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For decades, it has been assumed that electrostatic long-range (micron distances) repulsions in lipid
bilayers are negligible due to screening from the aqueous milieu. This concept, mostly derived from

theoretical calculations, is broadly accepted in the biophysical community. Here we present experimental

evidence showing that domain—domain electrostatic repulsions in charged and also in neutral lipid bilayers
regulate the diffusion, in-plane structuring and merging of lipid domains in the micron range. Al the
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experiments were performed on both, lipid monolayers and bilayers, and the remarkable similarity in the
results found in bilayers compared to monolayers led us to propose that inter-domain repulsions occur
mainly within the plane of the membrane. Finally, our results indicate that electrostatic interactions

between the species inserted in a cell membrane are not negligible, not only at nanometric but also at

www.rsc.org/softmatter

1. Introduction

Biological membranes are open and complex systems, and due
to their dynamic composition, understanding the principles
that rule lateral organization and the relation with its function-
ing constitutes a challenging task. However, with the revolu-
tionary work of Mueller and co-workers creating the ‘black
lipid membranes” and the discovery of liposomes by Bangham
et al., the study of the lipid bilayer properties has grown in an
exponential rate, and many other areas have been developed
from the application of these model membranes." One of the
most studied aspects of membranes is the formation of lipid
domains as a result of lipid phase segregation. The importance
of these heterogeneities resides in the fact that these kinds of
structures in cell membranes have been associated with protein
sorting,"® membrane traffic,” ion-channel regulation,® and

signaling®'® among other cellular functions.
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coupling in bilayer systems (S1). Changes in %Lo in monolayers and in bilayers
(S2). Image segmentation (S3). Domain tracking and diffusion measurements
(S4). Videos showing domain diffusion and structuration in neutral (S5) and
charged bilayers (S6). S5: real time lapse: 103.22 s (time between frames: 1.03 s)
real size: (114.7 x 114.7) pm S6: real time lapse: 79.83 s (time between frames:
0.53 s) real size: (114.7 x 114.7) pm. See DOI: 10.1039/c6sm01957a

686 | Soft Matter, 2017, 13, 686-694

larger distances, suggesting another manner for regulating the membrane properties.

The observation of separate phases in lipid membranes was
first described in Langmuir monolayers at the air-water inter-
face using fluorescent probes that have a higher affinity for one
of the coexisting phases."* Under certain conditions, these
films presented modulated phases with thermodynamic or
metastable (kinetically trapped) stability. The forces that led
to a specific pattern of the membrane have been studied by
analysing the structured lattices formed by the domains, and
today we are able to predict and even tune-up the membrane texture
by changing different parameters, like lipid composition,'*™”
the composition of the aqueous solutions,'®'® the rate of
nucleation,'**°"? the presence of lineactants,”**> among others.

While in monolayers pattern formation and modulated meso-
scopic phases have been explained as a product of the competi-
tion between line tension and long-range electrostatic interactions
due to the dipolar repulsions between the phases,**>° in bilayers,
many researchers claimed that these interactions are only impor-
tant at the nanoscopic scale since the membrane is immersed in
an aqueous environment, and ionic screening reduces the dipolar
interaction length scale. In some of the works dealing with this
issue, theoretical calculations have been developed®** while in
others, it has simply been assumed.>”**™’ Notwithstanding, there
is a lack of experimental evidence sustaining these statements. It
has to be recalled that both monolayers and bilayers represent
very interesting electrostatic systems, since they are quasi-
bidimensional arrangements with a dielectric constant varying
from about 2 (hydrocarbon chains) to 80 (bulk water) within a
nanometer sized region. Therefore, the question of what is the
role played by electrostatics in these systems is challenging,
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and thus in this work we used a set of experimental approaches
with the aim of evaluating domain-domain interactions in
bilayers. For that purpose, we used free-standing planar lipid
bilayers, a version of the Montal and Mueller films obtained
from monolayers,*®*° which are very suitable for the study of
membrane organization and dynamics since they enable real-
time multi-domain and multi-bilayer imaging by direct micro-
scope observation. In addition, in order to compare the results
obtained from bilayers, we have also used Langmuir monolayers
as a reference model, since they are well-studied systems in
which domain interactions have already been descripted.”®>°

We have analysed the Brownian motion, the position fluc-
tuations and the merging of domains in neutral and charged
lipid films. The selected lipid compositions are canonical raft
mixtures. Our findings were very conclusive and shed new light
on intra-membrane interactions, expanding the understanding
of the complex bilayer behaviour.

