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Abstract 

Solute effects on the polymorphism and phase transitions in the suspensions of dipalmitoylphosphatidylcholine (DPPC) were studied 
by means of carboxyfluorescein (CF) and phosphatidylethanolamine rhodamine (PERho) fluorescence, differential scanning calorimetry, 
and X-ray diffraction. Specifically, the shifts of the lipid chain-melting phase transition, pretransition and subtransition temperature as a 
function of the bulk alcohol concentration were determined calorimetrically. The chain-melting phase transition temperature, T m, was 
found to depend on the chain-length of the added alcohol: for short-chain alcohols (up to n-propanol), T m first decreases and then 
increases with increasing alcohol concentration. For longer-chain alcohols, however, T m decreases over the whole investigated alcohol 
concentration range. The pretransition and the subtransition temperature of DPPC both decrease monotonously (but non-linearly) with 
increasing alcohol concentration, but the former transition disappears at some characteristic, chain-length dependent alcohol concentra- 
tion, Cee ~. This point in the solute-dependent phase diagram of DPPC is diagnostic of the complete hydrocarbon interdigitation. It was 
determined for a series of short-chain alcohols ranging from methanol through to 1-hexanol. A quantitative formula for the calculation of 
such limiting alcohol concentration is introduced. This formula relates the Ce~ ~ values to the free energy of transfer of alcohols from the 
aqueous sub-phase into the DPPC sub-phase. By using the concept of an apparent chain-length this formalism can also be used for the 
alcohols with polar OH-groups at the second or third position on the hydrocarbon chain. Alcohol-induced hydrocarbon interdigitation in 
the phospholipid bilayers is thus shown to result chiefly from the solute-induced perturbation (lateral expansion) in the lipid headgroup 
region. Longer-chain alcohols, which balance this effect by disordering the phospholipid chains, therefore do not induce chain 
interdigitation. 
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1. Introduct ion 

The interaction of  foreign molecules with phospholipid 
bilayers has been the topic of  a host of  investigations. 
Perhaps the most interesting and new consequence of  such 
interaction is the solute-dependent shift of  phase transition 
temperature and the induction of  new lamellar phases. The 
complete hydrocarbon chain interdigitation caused by the 
addition of  certain agents to phospholipid/water  suspen- 
sions has attracted most interest in this respect. Indeed, 
many molecules, ranging from ions, such as thiocyanate 
[1], to peptides, such as polymyxin B [2,3] have been 
reported to induce hydrocarbon interdigitation, this is, the 
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formation of a Lm-phase (see Slater and Huang for a 
review [4]). The only common feature of these agents, 
recognized until now, is their ability to be taken up by the 
phospholipid membranes in the interracial region. 

We desired to get a deeper understanding of  the phe- 
nomena underlying hydrocarbon interdigitation at the 
molecular level. We have therefore started a systematic 
study of  the interdependence between the L¢i-phase forma- 
tion and the inducer characteristics. Owing to their relative 
structural simplicity and the ease with which their molecu- 
lar properties can be varied we have chosen short-chain 
alcohols as 'model agents' for such studies of  the solute- 
induced interdigitation. 

Alcohols ranging from methanol to 1-heptanol have 
been previously reported to induce hydrocarbon chain 
interdigitation in phosphatidylcholine bilayers [5-12]. To 
date, however, clarity has not been achieved with regard to 
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the relative contribution of various molecular parts to the 
process of bilayer structure modification. 

The thermodynamics of chain interdigitation has also 
been the topic of several publications. Detailed phase 
diagrams in particular of the phospholipid/ethanol mix- 
tures in water were thus elaborated [8,9,13,14]. We wanted 
to find out if other short-chain alcohols will similarly 
affect the phase diagram of DPPC [ 10,11 ]. 

For the very short alcohols, ethanol and 1,3-propan- 
ediol, several structural investigations have also been done 
by means of X-ray diffractometry [6,14,15]. These studies 
have shed some light on the packing characteristics of the 
corresponding systems. Moreover, partition coefficient 
measurements [10,16], densitometry [13], Fourier-trans- 
form infrared spectroscopy [17], electron spin resonance 
spectroscopy [l 8], and carbon-l 3 nuclear magnetic reso- 
nance spectroscopy [19] were used to reveal the details of 
the interaction between the short-chain alcohols and phos- 
pholipids in a suspension. 

However, none of these studies has as yet succeeded in 
explaining the relationship between the inducer properties 
and the limiting concentration needed for causing complete 
lipid chain interdigitation, CL~ ( We have thus determined 
CLa ' for the systems containing DPPC and n-alcohols 
ranging from methanol through to 1-hexanol. We have also 
looked at the effects of changing the polar OH-group 
position along the alcohol hydrocarbon chain. In addition 
to this, one diol (1,2-hexanediol) has also been studied. 
Fluorescence spectroscopy, calorimetry and X-ray diffrac- 
tion were used for this purpose. 

Our data reveal a very simple relation between the 
short-chain alcohol characteristics and the L~i-phase induc- 
ing concentration. They, moreover, suggest that this con- 
centration can be calculated with a high degree of accuracy 
from the known partition coefficient of the interdigitation- 
inducing alcohol in the L~,-phase. Based on this we argue 
that the main reason for the hydrocarbon chain interdigita- 
tion is the perturbation induced by the presence of alcohols 
in the headgroup region. Other effects, however, which 
predominantly operate in the lipid layer interior, are likely 
to dominate for the alcohols with long hydrocarbon chains, 
starting with n-octanol. 

