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Abstract

Lipid and protein molecules anisotropically oriented at a hydrocarbon–aqueous interface configure a dynamic array of self-organized
molecular dipoles. Electrostatic fields applied to lipid monolayers have been shown to induce in-plane migration of domains or phase separation in
a homogeneous system. In this work, we have investigated the effect of externally applied electrostatic fields on the distribution of the condensed
ceramide-enriched domains in mixed monolayers with sphingomyelin. In these monolayers, the lipids segregate in different phases at all pressures.
This allows analyzing by epifluorescence microscopy the effect of the electrostatic field at all lateral pressure because coexistence of lipid domains
in condensed state are always present. Our observations indicate that a positive potential applied to an electrode placed over the monolayer
promotes a repulsion of the ceramide-enriched domains which is rather insensitive to the film composition, depends inversely on the lateral
pressure and exhibits threshold dependence on the in-plane elasticity.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Lipid and protein molecules anisotropically oriented at a
hydrocarbon–aqueous interface such as that existing in
biomembranes configure a dynamic array of self-organized
molecular dipoles. These can act as sensitive local and long-
range sensors of the electrical properties along and across the
membrane interface [1]. Intrinsic electrostatic features, inter-
molecular packing and interactions determine a resultant dipole
moment density that in conjunction with line tension forces are
major factors responsible for the individual morphology of
coexisting phase domains as well as their lattice organization
along the surface [2].

Constant or alternating electromagnetic fields of different
intensities can induce dramatic effects in biosystems [3]. This is
not surprising in view of the marked molecular and supramo-
lecular anisotropy that is inherent to polarized molecules in
biomembranes. Varied effects include dynamic modifications of
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membrane topology [4–6], cellular function [7,8], protein
phosphorylation [9] as well as activation of membrane-
associated enzymes [10–15]. The formation and response of
selective domain morphology with boundary defects and lattice
super-structuring through the control of dipole-generated
electrostatic fields along the lateral and across the transverse
planes of the membrane surface appear as important regulatory
mechanisms for lipase catalysis [11,12,16–18], phospholipase
interfacial location [19], phase transitions and lateral domain
migration [20–23], and channel conductance [24–26]. Regard-
ing shingolipids, changes of hydration, charge and/or molecular
tilting in galactocerebroside- and sulfatide-containing films can
be amplified to alterations of the phase state and domain
topography [27–29]. We have previously shown that reversible
surface reorganization of galactocerebroside occurred with
marked hysteresis depending on the sign and magnitude of
the electrostatic potential applied [30]. In a recent work, it was
also demonstrated the importance of the dipole moment density
difference among the immiscible sphingomyelin and ceramide
monolayer, coupled to the domain boundary line tension, to
establish both the characteristic domain morphology and their
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lattice organization in premixed binary films and in those
generated by the action of sphingomyelinase [2]. In the present
work, we have investigated the effect of externally applied
electrostatic fields on the distribution of the condensed
ceramide-enriched domains in mixed monolayers with different
sphingomyelin proportions.

2. Experimental section

2.1. Materials

Bovine brain sphingomyelin (Sm), ceramide (Cer) and the
lipophilic fluorescent probe L-α-phosphatidylethanolamine-N-
(lissamine rhodamine B sulfonyl)–Ammonium Salt (RhoPE)
were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Solvents and chemicals were of the highest commercial purity
available. The water used for the subphase was double distilled
in an all-glass apparatus. Lipid monolayers were prepared and
characterized in an automated equipment as described else-
where [31]. Several measurements were performed for the
compression isotherms; the results shown represent average
values and reproducibility was within 5%.

2.2. Methods

2.2.1. Brewster angle measurements
Brewster Angle Microscopy (BAM) observations and image

analysis were carried out as described before [32]. At the
Brewster angle, the relative thickness at a defined surface
pressure can be derived from relative reflectance measurements:

d
dp¼0

¼
ffiffiffiffiffiffiffiffi
I

Ip¼0

r
ð1Þ

where I and d are the reflectance and the film thickness at a
given lateral pressure, respectively. Iπ=0 and dπ=0 are the
intensity and the thickness at 0mN m− 1.