2. Experimental
2.1 Materials

Dioleoylphosphatidylcholine (DOPC), dipalmitoylphosphatidyl-
serine (DPPS), cholesterol (Chol), palmitoylsphingomyelin
(pSM), and the lipophilic fluorescent probe r-a-phosphatidyl-
ethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium
salt) (egg-transphosphatidylated, chicken) were purchased from
Avanti Polar Lipids (Alabaster, AL).

Lipid mixtures were prepared in Cl;CH/CH;OH 2:1 v/v to
obtain a solution of 1 nmol uL™" total concentration with all
the solvents and chemicals used being of the highest commercial
purity available. The lipid monolayers and bilayers were prepared
and characterized on subphases of 0.145 M NaCl at (22 £+ 1) °C
with water obtained from a Milli-Q system (Millipore), 18 MQ cm.

Transmission electron microscopy (TEM) grids used for
assembling the free-standing planar bilayers were obtained
from SPI Supplies (West Chester, USA).

2.2 Methods

2.2.1 Lipid film observation. Canonical lipid raft mixtures
containing a saturated lipid, an unsaturated lipid and cholesterol
were used to perform the experiments. The mixtures DOPC: pSM
(1:1) + 25% Chol and DOPC:DPPS (1:2) + 20% Chol were
selected for experiments with neutral and charged domains,
respectively. Compositions presenting phase segregation were
chosen with the aim of observing and tracking the domains of
the micrometric size in both monolayers and bilayers. For that
purpose 1 mol% of the fluorescent probe was added to the
mixtures. Since the fluorescent probe concentration in the denser
phase was lower, domains in the liquid-ordered phase (Lo)
appeared darker in the micrographs. The Lo phase was enriched
in pSM and Chol or DPPS and Chol in each mixture.****

Lipid monolayers were prepared and characterized using
a Langmuir film balance (microthrough, Kibron, Helsinki,
Finland) placed on the stage of an inverted fluorescence
microscope (Axiovert 200, Carl Zeiss, Oberkochen, Germany)
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with a 20x, 40x or a 100x objective. Images were registered
using a CCD video camera (IxonEM+ model DU-897, Andor
Technology).

Free-standing planar lipid bilayers were formed via
Langmuir-Blodgett transfer using gold-coated TEM grids of
3 mm-diameter with 200 hexagonal perforations of 100 pm each.
The gold surface was modified with octadecylthiol in order to
generate hydrophobic substrates, as previously descripted.***®
Before carrying out the deposition, the grids were pretreated
with 1 pL of 4% v/v hexadecane in hexane. Once hexane
evaporates, the remaining hexadecane provides the proper
Plateau-Gibbs border (torus) for bilayer formation.*>***” In
this manner, a monolayer containing the desired mixture was
compressed up to 28 mN m™ ', and then the surface pressure was
kept constant during the film transfer. This surface pressure is
high enough for achieving an efficient film transfer, and
low enough to still have phase segregation, since the critical
points of these mixtures at 22 °C were near 33 mN m~". The
substrate was lowered down vertically through the lipid inter-
face and was placed parallel to the glass at the bottom of the
trough in order to observe the bilayers using an inverted
microscope. The bilayers remained under the subphase and
were stable for hours.

The experimental setup allowed the in situ visualization of
the monolayer and the bilayer after deposition as is depicted in
Fig. 1A. Representative images of the monolayers and of the
bilayers are also shown. A micrograph of a neutral monolayer
before the film transfer is shown in Fig. 1B. Immediately after
its transfer, the bilayer fluorescence appeared homogenous
(see Fig. 1C), but after 10-15 minutes, phase segregation
was observed (Fig. 1D and E). This lag time is concordant
with the time required for the spontaneous thinning process
due to solvent migration from the middle of the bilayer to
the support borders.””*® Some bilayers break up during the
transfer or by water flux when the grid is accommodated for
observation, as can be observed at the bottom right of Fig. 1C.
Additionally, a neutral and a charged bilayer is shown in
Fig. 1D and E respectively. The analysed regions corresponded
always to the centre of the bilayer in order to avoid effects
due to the proximity to the Plateau-Gibbs border (square
in Fig. 1E).

