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Ethanol-lipid bilayer interactions have been a recurrent theme in membrane biophysics, due to their
contribution to the understanding of membrane structure and dynamics. The main purpose of this study was
to assess the interplay between membrane lateral heterogeneity and ethanol effects. This was achieved by in
situ atomic force microscopy, following the changes induced by sequential ethanol additions on supported
lipid bilayers formed in the absence of alcohol. Binary phospholipid mixtures with a single gel phase,
dipalmitoylphosphatidylcholine (DPPC)/cholesterol, gel/fluid phase coexistence DPPC/dioleoylphosphatidyl-

Keywords:
Etf:aml_membrane interactions choline (DOPC), and ternary lipid mixtures containing cholesterol, mimicking lipid rafts (DOPC/DPPC/
Liquid AFM cholesterol and DOPC/sphingomyelin/cholesterol), i.e., with liquid ordered/liquid disordered (ld/lo) phase

Liquid ordered liquid disordered
Bilayer expansion

Silicon

Sphingomyelin

separation, were investigated. For all compositions studied, and in two different solid supports, mica and
silicon, domain formation or rearrangement accompanied by lipid bilayer thinning and expansion was
observed. In the case of gel/fluid coexistence, low ethanol concentrations lead to a marked thinning of the
fluid but not of the gel domains. In the case of Id/lo all the bilayer thins simultaneously by a similar extent. In
both cases, only the more disordered phase expanded significantly, indicating that ethanol increases the
proportion of disordered domains. Water/bilayer interfacial tension variation and freezing point depression,
inducing acyl chain disordering (including opening and looping), tilting, and interdigitation, are probably the
main cause for the observed changes. The results presented herein demonstrate that ethanol influences the

bilayer properties according to membrane lateral organization.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In the last decades, the importance of the lipid components of the
bilayer, especially their lateral organization into microdomains with
different physical properties, was established [1,2]. Currently, it is
widely accepted that the plasma membrane of many cell types is
highly compartmentalized and organized into domains in different
time and length scales, with differentiated lipid-lipid interactions [3].
The most widely investigated domains are the sphingolipid/choles-
terol-enriched domains known as lipid rafts [4-7]. It was also
established from biophysical studies that to model the properties of
these domains it is necessary to use a ternary lipid mixture of
cholesterol and two other lipids (phospho or sphingolipids) differing
significantly in their main transition temperature (T;,) [8-10]. More
recently, the formation of high T, sphingolipid-enriched domains
with properties similar to the lipid gel phase that is commonly found
in model systems has been gaining strength [11]. It is thus important
in studies of membrane related phenomena to account for the
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dynamic role of membrane lipid composition and organization into
nano or microdomains.

One significant area of study with lipid bilayers has been their
interaction with ethanol. Understanding ethanol-lipid interactions has
helped to unravel membrane biophysical properties and elucidate the
mechanism of action of other small molecules with anaesthetic
properties [12-14]. This subject is also relevant for human health, e.g.
[15-17], and for a significant number of experiments which require the
addition of external components, such as probes or drugs, in ethanol
solutions to liposomes or cells [18]. Moreover, it is necessary to the
understanding of the adaptation of organisms performing alcoholic
fermentation to high ethanol levels in the growing medium [19].

Most biophysical studies of ethanol-bilayer interactions have been
conducted using bulk techniques, such as X-ray scattering [20,21],
differential scanning calorimetry (DSC) [21-23], fluorescence spectros-
copy [22,24-26], NMR [27,28], and EPR [29]. Importantly, it was
determined that ethanol binds to the lipid-water interface [28] and
promotes the disordering of the acyl chains [27]. Furthermore, the
induction of bilayer thickness reduction has been reported, which may
occur mainly by three processes—disordering [21,30,31], tilt angle
change [21,32] or interdigitation of phospholipid acyl chains [20,21].
This last mechanism is characterized by the interpenetration of the acyl
chains from one bilayer leaflet into the other with the consequent bilayer
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thinning. The increase of the mean molecular area results in a lateral
expansion of the bilayer [20,33]. In addition, phospholipid/ethanol phase
diagrams were established, which show that below the phospholipid Ty,
i.e,, in the gel phase, it is possible to have coexistence of an interdigitated
and a non-interdigitated phase [21]. The ethanol/DPPC phase diagrams
indicate that the threshold for interdigitated domain formation should be
between 3.2% [21] and 5% [33] ethanol, and that the bilayer should be
fully interdigitated for 10-12% of this alcohol. However, more recently, it
was shown by atomic force microscopy (AFM) that overnight incubation
of a fluid phospholipid bilayer with ethanol also promoted the formation
of height-reduced domains coexisting with unchanged portions of the
bilayer [12]. The use of AFM also helped to elucidate the events by which
some anaesthetics, such as halothane and ethanol, or antibiotics exert
their actions [12,34].

Detailed studies of the effect of ethanol on lipid mixtures are scarce
despite the evidence suggesting that the outcome should be highly
dependent on the phase behaviour of the system [35-37]. It was
found by DSC and fluorescence spectroscopy that cholesterol in small
concentration (2 mol%) enhances ethanol effects [22], whereas in
high concentrations (20 mol%) cholesterol has a protective action,
preventing interdigitation [24]. These studies were conducted in
binary mixtures with no lipid phase separation. Recently, an AFM
study reported a similar effect for DPPC/ergosterol bilayers [38]. To
the best of our knowledge, a study of ethanol interaction with lipid
raft-forming bilayers, i.e., ternary lipid mixtures with liquid ordered
(lo)/liquid disordered (1d) phase separation, was not yet performed,
whereby the role of lipid domains on ethanol-induced effects remains
undisclosed. Considering the vital functions associated with lipid rafts,
such as protein sorting, signal transduction and internalization of
pathogens [39-41], it is significant to establish the interactions
between ethanol and raft-forming bilayers.