2.2.2. Epifluorescence microscopy of monolayers
RhoPE was incorporated into the lipid solution before

spreading (0.5 mol%). The monolayer was compressed up to
Scheme 1. Experimental set up (not in scale). A Langmuir monolayer is spread on an
Wilhelmy plate, 2 – upper electrode and qualitative electric field lines. The electrode
Pt electrode, 4 – PTFE barriers, 5 – subphase : electrolytic solution, 6 – microscope
35mN m−1 (a high pressure at which the layer is in an all-
condensed state, with high cohesion, but still well before
collapse), decompressed to 0mN m−1 and then taken to the
desired lateral pressure. A micrograph was taken at the chosen
pressure before applying the electrostatic field. The observa-
tions were carried out at room temperature (24±1°C), using a
glass through (microthrough, Kibron, Helsinki, Finland). An
open-end Teflon mask with lateral slits covering the objective
and extending through the film into the subphase was used to
restrict lateral monolayer flow under the field being observed. A
Zeiss Axiovert-200 (Carl Zeiss, Oberkochen, Germany) epi-
fluorescence microscope with a source of radiation provided
by a mercury lamp HBO 50 and a rhodamine filter set were
used. Images were registered by a CCD video camera AxioCam
HRc (Zeiss) commanded through the Axiovision 3.1 software
of the Zeiss microscope. Objectives of 20×, 5.6× and 3.2× were
used.

2.2.3. Electrostatic field setup
The experimental setup for applying the electrostatic field

was similar to that used in Heckl et al. [22]. It consists in a Pt
wire inserted in the subphase and a metal wire of 30μm in
diameter held at 150–200μm of the subphase (see Scheme 1);
while the monolayer topography is continuously observed from
above, the upper electrode can be manipulated over the
monolayer by moving it into three orthogonal directions with
a micromanipulator (Carl Zeiss, Oberkochen, Germany) to an
accuracy of 10μm. The electrode can be charged to apply
potentials of up to ±300V with respect to the subphase
electrode. This was performed with a BioRad pac 300 constant
power supply.

2.2.4. Computational analysis of surface topography
The lipophilic fluorescent probe RhoPE shows preferential

partition in the Sm-enriched zones of the lipid monolayer [33].
In Sm:Cer mixed monolayers, the Cer-enriched domains are in
a more condensed and ordered state than the Sm-enriched
zones, thus excluding the fluorescent probe. In the images
recorded before applying the electrostatic field, segmentation of
RhoPE-depleted areas was achieved by interactive image
aqueous surface in a glass trough that is mounted on an inverted microscopy. 1 –
can be displaced in the three orthogonal directions with a micromanipulator: 3 –
objective.



Fig. 1. Compression isotherm for monolayers composed of pure Cer, pure Sm or
Sm:Cer mixtures. (a) Lateral pressure as a function of the molecular area. (b)
Surface potential density as a function of the molecular area. (c) In-plane
elasticity as a function of the molecular area. Pure Cer (–▪–), pure Sm (—),
Sm:Cer mixtures: 80 :20 (··○··), 90 :10 (–□–).
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processing routines written in IDL (Interactive Data Language,
Research Systems Co.; Boulder, CO, USA). The protocol for
image analysis was described elsewhere [2].

3. Results

Fig. 1 shows the compression isotherms for each mixture and
for the pure lipids over 0.145M NaCl. Fig. 1a shows the lateral
pressure π vs. the mean molecular area Am, Fig. 1b shows the
dipole potential density ΔVAm vs. the mean molecular area Am
Fig. 2. Epifluorescence microscopy for a Sm:Cer (90 :10) monolayer over 0.145M N
(c) 20mN m−1; (d) 35mN m−1. Real size: 325×260μm2. In micrographs (e) and (f)
+300V in (e) and −300V in (f) with respect to the subphase electrode. Real size: 6
and Fig. 1c shows the in-plane elasticity κ (calculated as
described in Wilke et al. [34]) vs. the mean molecular area Am.
As previously described [33], Sm shows a two dimensional
phase transition, from an expanded to a condensed phase, in the
range of 10–27mN m−1 and collapses at 58mN m−1 with a
limiting mean molecular area of 0.47nm2. The dipole potential
density is in the range of 150–170mV nm2 and it shows only
slight changes along the compression isotherm. κ shows a
minimum at around 0.62nm2 corresponding to the phase
change. Cer is in a condensed state [32]. The isotherm shows a
collapse at 40mN m−1 with a molecular area of 0.41nm2. The
dipole potential density is somewhat higher than for Sm and
changes during the compression isotherm. κ increases mono-
tonically up to the monolayer collapse.