2. Materials and methods 

1 ,2-Dipa lmi toy l - sn-g lycero-3-phosphory lcho l ine  
(DPPC) was purchased from Sygena (Liesthal, Switzer- 
land), Boehringer-Mannheim (Mannheim, Germany), or 
Fluka (Neu-Ulm, Germany). Lipid purity was checked by 
high pressure liquid-chromatography (HPLC) using a Phar- 
macia-LKB system (Pharmacia, Freiburg, Germany) and 
found to be greater than 99%, independent of the source of 
lipid. Alcohols were from Merck (Darmstadt, Germany), 
except for 1-pentanol, 1-hexanol and 1,2-hexanediol which 
were from Fluka (Neu-Ulm, Germany). These alcohols 

were always of the highest commercially available quality 
and were used without purification. 5(6)-Carboxyfluo- 
rescein (CF) was bought from Kodak (Rochester, USA) 
and rhodamine PE (R18) was purchased from Molecular 
Probes (Eugene, USA). Water (18 M,O cm) was doubly 
distilled in an all glass apparatus and reprocessed by a 
water purification unit (Elgastat HQ, Elga, UK). 

2.1. Preparation of  unilamellar vesicles 

A stock suspension of DPPC was prepared either in 
water or in a 30 mM CF solution with a pH value of 7.0. 
DPPC concentration in each stock suspension was 5 
mg/ml.  To obtain a homogeneous suspension of multi- 
lamellar vesicles such preparation was heated to 50°C and 
vortexed. 

To prepare small unilamellar vesicles (SUV), 1.5 ml of 
this stock suspension were sonicated at approx. 41 ° C for 1 
h by a Branson Sonifier Model B12 (Branson, Danbury, 
CT) using a standard titanium micro tip. After overnight 
equilibration, the vesicle diameter was measured by the 
quasi-elastic light scattering (QELS) to be 60 + 10 nm; 
most of the resulting vesicles were thus unilamellar. 

Prior to each experiment the suspension was further 
equilibrated at 41°C for 1 day and then for at least two 
weeks at room temperature. This ensured the investigated 
bilayers to be tension-free. During the equilibration period 
the vesicle diameter gradually increased to 1 0 0 . . .  120 
nm. Even longer storage times did not further increase the 
vesicle size indicating that, under the circumstances given, 
the vesicles have reached an energetically favorable, 
quasi-stable state. 

Vesicles with a diameter of 100 nm were also prepared 
by manually extruding part of the stock suspension with an 
extruder (Avestin, Ottawa, Canada) using polycarbonate 
filters with 100 nm pore size. 

2.2. Membrane permeabili~ measurements 

Membrane permeability measurements were based on 
the CF-fluorescence increase upon the marker leakage 
from the vesicle interior. Experiments were done with a 
Perkin-Elmer LS-5 spectrofluorimeter using a fixed wave- 
length of 490 nm for the excitation and 524 nm for the 
emission. Data acquisition was done by an IBM-XT com- 
puter using a laboratory-written software. To suppress the 
signal from the trivial light scattering, a 500 nm cut-off 
filter (Schott, Mainz, Germany) was placed in the emission 
path. The temperature of the cuvette in the fluorimeter was 
kept at 22°C by a Lauda cooling bath ( +  0.1 K) during 
each measurement. 

Prior to doing the fluorimetric measurements, the non- 
encapsuled CF was separated from the fluorescent vesicles 
by chromatography on a Sephacryl S-400 column (Phar- 
macia, Uppsala, Sweden). Each sample cuvette then con- 
tained 2 ml of bidestilled water with triethanolamine/HC1 
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buffer (pH ~ 7), 10 /zl of the filtered DPPC/CF suspen- 
sion, and the required amount of the investigated alcohol. 

Samples were allowed to equilibrate for 24 h before the 
fluorescence intensity was determined. Since the total 
amount of CF in each sample differed, due to the prepara- 
tion variability, the 100% reference point was measured 
for each sample separately. This was done by solubilizing 
the vesicles by the addition of 10 /xl of Triton X-100. 
After 5 min of equilibration, the fluorescence intensity was 
then measured again and identified with 100% contents-re- 
lease (longer equilibration periods did not further increase 
the fluorescence intensity). 

2.3. PE rhodamine f luorescence measurements 

PERho and DPPC (1:50 mol/mol)  were dissolved in 
chloroform. Chloroform was then removed by a stream of 
N 2 gas and then under vacuum ( <  80 Pa, 12 h). SUVs in a 
10 mM lipid suspension in water were obtained as de- 
scribed in previous sections. The sample cuvette contained 
10 /zl of such lipid suspension, 2 ml of bidestilled water 
with triethanolamine/HC1 buffer, and the specified amount 
of alcohol. 

Experiments with PERho were done at a fixed excita- 
tion wavelength of 300 nm. The emission wavelength was 
scanned between 450 nm and 620 nm to determine the 
maximum fluorescence intensity. Final results were ob- 
tained by normalizing the measured fluorescence intensi- 
ties with regard to the value determined for an alcohol-free 
sample. 