In the present work, the interactions of ethanol with distinct lipid
bilayers containing no domains, gel/fluid domains, and lipid rafts models
were studied. In situ tapping-mode AFM using a liquid cell was performed
in order to follow in real time the dynamic morphological changes of the
supported lipid bilayer (SLB) induced by increasing ethanol concentra-
tions. SLBs were prepared on two different substrates, mica and silicon.
Mica is a well-known substrate for successful lipid deposition and AFM
imaging [42-44] and silicon is much less explored, despite its unique
optical properties [45,46]. In addition, many of the technologies currently
used and in development are silicon based, and the improvement of the
deposition of lipid bilayers in silicon and their characterization offer
potentially new applications for SLB (e.g. [47-49]). Additionally, the use of
two distinct solid supports stems from the possibility that membrane-
substrate interactions may affect the formation and dynamics of lipid
domains [44]. Regarding the effect of ethanol on silicon SLBs, Miszta et al.
[50] did not detect ethanol-induced thinning in fluid bilayers composed of
DOPC, DLPC and DOPC/DOPS using conventional ellipsometry. However,
Gedig et al. [51] used imaging ellipsometry and they were able to observe
ethanol-induced thickness reduction in gel and fluid phase dimiristoyl-
phosphatidylcholine (DMPC) bilayers deposited on silicon.

The results here presented show the lateral reorganization of the
lipid bilayer from the nano to the microscale, and the alterations in the
height of the domains at a sub-nanometer scale. The changes
observed are highly dependent on the previous organization and
nature of the lipid domains or rafts. The contributions of water/bilayer
interfacial tension reduction, freezing point depression, disordering/
tilting of acyl chains and interdigitation in relation to the domain (re)
organization of the bilayer are discussed.

2. Materials and methods
2.1. Chemicals

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dio-
leoyl-sn-Glycero-3-phosphocholine (DOPC) and N-palmitoyl-p-ery-

thro-sphingosylphosphorylcholine or N-palmitoyl-sphingomyelin
(PSM) were purchased from Avanti Polar Lipids (Alabaster, AL);
cholesterol was purchased from Sigma (St. Louis, MO). Other reagents
were of the highest purity available.

Three buffers were used for hydration of lipid mixtures and AFM
imaging: buffer A—10 mM Hepes, 150 mM NaCl, pH 7.4; buffer B—10 mM
Hepes, 150 mM NaCl, 3 mM CaCl,, pH 7.4; buffer C—2.71 mM K;HPO,,
1.54 mM NaH,PO,, 154 mM NaCl, pH 7.4.

2.2. Phospholipid and cholesterol quantification

The phospholipid concentration was determined gravimetrically
and by inorganic phosphate quantification [52]. Cholesterol quanti-
fication was made by gravimetry.

2.3. Preparation of supported lipid bilayers on mica and silicon

Lipid stock solutions and lipid mixtures were prepared with
spectroscopic grade chloroform from Merck (Darmstadt, Germany).
The solvent was evaporated first under a mild flow of nitrogen, followed
by overnight vacuum. The lipids were hydrated with buffer A, for mica,
or C for silicon, which were shown to be the most appropriate buffers to
form SLBs on those substrates ([53] and [45], respectively). To confirm
this literature result, other buffers were essayed, including using buffer
A for silicon and buffer C for mica, and the quality of the SLBs obtained
was inferior (data not shown). The lipid was suspended by vortex
stirring and freeze-thaw cycles (total lipid concentration 10 mg/mL).
Small unilamellar vesicles (SUV) were made by power sonication
(Hielscher, UP200S). For deposition on mica, 10 pL of SUV suspension
was diluted in 140 pL buffer B [54] and deposited on freshly cleaved
mica (Veeco) and incubated for 30 min at 70 °C. After this incubation
step the samples were left at room temperature to cool for 1 h and SLB
were washed several times with buffer A at room temperature (20 °C).

Silicon oxide wafers (provided by Institute of Mechanics, Beijing,
PRC) were washed in a freshly prepared pirafia solution (sulfuric acid
and hydrogen peroxide 3:1) for ca. 5 min and maintained in water
until use. Before lipid deposition the silicon wafers were dried under a
nitrogen flow. Large unilamellar vesicles (LUV) were prepared by
extrusion in an Avanti Mini-extruder at 60 °C using polycarbonate
filters with 100 nm pore diameter (Whatman). LUV suspension
(100 pL) was added to the silicon oxide wafer and incubated for
30 min at 60 °C. Again, after this incubation step the samples were left
at room temperature to cool for 1h and SLB was washed by
immersion in buffer C at 20 °C.

2.4. AFM imaging

The procedure was identical for both mica and silicon substrates.
AFM in situ measurements, i.e., with the sample immersed in buffer
recurring to a liquid cell, were performed at room temperature using a
Multimode Nanoscope Illa Microscope (Digital Instruments, Veeco).
Topographic images were taken with a scan rate of ca. 2 Hz in tapping
mode, where the use of an oscillating probe drastically reduces the
force applied to the sample during the scanning [42], as compared to
the measurements performed in contact mode [55], since the
cantilever only touches the surface after one oscillation cycle. A
sequence of different scanned areas containing the same bilayer
region was included in Supplementary Fig. S1, in order to demonstrate
that tip scanning had no effect on the height, shape and domain
organization of the lipid bilayer.