The Cer–Sm mixtures follow an ideal behavior; this is
expected either for ideally mixed or fully immiscible
components [35]. In the present case, the two-dimensional
phase diagram indicates that both lipids are hardly miscible
(less than 10%) [33]. For the mixed film containing 20mol%
Cer – 80mol% Sm, the phase transition at 10–27mN m−1

cannot be detected from the π–Am compression isotherm but
becomes evident in the κ–Am plot, occurring at higher κ values
than for the pure Sm monolayer. For both proportions of Sm:
Cer, the lipids segregate in different phases at all pressures, as
evidenced by epifluorescence microscopy, where two phases
are observed at every pressure (Fig. 2a–d). This feature of the
mixture allows analyzing the effect of the electrostatic field at
all lateral pressure because Cer-enriched domains are always
present.

When an electrostatic field is applied to the Cer–Sm
monolayers exhibiting phase coexistence the following general
effects are observed. If a positive potential is applied to the
upper electrode, a repulsion of the dark domains from the area
of influence of the electrode over the monolayer is induced (Fig.
2e); by contrast, the application of a negative potential causes
domain attraction (Fig. 2f). These results coincide qualitatively
with that observed by Heckl et al. [22] and by Klinger and
McConnell using other lipid systems [21]. Despite the
potentials we are applying are higher compared to those in
Heckl et al. [22], as the upper electrode is at a higher distance
from the interface, the resulting potential gradients are similar.
In this paper, we explored the effect of positive potential applied
to the upper electrode at different lateral pressures and for
different lipid monolayer compositions.
aCl at room temperature. The lateral pressures are: (a) 0mNm−1, (b) 10mNm−1,
, an electric field has been applied at 20mN m−1. The upper electrode is held at
50×520μm2.



Fig. 3. Radius (R) of the area devoid of domains normalized by the final radius
(R0) as a function of time for different conditions. Sm:Cer=90 :10 at 10mN
m−1 (○) and at 20mN m−1 (●), Sm:Cer=80 :20 at 0mN m−1 (□) and at 20mN
m−1 (▪). Inset: R0 as a function of the initial velocity of formation of the area
devoid of domains, Sm:Cer=80 :20 (▪) and 90 :10 (○).
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When a positive potential is applied to the upper electrode,
the dark domains begin to move away from the electrode-
affected region, forming a round zone devoid of condensed
domains of radius R. This process is reverted when the
potential is switched off. R increases with time until a
maximum radius R0 is reached. This process is shown in
Fig. 3, where R(t)/R0 is plotted as a function of time for four
independent experiments at different lateral pressures and for
different lipid monolayer compositions. As can be deduced
from Fig. 3, the time at which the final R is achieved is
independent on the lateral pressure and on the lipid monolayer
composition. This implies that the larger R0, the higher the
velocity at which R increases (see inset of Fig. 3).

Fig. 4a shows the R0 values as a function of the lateral
pressure for the two lipid monolayers compositions studied
(90mol%, 80mol% Sm and 10mol%, 20mol% Cer, respec-
tively). Each value in this figure corresponds to an independent
experiment; duplicate values for R0 are shown for most
pressures. A monotonical decrease of R0 is found up to 20mN
m−1 for both lipid compositions. At higher surface pressures the
one containing 20mol% Cer continues with the same mono-
tonical behavior, while the other decays abruptly. This latter can
be related with the phase transition exhibited in the compression
Fig. 4. Final radius (R0) of the area devoid of domains as a function of (a) the latera
isotherm (Fig. 1a), and which is not so evident in the film with
20mol% Cer.

4. Discussion

The movement of a given domain depends on the force
applied on it and on the forces opposing its movement. The
force on the domain is that of a dipole in an inhomogeneous
field and is given by Eq. (2) [36]

Fx ¼ −YPdjEx ð2Þ

Eq. (2) applies to each space coordinate of the system. In other
words, the force on some coordinate x depends on the gradient
of the component of field over that coordinate∇Ex, on the lipid
dipole moment Yp ðYP ¼ nYp Þ and on the amount of dipoles
forming the domain (n). The forces opposing the domain
movement are related with the viscosity of the film, the
repulsion between the condensed domains and the thermal
energy. Therefore, the lateral pressure dependence of R0

involves changes of dipole moment under compression, domain
size (n), viscosity and/or amount of nearest neighbor domains
(thus on the lattice type). The applied electrostatic field was
similar in each experiment.