2.4. Differential scanning ca lor ime t~  (DSC) 

Multilamellar vesicles for the DSC measurements were 
prepared by mixing DPPC with bidestilled water. The 
resulting 5 mM DPPC suspension was then heated to 50 ° C 
for at least 1 h. 

The appropriate amount of the investigated alcohol was 
added to the resulting suspension 1 week before each 
measurement in order to insure a homogeneous solute 
partitioning into the bilayer. During this period, the sam- 
ples were kept at 4 ° C in a refrigerator. Shorter equilibra- 
tion periods were insufficient for reaching the sample 
equilibrium. 

The samples containing DPPC and different concentra- 
tions of 3-hexanol were kept at 4 ° C for 7 months in order 
to assess the long-term equilibration subtransition tempera- 
ture of DPPC in this system. Lipid purity after these 
measurements was checked by HPLC and found to be 
greater than 95%. 

DSC measurements were done in a MC-2 scanning 
calorimeter (MicroCal, Amherst, MA) with the original 
data acquisition and analysis software (ORIGIN). For the 
cooling-scan measurements the calorimeter was connected 
to a computer-controlled refrigerated bath (F3C, Haake, 

Germany). Samples were heated and cooled in the temper- 
ature range 4 ° C • • • 50 ° C at a scanning rate of 30 K/h.  

2.5. X-ray measurements 

Multilamellar vesicles were prepared by adding lipid 
( ~ 20 mg) to approx. 1.5 ml of doubly distilled water with 
the required amount of the investigated alcohol. The result- 
ing suspension was allowed to equilibrate for at least 24 h 
above the chain melting temperature in order to reach full 
hydration. Before each experiment the samples were al- 
lowed to equilibrate at room temperature for one week, at 
least. 

Prior to each experiment the suspension was centrifuged 
in order to collect the lipid. The resulting pellet, together 
with some extra water, was mounted into a thermostated 
(_+0.1 ° C) sample holder between two mica windows 
(sample width ~ 1 mm). After measurements, the pres- 
ence of excess water was confirmed. 

The X-ray source was a conventional Seifert SF 60 
copper anode (Seifert, Ahrensburg, Germany) with line 
focus. It was typically run at 1.3 kW. For the unoriented 
samples a focusing Ge-(111) monochromator was used to 
select the Cu K~, line (A = 1.5405 ,~). The beam was 
focused onto the position sensitive detector (OED 50, 
Braun, Munich, Germany) with an effective resolution of 
0.2 mm. The distance between the sample and the detector 
was 20 cm. 

Sample temperature was measured with a Ptl00 and 
controlled with an accuracy of _+ 0.1 ° C with an Eurotherm 
unit (Eurotherm Regler, Limburg, Germany). Each sample 
was measured at three temperatures in the Lt~, or L~i-phase 
(for example at 20 ° C, 24 ° C and 28 ° C) and at two temper- 
atures in the fluid-lamellar phase (typically 45°C and 
50 ° C). At each measuring temperature the sample was 
first allowed to equilibrate for 30 min and then inspected 
for 3 h to 24 h, depending on the intensity of the Bragg 
peaks i. In the L~,-phase 3-5 Bragg peaks were usually 
observed whereas the Lt~i-phase only gave two or three 
Bragg peaks. The number of the observed Bragg peaks 
strongly depended on the alcohol used. As a rule, the 
number of detectable Bragg peaks got lower with increas- 
ing number of carbon atoms of the investigated alcohol. In 
the L~-phase, two well defined Bragg peaks were nearly 
always measurable. 

The experimental background scattering from the sam- 
ple holder and mica windows was measured separately. It 
was subtracted from the sample signal prior to the defini- 
tive data analysis. 

t It was found out that the intermediate-chain alcohols like 1-pentanol 
or 2-hexanol cause much disorder in DPPC membranes even in the lipid 
gel phase. Therefore, longer measuring times were necessary to get a 
good signal-to-noise ratio. 
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3.  R e s u l t s  

3.1. C F  m e a s u r e m e n t s  

Fluorescence measurements were first done with 
DPPC/ethanol mixtures in order to assess the reliability of 
our test method. The corresponding results are given in 
Fig. 1. The inset to this picture shows cartoons of different 
bilayer states expected to exist in the various ethanol-con- 
centration regions. The molecular rationale for these states 
is given in the recent article by Vierl et al. [14]. 

Fig. 1 reveals that the relative fluorescence from the 
vesicle 'encapsulated' CF increases linearly with the bulk 
ethanol concentration in the range from 0 to 0.5 M. This 
change is from zero to 0.25 relative units. In the same 
concentration interval the tilt angle of the hydrocarbon 
chains in the DPPC bilayers has been reported to increase 
from approx. 30 ° (in water) to 50 ° (in 0.5 M ethanol) 
[14,20]. Correspondingly, in a 0.45 M ethanol solution the 
relative fluorescence intensity jumps nonlinearly to 1.0, 
this is, to the maximum possible value. This is indicative 
of the onset of partial hydrocarbon interdigitation and of 
the generation of domain boundaries. Fluorescence in- 
crease at this concentration is thus due to the facilitated CF 
flux through the leaky domain boundaries. 