Before each experiment, the glass block holding the cantilever was
washed several times with water and ethanol. The cantilevers used
were made of silicon nitride (NPS, ca. 0.58 N/m of spring constant,
Veeco) with a resonance frequency in liquid of about 9 kHz. The
samples were initially covered with 45 pL of buffer A for mica SLBs or
buffer C for silicon SLBs.
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When a stable image in a region of interest of the SLB in a buffered
solution was obtained, successive additions of ethanol were per-
formed and the same region was imaged between each addition. In
many cases, regions where the coverage by lipid was incomplete, and
where the lipid bilayer has a distinctive shape were chosen on
purpose, in order to easily identify the changes in lateral organization
of the membrane upon successive additions of ethanol. To fully
appreciate bilayer expansion, it was necessary to have images where
the area coverage was around 50% before ethanol addition. The
images presented in this study are representative of each sample (the
observations are uniform for the whole sample); at least 3
independent experiments on freshly prepared SLB have been
performed for each lipid system. To obtain the thickness values (or
thickness differences) for each sample, at least 10 different profiles
were drawn, and the median value taken. The values of thickness in
Table 1 are the average + standard deviation of the values from all the
experiments, and the most representative profiles were selected for
the figures shown. The estimation of the area corresponding to the
different types of domains was performed using the software Image].
All the domains of a specific thickness were added to obtain the total
phase area.

3. Results

3.1. Interaction of ethanol with lipid bilayers displaying gel/fluid phase
coexistence

At room temperature, the binary lipid system DOPC/DPPC displays
a range of compositions for which a gel phase rich in DPPC coexists
with a fluid phase rich in DOPC [56,57]. Accordingly, DOPC/DPPC
(1:1 mol:mol) bilayers deposited on mica were used to address the
influence of gel/fluid domains on ethanol-induced membrane
changes. In Fig. 1, panel a, the phase coexistence is clearly observed
by AFM, since the lipid bilayer is heterogeneous, presenting domains
with distinct thickness. The height of thicker (6.4 nm) and thinner
(5.2 nm) domains in coexistence is very similar to the respective
thickness of the phases formed by the two pure lipids DPPC (6.4 nm)
and DOPC (53 nm) as shown in the topographical profiles of
Supplementary Fig. S2a and b, respectively. Since the T, of DPPC is
41 °C, the lipid bilayer is in the gel phase [58]. The T, of DOPC
is —22 °C [59]; thus at room temperature, the lipid bilayer formed is
clearly in the fluid phase [56]. This allows unambiguous assignment of
the thicker and thinner domains observed in the binary mixture to the
gel and to the fluid, respectively. The thickness gap between
coexisting domains in DOPC/DPPC is thus 1.2 nm, as also found by
other authors [34,60]. The thickness of the bilayers with or without

Table 1

Bilayer thickness values for different lipid systems deposited on mica and silicon before and
after final ethanol (EtOH) addition. When different types of domains coexist, their height
differences are also indicated. The data presented correspond to the average 4 standard
deviation, obtained as described under Materials and Methods. Chol stands for cholesterol.

Lipid system Bilayer Domain height Height reduction
thickness difference after EtOH addition
Mica  DPPC/Chol (98:2) 64403 1.9+0.2

DOPC/DPPC (1:1)* 64403 (g) 12402
52402 (f)

04+11=15+02(g)°
134+03=16402(f)°

DOPC/DPPC/Chol ~ 65+03 (Io) 12402 11402

(40:40:20)° 5302 (Id)

DOPC/PSM/Chol ~ 6.0+£03 (lo) 1.0+£0.2 1.04£02

(40:40:20)° 5002 (Id) 12402
Silicon DPPC 62403 18402

DOPC/PSM/Chol ~ 6.6+03 (lo) 1.1+£02 13402

(40:40:20)° 5502 (Id)

¢ Gel (g)/fluid (f) phases.
b First thickness reduction + second thickness reduction.
¢ Liquid ordered (lo)/liquid disordered phases (Id) (lipid rafts).
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Fig. 1. Ethanol interactions with a bilayer with gel/fluid phase coexistence. AFM image
of an SLB composed of DOPC/DPPC (1:1) deposited on mica, (a) in the absence of
ethanol, and after successive additions of ethanol to a final concentration of (b) 11%,
(c) 22%, and (d) 34% (v/v) in Hepes buffer. The images were obtained in a liquid cell at
room temperature. The inset shows the topographical profiles corresponding to the
colored lines in panels a-d. The images correspond to an area of 5 pm x 5 pm. Z =24 nm.
The black arrows indicate fluid domains that form inside gel domains.

phase coexistence, and height differences, are summarized in Table 1.
The area fraction of gel/fluid phases was also calculated (Table 2), and
is in agreement with the molar fractions predicted by the DOPC/DPPC
(24% gel, 76% fluid) phase diagram according to the lever rule, after
correction for the different mean molecular area of each phase [56].
Sequential additions of ethanol to the mixed DOPC/DPPC SLB on
mica were performed in the liquid cell. When 11% (v/v) ethanol is
reached the only detectable change is the appearance of fluid patches
within the former gel domains, whereas in the presence of 22% (v/v)
of ethanol (Fig. 1b and c), the thickness of both fluid and gel domains
decreased, as illustrated in the topographical profile of panel c (the
corresponding profile for panel b (not shown) is identical to the one
for panel a). However, the height of the gel decreased only by
~0.4 nm, whereas that of the fluid decreased by 1.3 nm. Under such
conditions, the height difference between gel and fluid phases is
maximal, with a value of ~2.1 nm. The lower height effect on the gel
has been observed for all the scanned regions and is in agreement
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Table 2