It should be noted that the bilayer domains used for this
study are always coupled through both hemilayers, and only in
isolated cases domains appeared decoupled, as proposed for
this range of domain sizes (see the ESI,f $1).*° The inter-
domain repulsion was varied by decreasing the distances
between domains of similar areas, which was achieved by
increasing the amount of total area occupied by the liquid
ordered phase (%Lo) as detailed in the ESIt (S2).

This is the first time, to our knowledge, that this bilayer
system formed on TEM grids is used to see and study systems
presenting phase segregation. Note that one of the advantages
of this experimental set-up is that after transfer, a bilayer is
formed in mostly all holes of the grid, allowing the analysis of
multiple bilayers obtained from a single experiment, and
improving the data acquisition and statistics.
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Fig. 1 Experimental setup used to generate and observe Langmuir monolayers and planar free-standing bilayers (A). Representative images showing a
neutral Langmuir monolayer at a surface pressure of 28 mN m~ (B), a grid immediately after transfer containing multiple homogeneous bilayers (C), and
a magnification of the highlighted hole (inset in C), and a neutral (D) and a charged bilayer (E) showing the phase coexistence. The orange dashed square

showed in (E) is an example of the region used for the analysis.

2.2.2 Domain tracking and diffusion measurements. In
order to obtain diffusion coefficients (D) of domains, pairs
of small domains (1-3 pm radius) were followed in videos of
15-20 seconds (150-200 frames, 0.1 s per frame) as described
previously.”® The software program Image-] was used to perform
the image segmentation and the plugin “Mosaic Suite” allowed
the tracking of particles through the images.>" For more details
and examples of image segmentation and trajectories obtained
under convection drag, see the ESIt (S3 and S4).

2.2.3 Radial distribution function of domains and mean
force interaction potentials. The radial distribution function
g(r) was calculated for domains at the membrane plane for
bilayers and monolayers as a function of the amount of
domains, quantified by the area percentage of the liquid ordered
phase state, %Lo. Videos of 150 frames were divided into three
parts, and histograms of the distance between domain centers (7)
were constructed using data from 50 consecutive frames, and the
reported g(r) value was a result of averaging these histograms.

From the above determination, the mean force potential was
calculated according to:

w(r) = —p~ " Ing(r) (1)

where f8 is (KT) " and w(r) represents the mean force potential
between domains.’* The first valley of the w(r) curve (which
corresponds to the first peak of the g(r) curve) was fitted with a
quadratic function and from its curvature an effective spring
constant was calculated, which was used for quantifying the
inter-domain interaction.

2.2.4 Domain merging. With the aim of quantifying the rate
of fusion of the domains, videos of bilayers and monolayers were
taken for 15-30 minutes with an interval of 5 seconds between
frames. The amount of domains over time was calculated relative
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to the first micrography, and 12 photos were averaged for each
minute. These videos were taken for membranes with 40%Lo for
all systems, and at a fixed surface pressure of 28 mN m ™" in the
case of Langmuir monolayers. Time zero was set at the moment
of domain appearance in the case of bilayers, and at the point in
which the desired surface pressure was reached for monolayers.