Alcohol concentrations higher than 0.45 M decrease the 
relative fluorescence intensity to 0.5. If ethanol concentra- 
tion in the bulk exceeds 1.0 M, however, the measured 
fluorescence intensity is statistically distributed around 
one. This suggests that carboxyfluorescein molecules are 
now homogenously distributed throughout the whole sam- 
ple even before the injection of a 'lytic' ethanol concentra- 
tion. In previous publications the alcohol concentration 
leading to the induction of complete hydrocarbon interdigi- 
tation ( CL~,_~ L~,) for the multilamellar DPPC vesicles was 
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Fig. 1. Relative fluorescence of carboxyfluorescein, CF, that was origi- 
nally enclosed into the interior of small unilamellar DPPC vesicles, 5 h 
after the addition of specified amounts of  ethanol to the lipid suspension. 
Cartoons illustrate the state of DPPC bilayers for three representative 
alcohol concentrations, according to the previously published phase dia- 
gram. 
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Fig. 2. Relative intensity of the CF-fluorescence 24 h after the addition of 
various alcohols to a 0.01 mM DPPC suspension in water. CF was 
originally enclosed into the DPPC vesicles under self-quenching condi- 
tions. All values are normalized with regard to the fluorescence intensity 
measured after the addition of Triton X-100, which completely solubilizes 
lipid vesicles. A, methanol; B, ethanol; C, l-propanol; D, 1-butanol; E, 
l-pentanol; F, 2-pentanol; G, 1-hexanol; H, 2-hexanol. 

reported to be 1 . 0 . . .  1.2 M [7,13,14] at room tempera- 
ture. 

Similar measurements were also done for other alcohols 
ranging from methanol (n c = 1) through to hexanol ( n  c = 

6). Fig. 2 illustrates the corresponding behavior of the 
relative fluorescence intensity with respect to the bulk 
alcohol concentration. In each case, a linear increase of the 
relative fluorescence intensity in the low concentration 
region is observed. The more or less pronounced first 
maximum is always found at the alcohol concentrations 
corresponding, within experimental error, to C L ~ / 2  (see 
further discussion). After the subsequent decrease in the 
relative fluorescence intensity its value then again reaches 
100% for concentrations exceeding CLo ,. 

We have found the CL~ ~ values to ~e 2500 +_ 500 mM 
for methanol, 1000 _ 100 mM for ethanol, 400 _+ 50 mM 
for 1-propanol, 180 _ 30 mM for 1-butanol, 60 _+ I0 mM 
for 1-pentanol, 50 _+ 10 mM for l-hexanol, 75 _+ 10 mM 
for 2-pentanol and 50 _+ 10 mM for 2-hexanol, respec- 
tively. Other alcohols such as 3-pentanol and 1,2-penta- 
nediol were also tested but gave ambiguous results. The 
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Fig. 3. Relative fluorescence at the intensity maximum of PERho in the 
DPPC vesicles as a function of bulk ethanol concentration. All fluores- 
cence values are corrected so as to give F(CEtoH = 0) = 0. 

DPPC concentration in these measurements was approx. 
10 -5 M. 

It should be noted that error margins in Fig. 2 only take 
into account the experimental and statistical errors related 
to the performance and further interpretation of the fluori- 
metric data. The 'true' c L -~L, value may still differ W 13 
significantly from the CL~ ~ value evaluated by the CF 
fluorescence method owing to the neglect of other short- 
comings of this experimental method in the described 
evaluation (see Discussion). 

3.2. PERho measurements 

In contrast to CF, PERho is lipophilic and thus always 
partitions preferentially into the lipid bilayer. This fluores- 
cent dye is hence sensitive to the local polarity of its 
binding surrounding, higher fluorescence intensities always 
signifying a higher local polarity. 

Again, we have first measured the PERho fluorescence 
intensity as a function of the bulk ethanol concentration 
(see Fig. 3). The corresponding data can roughly be di- 
vided into three sections. In each of these the maximum 
fluorescence intensity increases linearly: for the alcohol 
concentrations between 0 and 0.45 M, a smooth increase 
of the maximum fluorescence intensity is detected. Be- 
tween 0.45 and 1.05 M ethanol the fluorescence intensity 
has a slightly more positive trend with respect to the bulk 
alcohol concentration and at concentrations exceeding 1.05 
M the steepest increase is measured. 

Relating to these data, the results obtained with other 
alcohols were interpreted by identifying the onset of the 
steep increase in the PERho fluorescence intensity with 
CL13. This gave values of 130_+ 20 mM for 2-butanol, 
75 _+ 10 mM for 2-pentanol, 70 _ 10 mM for 3-pentanol, 
50 _+ 10 mM for 2-hexanol, 60_+ 20 mM for 3-hexanol, 
and 200 + 100 mM for 1,2-pentanediol. 

Fig. 4 shows these data for different alcohols. The point 
which was tentatively assigned to the induction of the 

complete DPPC interdigitation is marked with a vertical 
line. Relatively large error pertaining to the 1,2-penta- 
nediol data indicate that the interpretation of these results 
is far from being unambiguous. It is also not possible to 
get a good value for Ce13, in the DPPC/1,2-hexanediol 
system by means of PERho fluorescence spectroscopy. 

3.3. Differential scanning calorimetr3, 

Differential scanning calorimetry was used to investi- 
gate the interaction between DPPC and 1-pentanol as well 
as 1-, 2-, 3-hexanol and 1,2-hexanediol. Fig. 5 shows the 
corresponding pretransition temperature and the chain- 
melting phase transition temperature as a function of the 
bulk alcohol concentration. 