To analyze the size and amount of domains, all the
micrographs taken before applying the electrostatic field were
quantified. Their topography was analyzed as explained in
Methods. We found that neither the sizes nor the amount of the
dark domains change with the lateral pressure, indicating that n
is not changing with π. The dark area percentage is larger than
that expected for total lipid immiscibility. This was observed
before [33] and this indicates that the dark domains are Cer-
enriched but not pure Cer domains. The number of nearest
neighbors (type of lattice) and the distance between the closest
domains are the same at any condition and show a high
dispersion of values, typical of a random array, indicating that
the repulsion between domains is not the factor that is changing
with π and that is responsible for the variation of R0.

The repulsive force depends also on the molecular dipole
moment p of the lipid molecules forming the domain. A
decrease of the p components decreases the repulsive force. The
l pressure and (b) the in-plane elasticity. Sm:Cer=80 :20 (▪) and 90 :10 (○).
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techniques available for measuring dipole potential in Langmuir
monolayer systems only allow to calculate the dipole moment
normal to the interface pN. A change in pN would promote a
change of the dipole potential density (ΔVAm). Fig. 1 shows that
for Cer, ΔVAm increases up to a maximum value at a mean
molecular area of 0.54nm2 and then decreases. If it is
considered that the dark domain behaves as pure Cer, a similar
tendency would be expected in R0 (unless different effects are
compensating each other) but this is not the case. Thus we
conclude that this is not the principal factor that promotes the R0

dependence on π shown in Fig. 4a. A dipole moment
component parallel to the interface could pre-exist or be
induced by the electrostatic field; unfortunately, this is not
possible to ascertain or measure explicitly with our current
experimental set up.

At this stage, we have shown that the parameters that
describe the domain properties remain unchanged or show only
slight changes with the lateral pressure. Regarding the
parameters related to the continuous phase properties, Fig. 4b
shows the general variation of R0 with the surface in-plane
elasticity κ depicted previously in Fig. 1c. There is a rather
narrow κ-values range (between 50 and 70mN/m) from which
the size of the domain-free region induced by a same
electrostatic field intensity is either facilitated (at low κ values,
corresponding to a more fluid compressible films) or impaired
(at high κ values, corresponding to a more condensed
incompressible monolayer). Between 50 and 70mN/m, R0

shows large changes with small κ changes. This range of κ
values corresponds to those in which the monolayer phase
transition takes place, where the monolayer rheology undergoes
conspicuous change, and R0 also varies in a sharp way. The plot
shows that the change of R0 with κ is more abrupt for the film
with 10mol% Cer than for that with 20mol% Cer and occurs at
lower κ values. This is consistent with the lower values of κ in
the phase transition and with the more cooperative phase change
for the mixture with 10mol% Cer.

The R0 dependence on the in-plane elasticity indicates that
the monolayer rheology affects the electrostatic field effect.
Fig. 5. Relative film thickness as a function of the lateral pressure. Sm:
Cer=80 :20 (▪) and 90 :10 (○).
Changes of viscosity of the monolayer, dependent on the
surface pressure, could indeed affect the velocity at which the
domain-free area is formed, and therefore, the R0 value.
Besides, the relative thickness of the monolayer increases as
the lateral pressure increases as revealed by BAM (Fig. 5).
This also implies that as the surface pressure increases, the
proportion of lateral surface of the dark domains in contact
with the rest of the monolayer is larger and the surface
viscosity may become important for influencing domain
displacement.

5. Conclusions

In monolayers of Sm:Cer, the lipids segregate in different
phases at all pressures. This feature makes this mixture a good
system for analyzing field effects as dark domains are always
present. Cer-enriched domains in a Sm-enriched media behave
like other mixtures in the sense that positive potentials applied
to the upper electrode reversibly repel the domains and negative
potentials attract them.

The observed field effects strongly depend on the lateral
pressure. None of the analyzed parameters that describe the
domain properties show significant changes with the lateral
pressure. A dipole moment component parallel to the interface
dependent on pressure is suggested by the induced electrostatic
response of the lateral domain topography but, unfortunately,
this is not possible to ascertain or measure explicitly with our
current experimental set up.

