor and solid/liquid

Fig. 4. View by AFM of the extremity of a patch of a hydrated
DMPC sample. The step height corresponds to one bilayer.

interface (i.e. the so-called “disjoining pressure”) has to
become less attractive when the thickness increases and
more attractive when it decreases. Then an excitation at
the surface may destabilize the film [27]. The predictions
of such a model are described below. If the excitation is
written as

h(x, t) = h0 + ξ0e
−t/τ sin(qx) , (2)

where h is the film thickness at the position x in the plane
of the interface at time t, h0 the initial thickness, ξ0 the
initial amplitude of the fluctuation supposed to be small
(ξ0 � h0), τ the characteristic time and q the wave vector,
then the dewetting conditions can be expressed in terms
of the effective potential of the film interfaces interactions
φ(h), i.e. the free energy of the film per unit surface [28].

By writing down a linearized version of the fluid mo-
tion induced in the film under the action of Laplace and
disjoining pressures (the deformation of the surface due to
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the fluctuation induces a Poiseuille flow in the film), one
can work out an expression for the time evolution of the
perturbation as a function of the wave vector [27,29,30]:

1
τ

=
h3

0

3η
q2

(
γq2 +

∂2φ(h)
∂h2

)
, (3)

where γ is the surface tension and η the viscosity of the
film. A perturbation will increase if 1

τ < 0. As a con-
sequence, the film is always stable for ∂2φ(h)/∂h2 > 0.
When ∂2φ(h)/∂h2 < 0, the surface will be unstable
against perturbations of wave vectors lower than the crit-

ical wave vector qc =
√

−∂2φ(h)/∂h2

γ . In this spinodal
dewetting model, it is assumed that the observed final
patterns correspond to the fastest growing mode, which
has a wave vector qM ,

qM =

√
−∂2φ(h)/∂h2

2γ
. (4)

The characteristic time for the instability to develop is
given by τM :

1
τM

=
h3

0

12γη
·
∂2φ(h)

∂h2


2

, (5)

as obtained from a linear perturbation theory. It should
be noted that both equations (4) and (5) do not in-
clude dependence on the relative values of surface ten-
sions (γsf + γfv) and γsv, where γsf , γfv and γsv are the
solid/film, film/vapor and solid/vapor surface tensions,
respectively. These quantities play a role only when late
stages of dewetting are considered, if “dry” surface areas
appear on the substrate.

Models for the potential

The previous expression shows that the behaviour is deter-
mined by the interaction potential describing the way the
system will react to a perturbation. We shall here address
the question of establishing an expression for the poten-
tial φ(h). Let us first consider the system as homogeneous
with van der Waals interactions only. Then [31]

φ(h) = γsl + γlv − A

12πh2
. (6)

The last term corresponds to the van der Waals potential
interaction between the solid/liquid and liquid/air inter-
face. A is the Hamaker constant for the air/film/substrate
system. Note that we use here the sign convention of ref-
erence [31], where A > 0 means attractive forces between
the interfaces (opposite to that of Ref. [27]). In this as-
sumption,

∂2φ

∂h2
= − A

2πh4
. (7)

Then the instability develops if A > 0. Typically, A can
be estimated via a calculation within the full Lifshitz the-
ory [31]. The film material is considered as having a dielec-
tric constant and refractive index obtained from those of

an aliphatic medium and water at a ratio of 52/(52− 39).
The parameters used are shown in footnote 1, the ab-
sorption frequency of all media has been taken equal to
3 × 1015 s−1 [31]. The calculation gives A ≈ −1.6 · 10−19,
i.e. it predicts a complete wetting of the lipidic film on the
substrate and the stability of this film, contrary to the ob-
servations. The discrepancy between the predictions of the
pure van der Waals model and the experimental observa-
tions in hydrocarbon/water systems is fairly common and
calls for the consideration of other forces [31] or, in this
case, the consideration of the nanoscale structure of the
film. Here, the system is composed of a stack of bilayers
and we can assume that it will react to a perturbation
applied to its surface as a sum of the individual contribu-
tions of each bilayer composing the stack. The swelling of
a multilamellar stack and especially the equilibrium dis-
tance obtained is due to a balance between the different
interactions in the system which include attractive van
der Waals forces, fvdW, repulsive interactions due to fluc-
tuations, ffl [32], and hydration forces fhyd, so that the
resulting force f acting on a bilayer can be written as

f(z, δ) = fvdW(z, δ) + ffl(z, δ) + fhyd(z, δ) ; (8)

z is the repeat period of the membranes, δ the thickness of
the dry lipid, (z−δ is the water interlayer thickness). The
first term is the bilayer/bilayer van der Waals interaction
potential given by

ΦvdW(z, δ) = − A

12π

[
1

(z − δ)2
− 2

(z)2
+

1
(z + δ)2

]
. (9)

The second and third terms represent the repulsive poten-
tial due to fluctuations (entropic confinement) and hydra-
tion. Here we used expressions of the form [33,34]

Φfl(z, δ) =
πkBT

16

(
AH

κλ2
fl

)1/2

exp
(
− (z − δ)

λfl

)
(10)

and

Φhyd(z, δ) = AHexp
(
− (z − δ)

λhyd

)
. (11)

κ is the bending rigidity of the bilayer, λfl the decay length
and AH a prefactor related to the compressibility of the
bilayer. The decay length λhyd is approximatively half of
the decay length of the repulsive force due to fluctuations
λfl and it is typically of the order of a water molecule size.
This form was shown to account well for osmotic stress
experiments data [12,35].