3. Results and discussion
3.1 Diffusion coefficient of liquid ordered domains

We measured the diffusion coefficient of small domains (D) in
bilayers composed of DOPC: pSM (1:1) + 25% Chol (system with
neutral domains) and DOPC: DPPS (1:2) + 20% Chol (system
with charged domains) with the aim of analysing the effect
that inter-domain interactions promote on the film dynamics.
In Langmuir monolayers the determination of D has been
used as an indirect way to gain insight into domain-domain
repulsions. In this respect, it has been shown that hydrodynamic
and electrostatic interactions (dipolar or Coulombic in the case
of charged domains) preclude the movement of the domains
as the inter-domain distances decrease leading to a higher
apparent surface viscosity.>>>* We used this well-known model
system to compare the D values obtained with coupled domains
in lipid bilayers at different percentages of area occupied by
the liquid-ordered phase (%Lo), ie. by the domains. For this
purpose, the position of domains in different environments
(different values of %Lo) was tracked. The obtained results are
plotted in Fig. 2, where it can be observed that the values of the
diffusion coefficient at low %Lo were lower for bilayers than for
monolayers. This is because domains in bilayers were in contact
with a viscous medium (water) both above and below, while the
monolayers were formed at the air-water interface.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Experimental values obtained for the diffusion coefficient (D) of
small domains (1-3 um) as a function of the percentage of area occupied
by the liquid-ordered phase. Squares represent the neutral systems and
circles the charged systems. The black colored symbols correspond
to monolayers at the air—water interface and the red symbols to bilayers.
The dashed lines correspond to the range of values of D, calculated for
the range of domain sizes, using eqn (2) or (3). The solid lines are drawn just
to guide the eye.

The expected values of the diffusion coefficient (D,) for
isolated domains inserted in an expanded phase in the limiting
case of (R X nw)/Mm > 10 can be calculated according to Hughes
et al.>* as follows:

D; = (B8nwR)~" for monolayers (2)
D, = (B16nwR)"" for bilayers (3)

where nw = 0.001 N s m™? is the water viscosity, 7, is the
bidimensional membrane viscosity, and R is the radius of the
domains under analysis. For bilayers, a factor of two is included
in the denominator since water is present on both sides of the
membrane.**

In Fig. 2, D, values are plotted as a range delimited by
dashed lines for lipid bilayers (red) and monolayers (black)
taking into account the interval of the domain radius used for
the analysis. In general, both membrane models showed a
similar trend; when %Lo was low (high inter-domain distances)
the inter-domain interactions were negligible and the experi-
mental values matched the corresponding theoretical ones
(eqn (2) and (3)) within errors.

The high values in monolayers (in the higher limit) may be
related to an incomplete cancellation of the drift, while the low
values in bilayers (in the lower limit) may be related to a higher
viscosity of water close to the membrane surface. However,
there is a fairly good match between the calculated and the
experimentally determined diffusion coefficients for each
system. This was expected, since when domains are distant
from each other, they diffuse like isolated particles. The fact
that the experimental D values at low %Lo fall into the range
of the calculated values constituted a control and indicates
that the method for tracking and quantifying the diffusion
coefficients has yielded accurate values. On the other hand, for
high %Lo, the experimental D values deviate from the predicted
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values as a result of repulsive forces between domains. Note
that for charged domains (circles in Fig. 2) the diffusion
coefficient decreased at lower values of %Lo and in a more
pronounced fashion compared to neutral domains (squares),
meaning that interactions were stronger in the presence of
net charges.

It has been previously shown that the repulsive inter-domain
interactions that affect domain diffusion in monolayers at
micrometric distances are the dipolar or charge-charge inter-
actions (for neutral and charged domains, respectively) and not
hydrodynamic repulsions, since a good correlation was found
between the domain diffusion and the repulsive potential
calculated from the equilibrium distribution of the domains.
Furthermore, the distribution of domains in monolayers was
found to strongly depend on the dipolar repulsive interactions.>®

If inter-domain interactions in bilayers were negligible, the
values of the diffusion coefficient of microscopic domains
should fall within the values delimited by the red dashed lines
in Fig. 2 even at 30-40%Lo. The decrease in the domain motion
at high %Lo indicates the influence of inter-domain inter-
actions at these percentages of the Lo phase, which could be
related to electrostatic or hydrodynamic forces. In this regard,
the remarkable similitude between domain diffusion in mono-
layers and bilayers points to a similar effect in both systems.
Furthermore, the marked difference between the behaviour of
charged versus neutral domains also points to electrostatic
and not hydrodynamic repulsions, the last presumable being
similar in both lipid mixtures.

At this stage, we anticipate that electrostatic inter-domain
interactions in bilayers were not screened by the ionic solution
as proposed previously,’*> the dipolar and charge-charge
repulsive forces being not only appreciable at nanoscopic but
also microscopic levels. These repulsions promoted a decrease
of the values of the diffusion coefficient of microscopic
domains at high values of %Lo.