All investigated alcohols suppress the pretransition of 
DPPC at some characteristic concentration. It is well estab- 
lished that the complete interdigitation of hydrocarbon 
chains in the phospholipid bilayers is thermodynamically 
equivalent to the direct transition from an interdigitated gel 
phase into the liquid crystalline state. The former concen- 
tration was thus denoted as CL~ ~. For 1-pentanol this gave 
35 mM, for l-hexanol CL~ ~ = 10-1-2 mM, for 2-hexanol 
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Fig. 4. Effect of the bulk alcohol concentration on the maximum fluores- 
cence intensity of PERho in DPPC vesicles. A, ethanol; B, 2-butanol; C, 
2-pentanol; D, 3-pentanol; E, 2-hexanol; F, 3-hexanol; G, 1,2-penta- 
nediol. Dotted lines tentatively identify complete bilayer interdigitation 
and thus determine the value of CL~ ~. The last panel illustrates the 
positions of different phase boundaries. 
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cL~ ~ = 35 + 5 mM, for 3-hexanol cL~ ~ = 25 + 5 mM and 
for 1,2-hexanol cL~ ~ = 100 ___ 20 mM. 

Within experimental error, the effect of  intermediate 
chain alcohols on the pretransition temperature of DPPC is 
thus quite similar to that observed in ethanol-DPPC mix- 
tures. Maximum lowering of  the pretransition temperature 
depends strongly on the alcohol used, however: in the 
presence of  1-pentanol the lowest measured pretransition 
temperature is 24.2 ° C, for 1-hexanol one gets 23.8 ° C, for 
2-hexanol 23.2 ° C, for 3-hexanol 25.1°C and for 1,2- 
hexanediol 20.6 ° C. 

In Fig. 5 the chain-melting phase transition temperature 
is also seen to decrease linearly with the bulk alcohol 
concentration over the whole concentration range studied, 
even for concentrations exceeding Cu~ ~. The lowest mea- 
sured chain-melting phase transition temperature of  DPPC, 
35 ° C, therefore, always corresponds to the highest alcohol 
concentration used. 

Fig. 6 shows the measured DPPC pretransition and 
chain-melting phase transition enthalpies in the presence of  
the investigated alcohols. It is seen, that all investigated 
alcohols affect the enthalpy of  the pretransition in very 
much the same way as ethanol. At low alcohol concentra- 
tions this enthalpy decreases slightly with the bulk alcohol 
concentration. If alcohol concentration exceeds approxi- 
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Fig. 6. The enthalpy of dipalmitoylphosphatidylcholine pretransition ( [] ) 
and chain-melting phase transition (O) as a function of the bulk alcohol 
concentration. A, 1-pentanol; B, l-hexanol; C, 2-hexanol; D, 3-hexanol 
and E, 1,2-hexanediol. 

mately CL~/2 ,  however, the enthalpy gets smaller until the 
disappearance of pretransition at cL~ ~. The halfwidth of  the 
DPPC pretransition is approx. 2.5 ° C, independent of  the 
alcohol concentration. Only in 4 - 8  mM 1-hexanol solu- 
tions this value increases to 4 ° C. 

The enthalpy of  the chain-melting phase transition of 
DPPC is 43 k J / m o l  in water. In the presence of  low 
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Fig. 7. Original calorimetric scans with DPPC in various 3-hexanol 
solutions in water. The samples were kept at 4 ° C for 7 months before the 
experiments. 
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Table 1 
Alcohol concentration, 

Alcohol 

CL~ +, that induces complete DPPC interdigitation as measured by different methods 

Chain length CLa (FS) Fluorescent dye CLa (other methods) 
(mM) ( r ~ )  

/'/c nc,app 

Method and reference 

Methanol 1 1 3000 + 500 CF 2500 [7] 
Ethanol 2 2 1100 + 100 CF, PERho 1100 + 100 X-ray, DSC 
1-Propanol 3 3 400 + 50 CF 330 _+ 20 [7,11] 
l-Butanol 4 4 180 + 20 CF 120 + 10 DSC [10] 
2-Butanol 4 3.6 130 + 20 PERho 
l-Pentanol 5 5 6 0 +  5 CF 35 + 5 DSC 
2-Pentanol 5 4.5 75 -t- 10 CF, PERho 
3-Pentanol 5 4.3 70 _ 10 PERho 
l-Hexanol 6 6 50 + 10 CF 10___ 2 X-ray, DSC 
2-Hexanol 6 5.5 50_+ 10 CF, PERho 35 _+_+ 5 X-ray, DSC 
3-Hexanol 6 5.3 60_+ 20 PERho 25 + 5 X-ray, DSC 

Diol 
1,2-Pentanediol 5 240 :t: 100 PERho 
1,2-Hexanediol 6 100 DSC 

The column labeled 'FS' gives the values of CLm as determined by the membrane permeability or PERho-fluorescence studies with the given fluorescent 
dye; DSC denotes the results of differential scanning calorimetry data. All Crm values were evaluated at room temperature. They are related to 5 mM 
DPPC concentration as used for the DSC measurements, rlc,ap p is the apparent alcohol chain-length (see Discussion). 

amounts of alcohol this value decreases to approx. 32 
kJ/mol .  At higher alcohol concentrations, however, the 
enthalpy of the chain-melting transition of DPPC again 
increases to approx. 45 kJ /mole  or even to 53 kJ /mol  in a 
100 mM 1-pentanol solution. 