Note that the separation in the physical origins of the
two repulsive terms above is somewhat arbitrary, though.

1

Silicon DMPC+H2O Air
ε 12 25 1
n 3,5 1,45 1

Dielectric constant at zero frequency and optical index of the
different media. The index of the film has been calculated with
those of lipids and water [31].
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δ dB

Fig. 5. Definition of the bilayer thickness parameters (see text
for details).

The hydration term is enhanced by fluctuations because
two fluctuating membranes can come locally very close to
each other and experience this repulsion. Symmetrically,
the entropic confinement term will be dependent on the
range of the hydration interaction potential between mem-
branes [36].

The decay of all interactions is fast enough to consider
only the interactions between neighboring membranes. If
N is the number of bilayers in the stack, the total inter-
action potential can be written as

φtot(h) = NΦ(z, δ) . (12)

φtot is then equal to N times a function of the swelling
factor g = z/δ as variable. The effective potential Φ per
bilayer can be written in terms of this variable:

Φ(g) =
πkBT

16
(
AH

κλ2
)1/2exp

(
− (g − 1)

2λ/δ

)

+ AHexp
(
− (g − 1)

λ/δ

)

− A

12πδ2

[
1

(g − 1)2
− 2

g2
+

1
(g + 1)2

]
, (13)

where λ = λhyd.
In agreement with previous work, the lipid/water/lipid

Hamaker constant has been taken equal to 0.7 × 10−20 J
[31]. It is positive and the van der Waals forces be-
tween lipid bilayers are attractive. We used the values
AH = 0.035 J/m2, λ = 1.94 Å and κ = 0.55 × 10−19

J in equation (13) which were shown to account well for
the osmotic stress experimental measurements on this sys-
tem [12]. It should be noted that, in this study, the pa-
rameter δ corresponding to the bilayer thickness is not the
same as the parameter dB determined from reflectivity
measurements, as it includes the fluctuations amplitude
(see Fig. 5). In such a description, the bilayer thickness
must be increased by 5 Å [37] so that δ = 44± 1 Å. With
these parameters, expression (13) predicts a stable mini-
mum for a swelling factor of g = 1.46. Experimentally for
a fully hydrated system of DMPC, the repeat distance is
64 Å corresponding to g = 1.42.

Let us now consider a system made of a few peri-
ods where interfaces are expected to reduce strongly the
fluctuations. This system exhibits a repeat distance of
52 Å corresponding to a swelling factor g = 1.15. The
fact that we do not obtain the same swelling factor for
our system as the one of fully hydrated bilayers immersed
in water can be considered as another manifestation of
the so-called “vapor pressure paradox”. The same reduced
value for the swelling factor has been observed already by

several teams who were not able to find, in water-saturated
vapor, a hydration level comparable to that found for lipid
bilayers immersed in bulk water, although the two experi-
mental conditions correspond to the same chemical poten-
tial. Two explanations have been put forward to explain
this paradox:

– (a) A theoretical one was suggested by Podgornik et
al. [6]. The stack of bilayers exposed to a saturated
water vapor is bound by surfaces under tension. This
tension leads to an important decrease of the fluctu-
ations of the external layers. The perturbation of the
fluctuations by surface tension terms has a large de-
cay length and extends to the entire system. It is well
known that for such lipid systems, an important part
of the swelling is due to repulsion stemming from fluc-
tuations. The reduced fluctuations result then in a de-
crease of the hydration level. Experiments by Tristram-
Nagle et al. were interpreted as supporting this the-
ory [7].

– (b) A technical one, given by Katsaras [38], who sug-
gested that there are always small temperature gradi-
ents in a hydration vessel so that the relative humid-
ity is never 100%. As a demonstration, the authors
showed that it was possible to hydrate via vapor, us-
ing a carefully designed set-up, thick stacks of bilayers
to the same swelling factor as lipid bilayers immersed
in bulk water. These results, however, do not contra-
dict interpretation (a) as it was proposed [8] that, in
such case, the presence of additional water layer at the
boundaries of the multilamellar stack makes it loosely
coupled to its interfaces.

Here we consider a system formed by less than
ten membranes so that the effects of the air/lipid and
lipid/solid interfaces and the corresponding surface ten-
sion should be particularly important. We now address
the question of how the reduction of fluctuations could af-
fect the interaction potential Φ(z). The main consequence
in terms of free energy of the system is that the repulsive
terms of equation (13) are reduced when fluctuations are
suppressed.