In order to further prove the importance of electrostatic over
hydrodynamic forces in lipid bilayers, the equilibrium domain
distribution was analyzed, as presented in the following section.

3.2 Radial distribution function of domains in the plane of
the membrane

In lipid monolayers at the air-water interface, there is a critical
value of area occupied by domains (%Lo) in which dipolar
repulsion leads to an ordered arrangement of the domains with
fixed distances between them and even hexagonal arrays can be
observed in the case of very structured lattices.>*>**¢*” In this
respect, the radial distribution function g(r) provides an idea of
the domain distribution in the plane of the membrane both in
monolayers®>>>® and in bilayers.*****” At low %Lo values, the
g(r) function is expected to resemble that of a gas (without
structure), while at higher percentage of the liquid ordered
area, a peak corresponding to the nearest neighbour distance in
an ordered array appears. If the distance value () at which the
first peak appears exceeds the typical domain radius by a factor
of about 3, the interaction that promotes domain ordering is
expected to be different from mere hard-core repulsion between

Soft Matter, 2017, 13, 686-694 | 689
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the domains.®® Additionally, as this is a distribution of posi-
tions and not a dynamic measurement, the hydrodynamic
contributions do not influence the obtained results, and this
approach gives account of repulsive interactions that affect the
distances between domains and prevent them of being ran-
domly distributed.>®>*

We calculated g(r) for the neutral and charged mixtures in
both, bilayers and monolayers, at increasing percentages of the
liquid-ordered area (area covered by domains). In this manner,
the %Lo at which each film gained structure was determined.
Interestingly, we found that monolayers and bilayers become
structured at similar %Lo values: between 20-23% for neutral
(Fig. 3A) and 16-19% for charged systems (Fig. 3B). Below those
percentages no structure (peak in g(r) function) was observed in
the films and at higher %Lo the first peak became sharper (data
not showed). Note that as a consequence of the difference in the
size of the domains in each system, the peaks were shifted when
comparing monolayers and bilayers. Domain area distribution is
included for both model membranes as well as illustrative
fluorescence images of the array of micro-domains.

The domains had sizes lying between 1-2 pm diameter
and the distances between them (corresponding to the peaks
of g(r) function) in general for all systems were in the range
of 4-7.5 um.

The fact that domains acquired an ordered array at similar
values of %Lo in bilayers compared to monolayers suggested
that the inter-domain interactions that promote the ordering
were similar in both systems. Furthermore, for charged systems
the structuration took place at lower values of the liquid-
ordered area in both monolayers and bilayers, indicating that
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the repulsion forces were stronger in the presence of a net
charge, even with an ionic milieu (0.145 M NacCl). This fact
further points to repulsions of the electrostatic origin. In our
opinion, the non-negligible effect of electrostatic interactions
on lipid bilayers at micrometric distances points to an impor-
tant contribution of the repulsions within the plane of the
membrane, leading to a similar influence of the forces in
monolayers and in bilayers. In this sense, we have previously
shown that the charge-charge interactions in monolayers can
be reduced but not completely cancelled by decreasing the
Debye-Hiickel length to 0.55 nm, which is by far shorter than
the analyzed inter-domain distances.>?

3.3 Mean interaction force between domains in lipid bilayers

In order to get an estimation of the inter-domain electrostatic
repulsions that promote domain structuring and preclude
domain motion, we calculated the potential of mean force from
the radial distribution functions obtained in the previous
section, as explained in Section 2.2.3.°> Fig. 4A shows an
example for the calculation of the mean force potential between
domains in the lattice of bilayers at 20%Lo in the case of
neutral (squares) or charged (circles) domains. In this last
case, a second valley (minimum) corresponding to the second
proximal neighbour can be observed due to the high structura-
tion of the film. Note that the curves have the shape of a pair
potential interaction function (resembles a Lennard-Jones
potential). Assuming a harmonic potential, a spring constant (k)
for the mean force between domains was obtained by fitting
the first valley of each curve to a quadratic function (see the
inset in Fig. 4A). A comparison between the obtained values for
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Fig. 3 Radial distribution functions for neutral (A) and charged (B) domains with their respective distribution of domain areas. Bilayers are shown in red
and monolayers in black. The %Lo in (A) corresponds to 20—-23%, and in (B) to 16—-19% for monolayers and bilayers. Insets: Representative fluorescence

images of the lipid films.
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Fig. 4 (A) Mean force potential between domains w(r) obtained from the
analysis of images of bilayers with 20%Lo formed by charged (circles) or
neutral (squares) domains. Inset: Example of the fitting to the experimental
data (blue curve) corresponding to charged domains at 20%Lo. (B) Spring
constant for a harmonic potential, obtained by fitting the first valley of w(r)
to a quadratic function (see the inset in A) for neutral and charged bilayers
at the indicated liquid-ordered percentages.