In accord with previously published AT m values for 
DPPC and ethanol [14] or 1-butanol [10] the halfwidth of 
the chain-melting phase transition of DPPC increases to 
approx. 0.6°C in all investigated aqueous alcohol solu- 
tions. 

The subtransition of DPPC was investigated in more 
detail for the 3-hexanol solutions of different bulk concen- 
trations. For this purpose, lipid samples were allowed to 
equilibrate for 7 months at 4 ° C. Fig. 7 shows the results of 
the observed first DSC heating scans. After such an equili- 
bration period, the subtransition temperature of DPPC in 
water is 22.8°C [21]. This value is unaffected by a 3- 
hexanol concentration of 30 mM, the corresponding en- 
thalpy then being approx. 16 kJ/mol .  Higher concentra- 
tions of 3-hexanol decrease the subtransition temperature 
of DPPC linearly to 17.8°C (in 60 mM 3-hexanol), the 
concomitant subtransition enthalpy being 21 kJ /M.  After 
20 h of equilibration at 4 ° C the subtransition temperature 
of DPPC for the samples with 40 mM 3-hexanol is 18.5 ° C 
and the corresponding enthalpy is 12 kJ /mol .  

3.4. X-ray diffraction 

X-ray diffraction was used to determine the repeat 
distance, d r, of DPPC bilayers in the presence of an 
aqueous alcohol solution. In excess water, one has d r = 
6.37 + 0.03 nm [22,23]. Complete hydrocarbon interdigita- 

tion diminishes this value to approx. 4.9 nm [15]. X-ray 
diffraction thus unambiguously confirms the hydrocarbon 
interdigitation. 

It would, however, be a formidable task to determine 
various CL~ i values via X-ray diffraction measurements. In 
this study, X-ray diffraction was thus used solely to control 
the values obtained by other described methods. Selected 
positions in the phase diagram only and just for some 
alcohols were checked in order to ensure that DPPC was 
indeed in the Lt3i-phase for all alcohol concentrations 
e x c e e d i n g  CLB ' and in the L f p h a s e  for alcohol concentra- 
tion below c L . 

Table 1 lis~s the corresponding values. Except for 1- 
hexanol, where a considerable deviation was uncovered, 
the spectroscopic results agree well with those obtained 
from the X-ray diffraction data. 

4. Discussion 

4.1. Membrane permeability 

CF fluorescence intensity is concentration-dependent. 
For the dilute solutions with CF concentrations below 0.1 
mM, the CF fluorescence intensity increases linearly with 
the CF concentration. In the more concentrated CF solu- 
tions (c > 1 mM), the CF fluorescence is self-quenched. 
Our experiments thus always started with a highly concen- 
trated -and thus non-fluorescent - C F  solution confined 
into the vesicle interior. An increase of CF fluorescence 
was therefore always diagnostic of the CF passage from 
the inside of DPPC vesicles into the bulk subphase. The 
temporal evolution of the resulting fluorescence was thus 



66 L. Lrbbecke, G. Cevc / Biochimica et Biophysica Acta 1237 (1995)59-69 

taken to be proportional to the effiux of CF molecules 
through the bilayer membrane. 

Boni et al. [24] have pointed out that the unilamellar 
vesicles with a diameter below 1 0 0 . . .  200 nm rapidly 
form a stack of extended interdigitated sheets when brought 
into contact with ethanol at concentrations sufficient to 
induce chain interdigitation. Komatsu et al. [25] have also 
reported that the sonicated SUV with a diameter of 54 _+ 26 
nm (according to the QELS measurements) aggregate 
and/or  fuse in the presence of sufficiently concentrated 
ethanol. According to the latter authors, however, the 
extruded vesicles remain stable when suspended in differ- 
ent ethanolic solutions in spite of the fact that their lipid 
chains may interdigitate. All these authors agree in the 
belief that the minimal ethanol concentrations necessary 
for the complete induction of hydrocarbon interdigitation 
in DPPC decreases with increasing vesicle size. 

Fusion or even destruction of lipid vesicles would lead 
to an abrupt release of all 'encapsulated' CF from the 
vesicles within minutes, as observed after adding Triton 
X-100 to the lipid suspension. To test this, we have 
measured the CF fluorescence at half hour intervals for 
twelve hours starting after the alcohol injection. No ex- 
traordinary increase in the CF fluorescence intensity was 
detected. We therefore conclude that the sonication-in- 
duced defects on SUVs, which were responsible for the 
limited stability of such vesicles in the presence of alcohol 
as reported in previous studies, have annealed during our 
long equilibration. This made our sonicated vesicles simi- 
lar to the extruded vesicles. Due to our experimental 
method we cannot rule out, however, that some vesicle 
aggregation might have occurred upon the addition of 
ethanol as such aggregation would not have altered our 
results. 

It is to be expected that complete hydrocarbon interdigi- 
tation will increase the permeability of DPPC membranes. 
Our results confirm this assumption. By measuring the 
temporal development of CF fluorescence it is even possi- 
ble to calculate the permeability change due to the DPPC- 
chain interdigitation. CF molecules are thus estimated to 
leak through the interdigitated bilayers approx. 100-times 
more rapidly than through the standard DPPC bilayers (to 
be published). This is in qualitative agreement with the 
results of the published proton permeability studies for the 
interdigitated PC bilayers [26]. 

