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Abstract. The investigations of the interaction between phospholipid bilayer and short-chain alcohols are relevant for the
potential of lipid bilayer membranes to serve as model systems for studies of various biological processes including permeability
of the plasma membrane and molecular mechanisms of anesthesia. Because the hydrophobic portion of an alcohol favorably
interacts with lipid hydrocarbon chains, the polar hydroxyl group remains free to form hydrogen bonds with polar lipid atoms
that are located near the water/lipid interface. Experiments on phospholipid membranes have shown that alcohols can induce an
interdigitated phase and at high concentration even promote the assembly of some lipids into non-bilayer structures within the
membrane interior. In this paper we have investigated the DPPC:hexanol system at high alcohol concentration (two molecules
per phospholipid) by means of calorimetric, Nuclear Magnetic Resonance, X-ray diffraction and density measurements. We
have found that the presence of a high alcohol concentration shifts the membrane transition temperature to lower values, and
has a disordering effect on the phospholipid acyl chains in the gel phase. The bilayer spacing and the area of polar head have
been also derived for the liquid phase.
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1. Introduction

Biological membranes play a crucial physical role in cells [8], they define the cell boundary and
incorporate several proteins and functional compounds. The central core of any biological membrane is
formed by amphiphilic molecules arranged side by side to form a lipid bilayer with head groups turned
towards the surrounding water and apolar acyl chains in the membrane interior. Phospholipid bilayers
exhibit lyotropic liquid crystalline properties and present a variety of phases as temperature is changed.
From low to high temperatures [21], they pass from an highly ordered crystal/subgel phase L., to a gel
phase (L) which shows little disorder; then a fluid phase (L,,) is approached which shows a liquid-like
disorder throughout the whole system (two-dimensional fluid). Just below L, a ripple phase (Pg) is
found in which the lamellar structure is deformed by periodic modulations.

The interaction between lipid bilayer and small amphiphilic molecules, such as short-chained alco-
hols, presents interesting prospectives [18] concerning the potential of lipid bilayer membranes to serve
as model systems for studies of various biological processes [3] including permeability of the plasma
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membrane and molecular mechanisms of anesthesia. As a general picture of alcohol-membrane inter-
actions it is assumed that small alcohols (up to three Carbon atom) mainly interact by competing with
water for hydration sites on membrane surface, whereas alcohols with longer chain preferentially bind
inserting their tail within the membrane. In both cases this results in the alteration of the compactness
and the fluidity of the bilayer and in an increase of lateral pressure on transmembrane proteins [2,4],
by alcohols diffusing within the bilayer. These structural changes of the membrane can influence the
conformation of proteins or other structures embedded in the membrane, providing a route in which
alcohol or other small amphiphilic molecules influence the function of a cell. Experiments on phospho-
lipid membranes have shown that alcohol can, for example, induce the interdigitated phase Lg; and, at
high concentrations, even promote the assembly of some lipids into non-bilayer structures within the
membrane interior [1,6,7]. In an ordinary membrane the hydrophobic thickness is approximately twice
the length of the hydrophobic tails of a phospholipid, in the interdigitated phase the hydrophobic thick-
ness is reduced to the sum of the length of the hydrophobic tails of a single phospholipid and the alcohol.
In such a case the normal bilayer structure changes into a monolayer in which two alcohol molecules
screen the phospholipid tails from the water phase.

This kind of structure can be understood if we consider the location of the alcohol molecules in
the bilayer. Due to the amphiphilic nature, the hydrophobic portion of the alcohol favorably interacts
with lipid hydrocarbon chains, and the polar hydroxyl group remains free to form hydrogen bonds with
polar atoms of the lipid head located near the water/lipid interface. So, lateral space is created between
the head groups, leading to voids in the hydrophobic core. These voids are energetically unfavourable
and thus the system will minimize the energy by the formation of an interdigitated phase [5,13,17].
There is also an entropic gain by replacing the highly ordered water molecules at the interface with
alcohol molecules [10,16,17]. This location in the head group region disturbs the natural microstructure
of the lipid membrane and is apparently responsible for the observed increases in membrane fluidity,
permeability, lipid lateral mobility, for the decreasing main phase transition temperature and for the
formation of an interdigitated phase.