Estimation of bilayer area and volume for lipid phases of SLBs deposited on mica, unless otherwise stated. Initial area (A;) and volume (V) refers to the values before ethanol addition.
Final area values were experimentally obtained (Af gxp) or calculated considering volume conservation (Af caic)- f, fluid; g, gel; Id, liquid disordered; lo, liquid ordered. All the
calculations were performed based on 400 um? AFM images except for DOPC/DPPC and DOPC/PSM/cholesterol deposited on silicon for which the calculations were based on 64 pm?

and 9 um? images, respectively. Chol stands for cholesterol.

Lipid system A; (nm?)x 107 Area fraction V (nm?) x 107 Ar (nm?) x 107 At exp/Ai
Calc. Exp.
DOPC/DPPC f 13 0.80 6.8 1.8 2.0 (34% EtOH) 1.5
0.3 0.20 21 0.4 0.3 (34% EtOH) 0.9
DOPC/DPPC/Chol Id 10.0 0.68 54.0 11.2 15.2 (13% EtOH) 1.5
349 (25% EtOH) 35
lo 4.5 0.32 30.0 5.5 5.2 (13% EtOH) 1.2
4.6 (25% EtOH 1.0
DOPC/PSM/Chol Id 13.7 0.57 73.7 155 22.4 (13% EtOH) 1.7
lo 10.7 0.43 69.5 11.8 11.5 (13% EtOH) 1.1
Silicon Id 0.5 0.92 2.7 0.6 0.6 (13% EtOH) 13
lo 0.04 0.08 0.3 0.05 0.03 (13% EtOH) 0.9

with a previous observation by Vierl et al. [21]. In that study, X-ray
diffraction was used to investigate ethanol-induced interdigitation in
DPPC liposome suspension. The authors observed a 0.2 nm reduction
of the lamellar repeat distance, which was attributed to an alteration
of the tilt angle of the acyl chains in relation to the bilayer normal.

In addition, the fraction of fluid domains in relation to gel ones
increased, because fluid domains appear within regions that in the
absence of ethanol (panel a) were occupied by gel phase (arrows in
panels b and c; Table 2; see also Supplementary Fig. S3). Finally, with 34%
(v/v) of ethanol, the gel becomes much thinner, and the fluid phase also
presents a more extensive thickness reduction, originating a gel/fluid
height gap of ~1.3 nm which is similar to the one in the absence of
ethanol. A marked expansion of the fluid phase can be also observed (see
Table 2 for quantification), while gel domains maintain their identity.

The fact that the fluid undergoes a more significant thickness
reduction before the gel is in agreement with the need for a lower
ethanol concentration to induce the formation of thinned domains in
pure DOPC than in pure DPPC, as reported in the literature. In a previous
study, it was shown that domains of reduced thickness appeared in DOPC
bilayers for concentrations of alcohol that had no effect on DPPC [12].

An interesting observation is that the site of formation of thinned
domains depends on lipids proportion and domain arrangement. In
Fig. 1 described above, the bilayer is composed of gel domains in a
continuous fluid, and the thinned fluid domains form within the gel
domains. In Fig. 2, an image of the DOPC/DPPC mixture is shown, in
this case with a molar ratio of 8:92. In opposition to the mixture
shown in Fig. 1, the majority of the bilayer is now in the gel phase,
which is the continuous phase, surrounding fluid phase domains. The
thickness reduction of fluid domains is observed first in the interface
between gel and fluid regions of the bilayer. The formation of those
domains gives rise to “islands” of unmodified fluid, and generates
topographical profiles as the one shown in Fig. 2.

The observations described above seem to be in contradiction with
the hydrophobic matching principle, since an increased height
difference at the domain interface implies a higher exposure of the
hydrophobic portion of the gel phase lipids to the water phase [61].
However, such behavior could be explained by an accumulation of
ethanol molecules in interfacial regions, thereby protecting the acyl
chains of gel phase lipids from exposure to water.

3.2. Ethanol-induced membrane effects in a binary single-phase bilayer

It was previously shown, through a fluorescence spectroscopy
method used in liposome suspensions, that cholesterol at low
concentrations can have a facilitating effect regarding ethanol interac-
tion in the system DPPC/cholesterol (98:2 mol:mol) [22]. In the present
study, SLBs with the same composition were prepared on mica, and the
effect of ethanol followed by AFM. A result concurrent with the

literature was obtained, as described in Fig. 3. It is shown that i) in the
absence of ethanol the thickness of the bilayer is similar to that of pure
DPPC (see Supplementary Fig. S2); ii) 11% (v/v) of ethanol induces the
thickness reduction by approximately 2 nm of a substantial fraction of
the bilayer and its expansion. The effect was much more pronounced
than the ones observed for DOPC-enriched fluid and even more so for
DPPC-enriched gel in the DOPC/DPPC mixtures described above. Thus,
the facilitating effect previously reported [22] is also observed for SLBs of
the same composition. This promotion probably stems from the
perturbation that a small amount of cholesterol induces in the gel
phase, which becomes less compact or more defective allowing for a
better penetration of small molecules such as ethanol. Interestingly,
ergosterol apparently does not have this enhancing effect at low
concentrations [38].