In a recent article [14] we have detected the coexistence 
of Lt3,-and L~i-phases in DPPC vesicles. The lowest ethanol 
concentration at which an interdigitated phase was identi- 
fied was approx, equal to Ce~J2. In our CF fluorescence 
measurements we have fairly regularly measured a fluores- 
cence maximum exactly at this concentration, independent 
of the alcohol used. We thus conclude that all alcohols 
induce a phase coexistence region (Lt3, + L~i) in the DPPC 
bilayers. CF fluorescence maximum is hence indicative of 
the membrane destabilization during the course of bilayer 
interdigitation. 

4.2. PERho fluorescence 

PERho fluorescence is polarity-sensitive. The intensity 
of this marker fluorescence is thus expected to increase 
when alcohol is present in the headgroup region. Zhang et 
al. [10] have shown that l-butanol partitions between the 
bulk and the lipid phase with approx. 3-4-times higher 
affinity for the interdigitated gel phase compared to the 
non-interdigitated phase. According to the latest phase 
diagram [14] of ethanol/DPPC/water  mixtures we thus 
expect the partitioning of alcohols in the headgroup region 
to involve three regimes: 
(1) In the non-interdigitated gel phase the local alcohol 

concentration in the headgroup region increases slowly 
with increasing bulk alcohol concentration. 

(2) In membranes with partially interdigitated hydrocar- 
bon chains the mean partition coefficient is a function 
of the bulk alcohol concentration. The local alcohol 
concentration in the headgroup region, however, now 
increases faster than in the normal gel-, L~3-phase. 

(3) For alcohol concentrations exceeding c L , the solute 
molecules have the highest membrane ai~finity. Alco- 
hol concentration in the headgroup region still in- 
creases linearly with the bulk alcohol concentration, 
but the gradient with respect to the this concentration 
is approx. 3-to 4-times higher than in the cases 1 and 
2. 

These assumptions are mirrored in our results. With 
some fantasy one can divide each of the given data sets in 
three regions depending on the bulk alcohol concentration. 

Fig. 4, however, also shows the limits of such rationale. 
For the alcohols with the polar group at the second or third 
position in the carbon chain, in the low concentration 
interval (corresponding to item 1), the alcohol accumula- 
tion in the headgroup region does not increase but rather 
decreases the local polarity. Bearing in mind that the 
alcohol OH-groups are located near the phosphate groups 
of the phospholipid molecules [17], whereas hydrocarbon 
chains of the alcohol molecules point towards the mem- 
brane interior, this decrease can be explained easily by the 
presence of the shorter unpolar part of each alcohol in the 
region that affects the PERho fluorescence. Following this 
idea, our results suggest this unpolar disturbance to be 
screened in the interdigitated phase. At the molecular 
level, this means that in the interdigitated phases enough 
room exists between the neighboring heads for both non- 
polar parts of the 2-or 3-alcohols to stretch themselves into 
the hydrocarbon surrounding (membrane interior). 

4.3. Differential scanning calorimetry 

Most of previous information on the phase diagrams of 
phosphatidylcholine-alcohol mixtures was based, at least 
partially, on the results of DSC measurements. The follow- 
ing phase behavior of DPPC in the presence of interdigita- 
tion-inducers was thus established: relatively dilute alcohol 
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solutions (concentration values depending on the alcohol 
used) decrease the chain-melting phase transition tempera- 
ture as well as the pretransition temperature of DPPC. 
Upon complete chain interdigitation, which is reached at 
sufficiently high alcohol concentrations, the pretransition 
disappears, however. For methanol, ethanol and n-propanol 
the chain-melting phase transition temperature, T m, then 
increases again with increasing alcohol concentration [7]. 
A further decrease of T m is measured in the presence of 
1-butanol, however [ 10]. 

Our results show that 1-pentanol, 1-, 2-, and 3-hexanol, 
as well as 1,2-hexanediol all decrease the chain-melting 
temperature approx, linearly with increasing alcohol con- 
centration. This is even true when the gel phase of DPPC 
bilayers is completely interdigitated, as suggested by the 
X-ray diffraction measurements. This lack of biphasic 
effect implies that these alcohols partition more effectively 
into the L,rphase than into the L~i-phase. Such behavior 
of the chain-melting phase transition temperature has also 
been reported for the aqueous 1-octanol and 1-decanol 
solutions [27,28]. Despite this similarity the situation is 
different in both cases, however: In contrast to 1-hexanol, 
1-octanol does not induce chain interdigitation in DPPC. 

The effects of alcohols on lipid bilayers can thus be 
divided into two classes: 

First, the presence of polar OH-groups in the headgroup 
region increases the effective lipid headgroup volume and 
induces a lateral expansion in the interfacial region. This 
lowers the pretransition temperature and, finally, provokes 
lipid chain interdigitation. The quantitative strength of this 
effect is nearly independent of alcohol chain-length. 

Second, the hydrocarbon chains of alcohol molecules 
disorder lipid chains. This is reflected in the decreased 
chain-melting phase transition temperature. Sufficiently 
high alcohol concentrations may also induce a non-lamel- 
lar phase (data not shown). 

Headgroup effects dominate for short-chain alcohols. 
Such alcohols, consequently, can induce complete hydro- 
carbon interdigitation in DPPC bilayers. Alcohols with 
more than seven or eight carbon atoms per chain are 
inefficient in this respect since the interfacial expansion 
caused by the polar alcohol segments is fully absorbed by 
the chain-induced repulsion in the hydrocarbon region of 
the lipid bilayer. 