In this paper we have investigated the DPPC:hexanol system at high alcohol concentration (two mole-
cules per phospholipid) by means of calorimetric, Nuclear Magnetic Resonance, X-ray diffraction and
density measurements. We were able to characterize the system phases and to obtain information on
membrane structure and alcohol location.

2. Methods and materials

Differential scanning calorimetry (DSC) measurements were carried out by a Perkin-Elmer Pyris 1.
Samples were placed in a sealed aluminium pan to prevent dehydration during the thermal analysis.
Thermograms were recorded at a rate of 1 K/min. To ensure thermal equilibrium was reached and to
verify the occurrence of hysteresis, different scans at increasing and decreasing temperature were carried
out for each sample.

High Resolution Magic Angle Spinning (HR-MAS) were carried out using a Bruker AVANCE NMR
spectrometer operating at 700 MHz 'H-resonance frequency. Samples were spun at 10 kHz. Proton
experiments were carried out at the resonance frequency of 'H. Resonance peaks were well resolved,
with a typical peak line width of only 10-20 Hz.

X-Ray Diffraction (XRD) were carried out by a D8-ADVANCE Bruker diffractometer in the Bragg—
Bentano geometry, using the Cu Ko line (A = 1.542 A). During the measurements the samples were



U. Wanderlingh et al. / Interaction of alcohol with phospholipid membrane 377

hosted in a small sample chamber with 180° cylindrical Kapton windows. In the chamber the temperature
was controlled by a PT100 and humidity was adjusted by adding water solution into an open reservoir.

Volumetric measurements on lipid/alcohol bilayer mixtures were performed by the neutral flota-
tion method [12,24]. A small amount (10 mg) of liposomes was dispersed in approximately 1 g of a
D,0-H,0 mixture and centrifuged. The density of the lipid was obtained by varying the D,O-H,O ra-
tio until the suspension neither sank nor floated. Measurements were performed at 25°, and 3500 rpm
on a laboratory centrifuge for 1-12 h.

The phospholipid 1,2-palmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from Avanti
Polar Lipids in powder form and used without further purification, hexanol was purchased by Sigma
Chem. Co.

Samples for HR-MAS NMR and DSC experiments were prepared by dissolving the DPPC and
hexanol, at 1:2 molar ratio, in excess of 2:1 CHCIl3/CH3;OH solution. The solvent was removed un-
der N, flux and the lipid/alcohol mixture was then diluted with D,O to a 10% by weight concentration.
The solution was vortexed in order to obtain multilamellar vesicle, and then sonicated and subjected to
temperature cycling between —4 and 50°C for 6 h to form small unilamellar liposomes and to obtain
homogeneity.

Samples for XRD were prepared by spreading the solution of unilamellar liposomes on Silicon wafer
and were left to equilibrate at 96% relative humidity for several days, the final water content was deter-
minated by weighting.

3. Results and discussion

The thermograms obtained for DPPC and DPPC:hexanol [1:2] are shown in the inset of Fig. 1. In
DPPC both pre and main transition 7, are clearly observed [11,22] at 36°C and 42°C. The addition of
a high hexanol concentration results in a broadening and in a shifting to the lower temperature of 30°C
of the main transition, whereas the pre transition appears to be suppressed. These results confirm the
disordering effect of alcohol on the lipid hydrocarbon chains and are in agreement with literature data
on DPPC [9], and the data on DMPC [19] at lower alcohol concentration.

HR-MAS spectra for DPPC and DPPC:hexanol [1:2] in both L, and Lz phase are shown in Fig. 2. By
an analysis of the chemical shift of 'H, the presence of hexanol in the membrane is revealed by a peak
at 3.55 ppm assigned to the first CH; in the alcohol chain while the signal from the remaining CHj is
merged with that of the phospholipid chains at 1.28 ppm. In the L, phase the spectra are quite similar,
a small modification is observed at 4.20 ppm and around 2.43 ppm that are related to resonance in the
glycerol group while resonances from the lipid core are almost unperturbed. In the gel phase the main
differences are observed in the lipid tail region, indicating that the alcohol induces a bigger disorder in
the acyl chains, consistent with an interdigitated phase. This is in agreement with the result of Feller
[5], who found that methyl groups of ethanol have strong cross-relaxation with chain signals, suggesting
that the alcohol molecules are oriented with their methyl groups towards the hydrophobic bilayer core.
In our case this effect is even stronger due to the longer chain of hexanol.