0.6-0.9

25 30 35 40 45

00 05 10 15 20
um

Fig. 2. The topology of gel/fluid domains modulates ethanol interactions with the lipid
bilayer. AFM image of an SLB composed of DOPC/DPPC (8:92 mol:mol) deposited on
mica, after successive additions of ethanol to a final concentration of 18% (v/v) in Hepes
buffer. The image was obtained in a liquid cell at room temperature. The inset shows the
topographical profile corresponding to the colored line in the main panel. Z=10 nm.
The numbers indicated next to the arrows correspond to a height difference.
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Fig. 3. Effect of cholesterol in small amounts on the alterations induced by ethanol in a gel phase bilayer. Top row: AFM images of DPPC/cholesterol 98:2 SLB on mica with
1.4 pm x 1.4 pm obtained in Hepes buffer at room temperature: (a) in the absence of ethanol, and (b) after addition of ethanol 11% (v/v). Z=15 nm (a); Z=20 nm (b). Bottom row:
topographical profiles corresponding to the colored lines in the top row images. From the blue line it is possible to determine the original bilayer thickness; from the orange line it is
possible to determine the height difference between interdigitated and non-interdigitated domains. The bright round features correspond to incompletely fused vesicles, and not to

lipid domains.

3.3. Interaction of ethanol with raft-forming ternary lipid mixtures

Ternary lipid mixtures displaying lo/Id phase separation are good
models of the lipid domains known as lipid rafts that occur in many
cellular membranes as described in the Introduction section. In the
present study, two ternary mixtures were used: DOPC/DPPC/choles-
terol and DOPC/PSM/cholesterol both with molar ratios of 40:40:20.
According to the ternary phase diagrams reported for these mixtures

[56,62], for that molar ratio, the systems lay in the lo/Id coexistence
region, with ca. 40% mol fraction of lo phase. The lo phase corresponds
to the high T, lipid/cholesterol-enriched domains (lipid rafts) and the
1d phase to the rest of the membrane, rich in the low Ty, lipid (in both
cases, DOPC).

Fig. 4 shows AFM images recorded in the liquid cell of a DOPC/
DPPC/cholesterol SLB deposited on mica, in the absence of ethanol,
and after successive additions of ethanol. In the pristine bilayer (panel

0.0 T T
0.0 1.0 2.0 3.0 4.0
um

Fig. 4. Ethanol interactions with a bilayer displaying 1d/lo phase separation (lipid rafts) on mica. AFM image of an SLB composed of DOPC/DPPC/cholesterol (40:40:20 mol:mol:mol)
deposited on mica, a) in the absence of ethanol, and after successive additions of ethanol to a final concentration of b) 8%; c) 13%; d) 20%; and f) 25% (v/v) in Hepes buffer. The images
were obtained in a liquid cell at room temperature. The inset shows the topographical profiles corresponding to the colored lines in panels a-e. The images correspond to an area of

11 pmx 11 um. Z=15 nm.
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a), the coexistence of 1d and lo domains with a height difference of
1.2 nm is clearly observed (Table 1). For this lipid system the area
fraction of lo domains (Table 2) is similar to the one predicted by the
phase diagram [56]. Upon addition of ethanol to a concentration of 8%
(v/v) (Fig. 4b), the topography of the system remained essentially
unchanged. However, when the concentration of ethanol reached 13%
(v/v) (Fig. 4c), both 1d and lo domains became thinner by ~1.1 nm, as
demonstrated by the topographical profiles of Fig. 4 and Table 1. The
whole bilayer has undergone thickness reduction simultaneously, to a
similar height value as the fluid phase in DOPC/DPPC mixtures for
high ethanol concentration (22%). This behavior is completely distinct
from the one observed for the gel/fluid coexistence (Figs. 1 and 2), and
shows how the membrane composition and lateral organization
strongly influence ethanol-induced alterations. With successive
additions of ethanol other effects become apparent: with 20% (v/v)
ethanol (Fig. 4d), the area fraction occupied by thinner (more
disordered) domains becomes larger; for higher concentrations of
ethanol (Fig. 4e), pronounced bilayer expansion is observed.

Fig. 5 shows the results of a similar study where the high Ty, lipid is
PSM instead of DPPC. Through the comparison of the results obtained

Fig. 5. Ethanol interactions with a bilayer containing sphingomyelin and with 1d/lo phase
separation (lipid rafts) on mica. AFM image of an SLB composed of DOPC/PSM/cholesterol
(40:40:20 mol:mol:mol) deposited on mica, (a) in the absence of ethanol, and after
successive additions of ethanol to a final concentration of (b) 4%, (c) 13%,and (d) 25% (v/v)
in Hepes buffer. The images were obtained in a liquid cell at room temperature. The inset
shows the topographical profiles corresponding to the colored lines in panels a-d. The
images correspond to an area of 11 pmx 11 ym.Z=15 nm.

for this system with those described in the previous paragraph, it will
be possible to understand if the type of ordered domains present in
the membrane is the ruling factor determining ethanol-induced
effects, or if these are highly dependent on the particular high T, lipid.
Again, the clear coexistence of Id and lo domains is observed in Fig. 5a,
and the Id/lo area fractions (Table 2) are in good accordance with the
phase diagram [62]. The height difference between the domains is
1.0 nm (see also inset with topographical profile in Fig. 5 and Table 1),
in agreement with a previous study of an analogous system [63]. Upon
addition of ethanol to a final concentration of 4% (v/v) (Fig. 5b), no
significant changes were detected. However, at 13% (v/v) of ethanol
(Fig. 5c) the whole bilayer undergoes a reduction of its thickness
around 1.2 nm for Id domains and 1.0 nm for lo domains. Thus, the
system DOPC/PSM/cholesterol behaves in a similar manner as the
DOPC/DPPC/cholesterol. Further additions of ethanol cause an
increase of the area fraction occupied by Id domains since only this
portion of the bilayer expands significantly as a result of the
interaction with ethanol (Fig. 5d, Table 2).