k in neutral and charged bilayers at 20 and 30%Lo is shown in
Fig. 4B. The interaction constant was 3-4 times higher for
charged domains compared to neutral ones, and increased
1.5-2 times when changing from 20 to 30%Lo in both cases.
This increase is expected since k was calculated using a mean
field approach, thus being an effective interaction constant
which increases as the amount of domains increases as a
consequence of their approach. These results are in concor-
dance with the diffusion measurements, when %Lo increased,
the interaction between domains was higher (k increased),
leading to a hindered domain motion.

The values of k found here were similar to those obtained in
previous measurements of charged monolayers composed of
DPPG under similar ionic conditions® and in neutral bilayers
of DSPC and DMPC.?® Those k values were calculated by tracking
the position of a central domain in relation to the centre of mass
of an array of 7 domains, assuming a Boltzmann distribution
and local equilibrium. These similitudes indicate that the mean
field potential of a domain in the array is mostly determined by
the interaction of each domain with its closest neighbours.

This journal is © The Royal Society of Chemistry 2017
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3.4 Domain merging

In order to test the possible effects of the inter-domain repul-
sion in model membranes (aside from the membrane dynamics
as shown in Section 3.1), the kinetic of domain merging was
studied in each system.

The driving force for domain merging is line tension,>® but
the rate at which a domain approaches to its neighbour also
commands the kinetics of merging. Due to Brownian motion,
domains are able to collide and merge, however, as already
shown in Section 3.1, domain motion is precluded at close
inter-domain distances by the repulsions within each other.
Therefore, domain merging depends on line tension, domain
motion and inter-domain repulsions in a non-direct fashion,*®
and the rate of domain merge indirectly measures the repul-
sions between them. Hence, we monitored the amount of
domains as a function of time for bilayers and monolayers of
neutral and charged lipids with 40%Lo. Under these condi-
tions, domains were initially close enough to each other as to
allow them to fuse in short time-ranges. Fig. 5 shows a clear
difference in the rate of merging of charged and neutral
domains, and once more, the obtained values were similar
for both, monolayers and bilayers. When domains were
charged, no merge was observed in the analyzed window of
time, thus the amount of domains remained constant. In
contrast, when the membrane was formed by neutral mole-
cules, the amount of domains decreased with time as a con-
sequence of domain fusion, following the same trend for
monolayers as for bilayers: in seven minutes the number of
domains was reduced to 50% of the initial value. Semrau et al.
observed in neutral vesicles the merging of domains, and they
manage to prevent it by inducing curvature repulsions. They
concluded that domains have to curve with respect to the
other phase in order to give origin to repulsive interactions.*®
However, as already indicated, the rate of merging of domains
depends on line tension, domain motion and inter-domain
repulsion. All these factors depend in turn on the analyzed lipid
mixture, and within a mixture, on the composition of the
coexisting phases (i.e. the phase diagram of the mixture) and
therefore the rate of merging changes from a system to other.
In particular, for membranes close to a critical point, the
difference in dipole density between phases becomes small.®°
This is the case of the studied systems, however neutral domains
merged after tens of minutes and for charged domains,
Coulombic repulsions prevented them from merging and led
to a very organized lattice as can be observed in example videos
(S5 and S6, ESIt) where the domains adopted almost fixed
distances between them and the diffusion was slowed down in
comparison to neutral films.