To parametrize this reduction, we have applied a com-
mon reduction factor r to the repulsive part of the poten-
tial as a simple way to account for the interplay between
direct and entropic interactions. Indeed, previous studies
have shown that a strong renormalization of the direct
interactions by the fluctuations takes place in these sys-
tems [39]. The potential now reads

Φr(g) =
1
r

[
Φfl + Φhyd

]
+ ΦvdW. (14)

The parameter r quantifies the inhibition of undulation
interaction by interfaces. Its absolute value does not have
any direct meaning and it should be only considered as
a crude approximation to more sophisticated approaches
which would have to be used in a next step by explicitly
taking into account the effect of surface tension on the
fluctuation amplitude [6,40,41]. Within this assumption,
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Fig. 6. Evolution of the interaction potential Φ as a function
of the swelling factor g for different values of the fluctuation
reduction factor r. r ranges from 1 to 6 by steps of 0.5.

the effective potential can be written as

Φr(g) =
1
r

[
πkBT

16

(
AH

κλ2

)1/2

exp
(
− (g − 1)

2λ/δ

)

+ AHexp
(
− (g − 1)

λ/δ

)]

− A

12πδ2

[
1

(g − 1)2
− 2

g2
+

1
(g + 1)2

]
. (15)

Figure 6 presents the modified potential Φr(g) as a func-
tion of the swelling rate g for different values of r. When r
is increased, the minimum is shifted from g = 1.46 (value
obtained with the total potential, r = 1) to smaller val-
ues as the attractive part due to van der Waals takes over
the weakened repulsive fluctuation part. As long as r is
small enough (r < 5.8), the interaction potential keeps a
minimum at the position g0, where the system is in equi-
librium. Moreover, this equilibrium situation is stable as
Φ′′

r (g0) > 0.
Figure 7 shows the stability domain in a two-

dimensional space: swelling factor (g) vs. repulsive damp-
ing factor (r). The dashed line represents the position of
the equilibrium swelling factor as a function of r, i.e. the
position of the minimum of potential when no external
pressure is applied. The large dot is the equilibrium posi-
tion for lipid bilayers in bulk water. If r > 5.8 the equilib-
rium line crosses the stability domain boundary: attractive
interactions are now dominant and the system becomes
unstable. It is a remarkable prediction of this simple model
that the swelling factor, g = 1.14, at which this occurs is
very close to the swelling factor observed on our system
(g = 1.15). The hydration level which is obtained in ex-
periments corresponds to the stability limit of the system.
Upon further reduction of the repulsive terms, the system
would become mechanically unstable and evolve discon-
tinuously to another minimum.
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Fig. 7. Stability domain as a function of g and r. Dashed line:
equilibrium position location.

Prediction of the dewetting pattern wavelength

Thermal fluctuations can induce dewetting as soon as the
energy barrier which the system has to overcome to escape
from its local minimum is of the order of kBT :

∆φtot = φtot(hb) − φtot(heq) ≈ kBT ,

where hb = nzb = ngbδ and heq = nzeq = ngeqδ denote
the barrier and equilibrium position for the thickness coor-
dinate, respectively (see Fig. 6). This condition allows the
calculation of a value of Φ′′ such that spinodal dewetting
takes place:

Λ =

√
−8π2γ

nΦ′′(zb)
.

With our potential, for ∆φtot ≈ kBT , one gets Φ′′(zb) =
−2.6 · 1010 J/m2 so that Λ ≈ 12 µm which is of the order
of magnitude of the observed wavelength on the dewetting
patterns (see, e.g., Fig. 3).

4 Conclusion

We have shown that thin lipid films deposited on solid sup-
port are unstable in water-vapor atmosphere and can ex-
hibit dewetting scenarios very similar to liquid crystalline
and polymer films.

The present work comprises data of several sample se-
ries of the phospholipid DMPC. Dewetting was observed
only in the fluid Lα phase, indicating that either the time
scales are too long or that the stacks are stable in the
low-temperature gel phase where fluctuations are reduced.
Here we have shown that the observed dewetting can be
explained by the effect of interfaces. In thin multilamellar
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lipid systems the presence of interfaces implies a reduc-
tion of fluctuations and changes the equilibrium distance
between the layers. As a consequence, it may affect the
whole stability of the multilayer stack.

It should be noted that in principle, a similar discus-
sion could be presented where the fluctuations are sup-
pressed due to osmotic pressure, in line with interpreta-
tion b) of the vapor pressure paradox. The effect of os-
motic pressure due to R.H. ≤ 100%, could be accounted
for by adding a linear effective potential term (Veff = Πz)
in equation (8). A similar stability discussion as a function
of vapor pressure could then be performed, with similar
qualitative conclusions [42].

In this first-step study, we could not yet provide the
experimental basis to fully clarify the dewetting mecha-
nisms. In the next step, the eventual dewetting of charged
bilayers and bilayers immersed in bulk water are obvious
points to address. Furthermore, the time evolution should
be quantified, e.g. by video-enhanced microscopy.

Finally, we note that the observations reported here,
apart from the fundamental interest in understanding the
thermal stability of model lipid membranes and to prop-
erly use them for structural studies, may have important
implications for the technological use of solid-supported
membranes. In this respect, a more precise control of the
interaction potentials and the film stability is desirable.
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