3.4. Lipid bilayers deposited on silicon

The influence of ethanol on DPPC bilayers was studied using silicon as
substrate (Fig. 6). As mentioned in the Introduction, ethanol-DPPC
interactions were thoroughly addressed in the literature using mica as a
substrate, but not silicon. In the absence of ethanol the DPPC bilayer
thickness on silicon (~6.2 nm; panel a) is close to the one observed for
mica surfaces (Supplementary Fig. S2a) and for low ethanol concentra-
tions, no significant alterations were observed. At 20% (v/v) ethanol
concentration (Fig. 6b) some portions of the bilayer become thinner and
the difference between thin domains and unmodified bilayer is similar to
the one obtained on mica (Table 1). Furthermore, for high ethanol
concentrations (30%, v/v) bilayer expansion with almost complete
coverage of the observation area also happened (Fig. 6¢). The final height
reduction observed in pure DPPC is close to 2 nm, as reported by several
authors for DPPC bilayers on mica [12,64]. This height reduction is similar
to the one observed for DPPC-enriched gel domains in DOPC/DPPC
bilayers. However, in the binary gel domains, a significant expansion of the
gel as detected in pure DPPC bilayers was not observed, pointing to a role
for gel/fluid coexistence in the outcome of ethanol effects.

The effect of ethanol in PSM-containing lipid rafts was also performed
for bilayers deposited on silicon (Fig. 7). With this substrate, Id/lo phase
separation was also observed for the DOPC/PSM/cholesterol (40:40:20)
mixture (Fig. 7a). However, the area fraction of ordered phase is smaller
than for SLB of the same composition deposited in mica (Table 2).
Recently, a similar behavior was observed with DOPC/1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC)/cholesterol bilayers supported in
silica xerogel where the fraction of the ordered domains was lower
than the one expected from the phase diagram and observed on mica.
The authors attributed this difference to curvature-induced mechanisms
[65]. The average size and shape of the domains is also influenced by the
substrate, since it can be clearly seen that they are different when a
bilayer of the same composition is formed on mica (Fig. 5). In Fig. 7 it is
shown that upon successive ethanol additions to DOPC/PSM/cholesterol
SIB on silicon, the following effects were observed: simultaneous
thickness reduction for both Id and lo domains (panels b and c) of
1.3 nm, and bilayer expansion of Id domains with respective increased
fractional area of these domains (panels ¢ and d), i.e., qualitatively the
same behavior as noticed in mica (Fig. 5). The extent of expansion
(Table 2) was comparable to the one observed in mica for intermediate
ethanol concentrations (13%). It was not possible to obtain good quality
images of SLB in silicon for higher ethanol concentrations.

4. Discussion

In this work, the interaction of ethanol with lipid bilayers
presenting different lipid number and/or types of lipid phases was
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Fig. 6. Ethanol interactions with a bilayer in the gel phase deposited on silicon. AFM image of an SLB composed of DPPC deposited on silicon, after successive additions of ethanol to a
final concentration of (a) 0%, (b) 20%, and (c) 30% (v/v) in PBS buffer. The images were obtained in a liquid cell at room temperature. The insets show the topographical profiles
corresponding to the colored lines in panels a-c. The images correspond to an area of 1.5 umx 1.5 pm. Z=20 nm.

studied by AFM. The main goal of this work was to determine to what
extent the presence and type of lipid domains, namely gel/fluid
domains, and ld/lo domains (lipid rafts) modulate the ethanol-
induced membrane changes. In addition, it was also intended to
determine the consequences of progressively increase ethanol
concentration in the hydration medium of the lipids.

In general, the observations here reported can be correlated with
previously published studies [20-22] of ethanol-bilayer interactions,
using single-phase lipid bilayers, either free-standing or on solid
supports, mica and silicon. This was confirmed by studying the role of
small amounts of cholesterol in the promotion of interdigitation of gel
phase bilayers shown in the present work on mica SLBs (Fig. 3), and
previously reported for silicon SLBs studied by ellipsometry [51].
Moreover, the phase mole fractions obtained in mica in phase
separating mixtures are coincident with the published phase
diagrams for free-standing bilayers [56,62].

On silicon, bilayer thickness reduction was observed for gel phase
SLB (DPPC, Fig. 6), and for ternary fluid bilayers of DOPC/PSM/
cholesterol (Fig. 7), being this latter a better model for the lipid
composition of the outer leaflet of mammalian plasma membrane.
Similar effects were observed for this ternary mixture deposited on
mica. Although the solid support has an influence on bilayer
organization, possibly due to surface effects such as frictional coupling
[66], the substrate used is not determining the outcome of ethanol-
bilayer interactions, except for high ethanol concentrations, because
in this case the ternary lipid bilayer becomes unstable when
supported on silicon. However, the substrate may influence the
amounts of ethanol necessary for observing the same effect as in free-
standing bilayers [38], as discussed below, and also the Id/lo phase
fractions and domain morphology, since on silicon they are different
from those on mica [65] and giant vesicles [62].