The XRD spectra, shown in Fig. 2, for DPPC/hexanol/D,0 [1:2:7] were collected in the gel and liquid
phase, and were compared to that of DPPC/D,O [1:7] in the gel phase. Several Bragg peaks from the
lamellar structure of the multi bilayers are clearly observed, albeit in the case of DPPC/hexanol/D,0
gel phase a distribution of distances seems more appropriate. From these data the lamellar spacing D
is obtained and corresponds to 60.0 A for DPPC, 57.5 A and 47.0 A for DPPC-hexanol in the liquid
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Fig. 1. X-ray diffraction spectra from DPPC gel (dotted line), DPPC:hexanol [1:2] in liquid (continuous line) and gel (dashed
line) phases. The inset shows the thermograms of both systems.

and gel phase respectively. The shortening of D in the gel phase of DPPC-hexanol accounts for an
almost complete interdigitation, in fact the difference found in bilayer thickness amounts to 10.5 A.
Such a length corresponds to the difference in ten —CH;— units between DPPC and hexanol acyl chains;
assuming a length of ~1.0 A for chain unit, on the basis of a molecular model of alkane [1,14]. From
the found lamellar spacing D values and the molecular volumes, calculated by neutral flotation method,
it is possible to determine the polar head area, A, for the investigated systems. In fact we can write for
the volume of bilayer constituents (lipid and water) the relation: (V] + nyVy) = AD/2, where V] is the
phospholipid or phospholipid/alcohol volume, n,, is the number of hydration water molecules and V,
is the volume of a single water molecule, this latter estimated to 30 A3. That procedure was applied
to DPPC gel and DPPC:hexanol liquid phase where the interlamellar distance is clearly identified, the
results are shown in the Table 1. The obtained area of DPPC polar head in gel phase is in good agreement
with literature [20,23] confirming the validity of the method. The increased value of A in presence of
hexanol (414 A?) supports the location of alcohol head next to membrane polar head [7]. In fact the
hexanol head area can be estimated as 6+ 1 A2, from accessible surface reconstruction of 1-hexanol.pdb.
Moreover, we observe also a compacting of the alcohol within the bilayer. The hexanol neat volume is
208.5 A3 while the value found in DPPC is 189 A3 (—9.3%). This effect was also reported [15] in
Molecular Dynamics simulation of hexanol in DMPC membrane, although to a lesser extent: —7.4%.
Concluding remarks. We have investigated the interaction of bio-mimetic membrane with hexanol by
means of Calorimetric, Nuclear Magnetic Resonance, X-ray diffraction and accurate density measure-
ments. To our knowledge this is the first study that combine this different techniques to obtain detailed
structural information on membrane—alcohol systems. The obtained results support the evidence of an
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Fig. 2. 700 MHz magic-angle spinning 'H spectra for DPPC:hexanol:D,O [1:2:40] (continuous line) and DPPC:D,0 [1:40]
(dotted line) in the liquid and gel phase, respectively, at 5° above and below the main transition temperature.

Table 1
Calculated quantities relative to DPPC and DPPC:hexanol multi bilayer structure
Sample Volume (10\3) % hydration by weight Number of waters/lipid D/2 A) Head area (10%2)
DPPC 1145+ 1 1841 74405 30.01 45.5
DPPC/hexanol 1524 £ 1 134+1 6.8+0.5 28.98 59.6

interdigitated phase for the DPPC:hexanol [1:2] membrane and confirm the insertion of alcohol with the
polar portion close to phosholipid heads and with the chains in contact with the bilayer hydrophobic
core. The structure interdigitated phase shows a greater disorder in the chains region then that observed
in the ordinary gel phase.
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