As none of the measured parameters describing the domain
properties change with the lateral pressure, it is possible that
some property related to the continuous phase impairs domain
movement at high lateral pressures. The dependence of R0

with the in-plane elasticity shows a sharp change over the
values of κ in the phase transition range. This indicates that
the monolayer viscosity could be a major factor that modifies
the field effect in a surface pressure-dependent manner and
this is currently under investigation. Heckl et al. have shown
[22] that for domains of around 30μm2 size, the subphase
viscosity is more important than the monolayer viscosity to
describe the domain movement 3 in an electrostatic field. In
our case, the domain size is 12±6μm2, which implies that the
area in contact with the monolayer is only 2% of the total domain
area (assuming a monolayer thickness of 20nm). However, by
only considering thickness changes, the area percentage of the
domain in contact with the monolayer would increase about
1.4times from π=0mN m−1 to π=35mN m−1. Since the
viscosity of the monolayer also changes during the compression
(an increase is expected, as indicated by the increase of the in-
plane elasticity), the monolayer rheology appears as a factor
more important than composition or domain morphology to
modulate the field-induced effects.

Cellular processes such as receptor-mediated ligand re-
sponse, cell proliferation, differentiation, and death are
triggered by the locally and temporally stimulated enzymatic
conversion of Sm to Cer [24,37,38]. Besides the conception of
Cer as an important second messenger [39,40], there are direct
short- and long-range structural consequences of the Sm–Cer
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conversion in biomembranes through the formation of segre-
gated Cer-enriched domains [2,33,41,42] and the distribution/
clearance of Sm-enriched membrane rafts [43]. Secondary
structural consequences of lateral organization of Cer-enriched
domains are related to permeability [44], bilayer lipid translo-
cation [45], formation of apoptotic bodies [46] and cellular
signaling through channel activation [24] or phospholipid
breakdown [47,48].

Among other effects, lateral distribution of lipid domains
with boundary defects and specific dipole moments can control
membrane lipid composition and sphingolipid asymmetry [45]
through the modulation and cross-regulation of membrane-
active lipolytic enzymes [2,12,33,49–52]. Cer-enriched
domains actively formed by sphingomyelinase segregate and
organize at random or in lateral super-lattices in a matrix of Sm
depending on their surface density and morphologic features.
These structural parameters are coupled to the generation of
repulsive lateral two-dimensional electrostatic fields at the
domain boundaries ranging between about 30 and 3000V/m
that arise from the specific orientation of the lipid dipole
moments. In our experiments, the force generated on the
domains by an electrode held at 300V, with respect to the
subphase, is maximal at 100μm from the electrode. A protein
such as melittin, at a molecular area of 1.78nm2 generates a
surfase potential of 465mV [53]; thus, this protein would
generate forces similar to the electrode at 0.1μm from the
protein (about 280 lipid molecular diameter in lateral distance).
In other words, in nature the cell membrane bears field gradients
of the order of magnitude as that applied with our experimental
setup.

The distance between the Cer-enriched domains is a major
factor to determine the inter-domain repulsive electrostatic
energy in relation to the thermal energy; this ratio is a critical
factor to establish an ordered organization of domain super-
lattices with a high content and capacity to transduce structural
and biocatalytic information from the nm to the μm scale ranges
via the repulsive lateral electrostatic field resulting from the
intrinsic dipole moment density differences (in the order of 0.1–
1.0Debye/nm2) among the domain and the rest of the lipid
matrix [2]. It was previously shown that the lateral organization
of Cer-enriched domains in the Sm matrix is a consequence of,
and subsequently controls, the variation of such field thus
becoming a self-amplifying bio-catalytic-electrochemical factor
driving the structural dynamics of the membrane surface; the
rather strong electrostatic field gradient a the domain bound-
aries, depending on their morphology, can constitute potential
attractive or repulsive traps for laterally diffusing molecules as
well as a major factor for inter-domain structuring in defined
super-lattices [2].

Our results now demonstrate directly the dipolar nature of
Cer-enriched segregated domains, the sensitivity of their surface
dynamics to externally imposed electrostatic field gradients, and
that their response can be modulated by the surface free energy
(lateral surface pressure) and interfacial elasticity. This allows to
begin dissecting the synergetics of the cascade of biophysical
events underlying the membrane structural dynamics, thus
making possible to attempt narrowing the gap between local
molecular events (on the nm scale range) and the supramolecular
(μm scale range) of membrane-mediated cellular function.
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