DPPC is one of the few cases where ethanol-induced interdigita-
tion has been unequivocally observed from the analysis of the
electron density profiles obtained by X-ray diffraction [21]. The
height and area alterations reported there are in agreement with the
results obtained in the present AFM study for both ethanol-DPPC on
silicon, and for the gel phase DPPC/cholesterol (98:2) on mica
(Tables 1 and 2). The height difference between tilted liquid expanded
and upright liquid condensed DPPC monolayers or bilayers is ~0.6 nm
[32], indicating that the ~2 nm height reduction induced by ethanol
on gel phase SLBs (Table 1) is not explained solely by tilting.

In the present study, even for high ethanol concentrations, the gel
phase SLB is not fully interdigitated, which is not in agreement with
the established phase diagrams [21,33,38]. However, it should be
pointed out that in the present study ethanol was added sequentially
to pre-formed SLBs, requiring the use of higher ethanol concentra-
tions in order to observe similar effects. This has been previously
described, and recently it was shown that incubating the vesicles with
ethanol above the phospholipid T, is necessary for quantitative
agreement between SLBs and free-standing bilayers [38,51]. Note that
in most studies with free-standing bilayers, the lipid is hydrated with
ethanol/water mixtures and subjected to heating/cooling cycles. To
this respect, the results of the present work are in agreement with the
typical SLB behavior.

The study of the mixture DOPC/DPPC revealed the presence of gel
domains coexisting with fluid domains, separated by a height
difference of ~1.2nm (Table 1), as previously described [34,60].
When interacting with this mixture ethanol induces a first bilayer
thickness reduction, that is larger for the fluid domains, and only at
higher concentrations the second thickness reduction is larger for the
gel domains (Fig. 1). The membrane partitioning of ethanol is less
propitious into saturated/ordered bilayers than into unsaturated/
disordered ones [67]. Moreover, the increase of fluid phase fraction
relatively to gel fraction was observed as a consequence of the fluid
phase expansion in response to ethanol interaction while gel domains
maintain their total area (Table 2). The area calculated considering
volume conservation is very similar to the one experimentally
observed. If the reduction in gel phase fraction is also taken into
consideration in the estimated areas, then volume conservation is
verified. In this case it is possible to quantitatively compare the results
with those obtained by micropipette aspiration in SOPC fluid bilayers
in the presence of ethanol [68,69]. The authors observed a thickness
reduction and area increase up to 10-15% due to water/bilayer
interfacial tension reduction, which leads to an expansion of the lipid
bilayer because the lipid headgroups are less tightly packed [68],
possibly becoming more disordered and/or more tilted. However, the
first height reduction observed for the fluid in the present work was
much higher (~1.3 nm), hence an additional mechanism should be
accountable. DOPC has a very low T, and therefore at room
temperature the degree of disorder is already quite large. In addition,
for very disordered acyl chains it is difficult to infer on tilting, due to
their high mobility and lack of organization. It is possible that,
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Fig. 7. Ethanol interactions with a bilayer containing sphingomyelin displaying Id/lo phase
separation (lipid rafts) on silicon. AFM image of an SLB composed of DOPC/PSM/
cholesterol (40:40:20 mol:mol:mol) deposited on silicon, before (a) and after successive
additions of ethanol to a final concentration of (b) 4%, (c) 8%, and (d) 13% (v/v) in Hepes
buffer. The images were obtained in a liquid cell at room temperature. The inset shows the
topographical profiles corresponding to the colored lines in panels a-d. The images
correspond to an area of 2.0 um x 2.0 ym. Z= 15 nm. The curved white arrows highlight
bilayer expansion as seen by increased substrate coverage.

together with disordering or tilting, a partial interpenetration of the
acyl chains from one leaflet to the other is occurring, which is different
from the interdigitation reported for gel phase in pure DPPC. The
formation of partially interdigitated phases does not affect signifi-
cantly the lateral mobility of the phospholipids [70], which is
compatible with a fluid phase, particularly with highly disordered
unsaturated chains [71]. A similar mechanism has been proposed for
pure DOPC bilayer expansion and thinning induced by an increase of
the temperature from 40 to 50 °C as determined by AFM in liquid [72].
Recent molecular dynamics simulations predicted the formation of
interdigitated structures in fluid bilayers in the presence of moder-
ately high ethanol concentrations [73]. Regarding the gel domains,
due to its significant fraction decrease, it is not possible to offer a
unique molecular description of the process. However, it should be
noted that the thickness reduction (1.8 nm) is similar to the one
observed for pure DPPC reported in the literature [12,64] and in the
present work for DPPC on silicon (1.8 nm) and DPPC/cholesterol 98:2
in mica (1.9 nm) (Figs. 6 and 3, respectively). In the gel phase the

phospholipid acyl chains are arranged in a hexagonal packing as a
consequence of trans-configuration of the phospholipid acyl chains
which results in the almost complete absence of free volume inside of
the bilayer [74,75]. The effects of ethanol on DPPC-enriched gel may thus
be explained by interdigitation, concomitantly with a large decrease of gel
phase fraction, thereby maintaining the gel phase area. However, this
interdigitation occurs only for very high ethanol concentrations due to the
preferential interaction of ethanol with the fluid, and thus it should have
limited biological significance. The tilting that is probably responsible for
the first 0.4 nm thinning of the gel domains is much more plausible to
occur in very ordered domains in biological systems.