A rough estimation of the time that would take for
two domains to touch each other can be performed taking
into account the diffusion coefficient of isolated domains
(0.1 pm® s, see Fig. 2). This value indicates that domains
travelled in average 1 pm in about 1 s, and thus they should
collide with other domains placed at 10 pm of distance (the
average inter-domain distance at 40%Lo) in tens of seconds
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Fig. 5 Relative amount of domains vs. time for charged (circles) and neutral (squares) bilayers (red) or monolayers (black). The images are examples of a
neutral monolayer (up) and a charged (down) bilayer at the indicated times. The symbol included in the images corresponds to the same symbol in the

graphic. Scale bars correspond to 50 pm.

instead of tens of minutes as observed. Thus, the results shown
in this section constitute another evidence of the importance of
electrostatic interactions in lipid bilayers, showing that they
have a measurable effect at the micron-scale and are strong
enough to prevent or hinder the merging of domains for several
minutes. The similarity between the rate of domain merging in
monolayers and bilayers suggests similar inter-domain inter-
actions. It has to be noted, however, that this comparison is far
from being simple since the rate of domain motion is different
(see Fig. 2) and line tension may also differ from a system to the
other. In this regard, the estimated value for the line tension in
the monolayers composed of DOPC: pSM (1:1) +25% Chol was
of the order of the pN whilst in bilayers, was an order of
magnitude lower. This estimation was performed considering
the rate at which two merged domains recovered the rounded
shape. This difference in the line tension values was possibly
caused by the shift in the phase diagram in monolayers
compared to bilayers (see the ESIL,t S2) as previously observed
for other mixtures,*” the bilayers being closer to the critical
point thus showing a lower line tension value.

4. Summary and conclusions

In this study, we measured the effect of inter-domain interac-
tions on the properties of planar lipid bilayers at the micron-
scale using different approaches for neutral and charged
domains. On the one hand, we determined dynamic para-
meters, such as diffusion of the domains and rate of domain
merging. The first experiments showed that when the area
occupied by the liquid-ordered phase was high, the domain
movement was precluded due to the inter-domain repulsions,
and a more marked effect was observed when domains were
charged. With respect to domain merging, we have shown that
domains fused at a slow rate for neutral membranes, and when
they were charged, the strengthened interactions prevented
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them from merging in the measurement time-ranges. On the
other hand, we performed static measures, allowing us to study
the structuration of domains in the bilayer plane, and estimat-
ing a mean field interaction constant between them. We found
that domains formed an ordered lattice at 22%Lo for neutral
films and at 18%Lo for charged films on average. The mean
field potential, which gives account of the interaction between
domains, was stronger for charged domains compared to
neutral ones, and their trend as %Lo increased correlated with
the behaviour followed by the domain diffusion coefficients.

All the experiments performed in bilayers were also per-
formed in monolayers of the same lipid composition and using
solutions of the same ionic strength, and the results found
for bilayers were remarkably similar to those in monolayers.
This is an important result since in monolayers, electrostatic
repulsions have been largely described and their influence is
widely accepted by the scientific community.'*>¢28:2933,55,61,62
Therefore, the similarity in the behaviour of domains in
bilayers suggests non-negligible electrostatic interactions at
micron ranges, and thus a not complete screening by the
aqueous milieu. Furthermore, the inter-domain repulsions
described here were present for coupled domains, indicating
that the dipolar density in our system was not cancelled but
prevailed, opposite to what was proposed to occur in symmetric
domains reported by Travesset et al.®® In turn, our results point
out to an important contribution of in-plane inter-domain
repulsions within the membrane. Inter-domain repulsions from
non-electrostatic origins may also be present (i.e. curvature or
height mismatch) but they are expected to be similar between
the charged and the neutral systems. Therefore, the differences
found between these systems are expected to be mostly due to
electrostatic interactions.

In conclusion, far from being negligible, we showed that
domain-domain electrostatic repulsions in bilayers appeared
not only to be present but also to play a fundamental role in
diffusive motion, interfacial structuring and merging of domains.

This journal is © The Royal Society of Chemistry 2017
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These forces, very probably occurring within the membrane plane,
appear to be important at the micron-ranged length scale, and
under physiological conditions. Therefore, electrostatic interac-
tions between the species inserted in the cell membranes may
account to a manner for regulating the membrane properties, and
for communication of the molecules within the membrane. In
addition to biological membranes, it is important to remark that
these results may be relevant to other kinds of thin films with a
mesoscopic structuration of dipolar or charged species.
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