Finally, one more worth noting observation in the DOPC/DPPC
mixture is that the region where the first thickness reduction domains
start to form depends on the domain organization. Thinner fluid
domains appear inside gel domains when these are discontinuous and
the fluid phase is prominent (Fig. 2), whereas they appear at the gel-
fluid interface surrounding fluid domains when these are discontin-
uous and minor (Fig. 1). There is both theoretical [61] and
experimental [18,76,77] evidence that the dynamic wetting layer
effects at gel/fluid interfaces become less influential when the gel
phase fraction is increased, particularly when it becomes the
continuous phase, and that the interfacial lipid is maximal near
phase coexistence boundaries. Accordingly, ethanol would act more
easily inside the gel domains at the corrugation defects in the 1:1
mixture, whereas the less rigid and more prevalent gel/fluid interfaces
would be the preferential targets for ethanol in the gel-enriched
mixture. The observed increase of fluid domains fraction (Table 2) is
related to the fact that ethanol interacts preferentially with this phase,
enhancing its stability relatively to the gel phase. While this can be
partially explained by a freezing point depression (see e.g. [30]), the
more complex effects relating the sites of first thickness reduction to
which domains are discontinuous cannot be fully accounted by this
single thermodynamic consideration.

The use of lipid raft-forming ternary mixtures provided additional
evidence for the importance of membrane domain organization on
the interaction with ethanol. In the case of 1d/lo phase separation, in
two different systems (DOPC/DPPC/cholesterol and DOPC/PSM/
cholesterol), thickness reduction occurred for a relatively low ethanol
concentration and to a similar extent for both ordered and disordered
domains (Figs. 4 and 5), a behavior distinct from the one observed for
the gel/fluid DOPC/DPPC mixture. This is a reflex of the fluid nature of
both phases present in the ternary mixtures. To better understand
ethanol effects on those mixtures, area and volume calculations were
also performed (Table 2). Similarly to what was detected for DOPC/
DPPC, it is clear that the disordered phase has undergone expansion,
while ordered domains, in this case lo phase, did not experience
significant area variations (Table 2). Thus, a clear increase of the
disordered fraction occurred. Since there was no detectable change in
the area of the ordered domains, despite the height reduction of this
fraction, plausibly due to disordering/tilting of the acyl chains and
partial interdigitation, as described for DOPC-enriched fluid phase in
DOPC/DPPC bilayers, it is implied that part of the lipids of lo domains
were transferred to the Id phase. With 13% ethanol, the changes in the
disordered phase are comparable to those described above in the case
of gel/fluid coexistence. However, for higher ethanol concentration, a
much larger expansion took place, which cannot be solely explained
by means of disordering, tilting or partial interpenetration. The degree
of expansion observed could be justified by the opening of the acyl
chains of each phospholipid, similarly to the reported extended lipid
conformation [78,79] or through their looping, as described for other
lipids [80]. In the case of DOPC/PSM/cholesterol, the interaction
between ethanol and the lipid bilayer follows the trends discussed
above, except that the estimated final expansion (Table 2) was
smaller. However, a total coverage of the substrate was reached for
both ternary mixtures, in contrast to the observed for the binary gel/
fluid system. The second height reduction of the fluid phase in DOPC/
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DPPC is only of 0.3 nm. However, this takes place when significant
fluid phase expansion occurs in that system. Thus, an opening of the
acyl chains may be occurring, but more limited than in the ternary
lipid mixtures, possibly due to the presence of cholesterol.

Ethanol affects bilayer thickness and also the domain organization of
the membrane, thus its biological effects can be exerted by affecting the
functions associated with membrane proteins whose location and activity
are dependent on bilayer thickness and also on domain structure [81-83].

Finally, bilayer expansion was always observed for high ethanol
concentrations, suggesting that this can be a useful strategy for an
improved lipid coating of solid substrates that can be used either to
better study membrane related phenomena, or to design technolog-
ical devices based on lipid—water interfaces [84,85]. To this respect the
observation of bilayer expansion leading to increased surface
coverage in silicon is particularly relevant.

5. Conclusions

The present work demonstrates the ability of AFM to unravel details
from the nano to the micro scale of the interaction between ethanol and
complex lipid systems. The study of binary and ternary lipid systems has
shown that this alcohol interacts preferentially with the most
disordered phase, promoting an increase of its fraction. The thickness
reduction of the fluid phase with increasing ethanol concentrations in
the absence of cholesterol can be explained by an interfacial tension
reduction for low ethanol concentrations, accompanied by additional
disordering/tilting and/or partial interdigitation (~1.3 nm) and then by
a slight aperture of the acyl chains (0.3 nm and more pronounced
expansion). In the lipid rafts-mimicking ternary mixtures, these effects
play a role also for lower ethanol concentrations (~1 nm thickness
reduction) and for higher alcohol levels a dramatic bilayer expansion,
possibly involving acyl chain extended conformations or looping,
occurs. It was also shown that ethanol effects were similar on both
ternary lipid systems studied (lo/ld coexistence), whereas gel/fluid and
lo/Id bilayers present a different behavior in response to ethanol. As a
consequence ethanol action should be more dependent on the type of
domains present than on the type of lipid.

Finally, qualitatively similar ethanol effects were observed for
bilayers deposited on mica and silicon, demonstrating that the major
effects are not dependent on the substrate used for the formation of
SLB. However, the domain organization is clearly different and
ethanol effects are not completely comparable at a quantitative level.

Supplementary materials related to this article can be found online
at doi:10.1016/j.bbamem.2010.10.006.
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