Following this argument we have used the disappear- 
ance of lipid pretransition as an unambiguous indication 
for the induction of the complete hydrocarbon interdigita- 
tion. 

wanted to predict experimental results with reasonable 
accuracy. 

In the first approximation, we have assumed that the 
decisive factor for the induction of chain interdigitation is 
the number of alcohol molecules in the headgroup region. 
Our assumption was thus the comparison of the partition 
coefficient for an alcohol with n c carbon atoms per chain 
and the bulk concentration of this alcohol that induces the 
complete chain interdigitation in the DPPC membranes. 

Such partition coefficient for the liquid lamellar phase, 
Kp, can be calculated from the free energy of inducer 
transfer from the bulk water into the lipid subphase [29]. 
According to Cevc and Marsh [30] this (molar) free energy 
of transfer for the straight-chain alcohols and DPPC is 
given by: 

} . L t r a n s / R T  ~-- - 0.9 - 1.1 I n c = log(Kp) ( 1 ) 

The partition coefficient is then Kp = exp(I.Xtran,,/RT). 
R is the universal gas constant and T is the temperature. 
The free energy of transfer between the bulk water and the 
DPPC bilayer subphase thus depends linearly on the num- 
ber of carbon atoms in each alcohol molecule, no. The 
actual alcohol concentration in the interfacial region is 
hence given by the Boltzmann factor containing the above 
expression. Starting with the best available data are used 2, 
(and making corrections for the values obtained by the 
fluorescence measurements whenever justified by the DSC 
or X-ray diffraction results) one gets by the least-squares 
fit: 

CL~,(nc) = 2.31 • 104 e - ° 9 -  l.lln. (mmol/1)  (2) 

Fig. 8 illustrates the quality of this fit. The measured 
and the calculated data are nearly identical for 1 < nc < 5. 

Due to its high affinity for the organic phase, 1-hexanol 
takes an exceptional position in the short-chain alcohol 
series. This alcohol probably partitions immediately into 
the boundary region of the bilayer. It is, therefore, impor- 
tant to know and control the total lipid concentration to get 
reliable CL~ ' values in harmony with Eq. (2). In other 
words, CL~ must be related to the phospholipid concentra- 
tion whenever alcohols with a strong preference for the 
lipid phase are used. (An indirect support to this assump- 
tion comes from the observation that CL~ for the short- 
chain alcohols decreases with increasing phospholipid 
chain-length whereas for 1-hexanol this value remains 
essentially constant, independent of lipid chain length (un- 
published data).) 

4.4. Connection between cG, and alcohol chain length 

The chief motivation for this work was to determine the 
relation between the interdigitation-inducing alcohol con- 
centrations and the alcohol chain-length and -type. Since 
the phase behavior of DPPC in the suspensions containing 
small organic molecules is rather well understood we also 

2 We are aware of the problems arising from the combination of the 
data pertaining to unilamellar and multilamellar vesicles. In spite of this 
we believe that such combination is justified by the good correlation 
between the results obtained with different methods. The restriction to 
one type of the experimental system (SUV or LMV), moreover, would 
merely change the constants in our fit but leave the basic conclusion 
unaltered. 



68 L. L6bbecke, G. Cevc / Biochimica et Biophysica Acta 1237 (1995) 59-69 

• ' I ' I , I ' I • I ' 

1000 

100 

10 T=22 °C ~ N ,  
~ N 

I , I t I , I , I i I i 

0 1 2 3 4 5 6 

ne (Cn H2n +IOH) 

Fig. 8. The effect of apparent alcohol chain length, n:,ap p, on the limiting 
interdigitation-inducing alcohol concentration, CLB. The straight line is 
described by K = 2.31. 104exp(-0.9 - 1.1 In) n~ ,  as given in the text. 
Q, l-alcohols; D, 2-alcohols and zx, 3-alcohols. For the latter two types 
of alcohols, the concept of apparent chain-length was used to get the 
appropriate nc,app-values (see the text). 

5. Summary 

The effects of amphiphilic solutes from the class of 
alcohols on the lipid chain-melting phase transition tem- 
perature as well as on the pretransition and subtransition of 
dipalmitoylphosphatidylcholine suspensions were shown 
experimentally to increase monotonously, but non-linearly, 
with the bulk solute concentration. The resulting phase 
transition temperature shift was concluded to be propor- 
tional to the concentration of alcohol molecules in the 
interfacial region. This concentration, moreover, was re- 
lated to the (apparent) alcohol chain-length and its effects 
on the alcohol partitioning into the lipid bilayer subphase. 
The latter was described quantitatively by a simple expo- 
nential law. Interdigitation was found to depend crucially 
on the lipid bilayer disturbance by the alcohol molecules 
partitioned into the headgroup region, provided that this 
perturbation is stronger than the disorder caused by the 
alcohol chain in the hydrocarbon region. 

6. Addendum 

We have also investigated the effect of varying the 
position of the polar OH-group on the value of CL~,i. In 
order to explain the resulting CLa ' changes quantitatively 
we have used the concept of the apparent chain-length 
which has proven useful, for example, for explaining the 
wetting power of various alcohols. In this approach, which 
has first been used in the combination with alcohols by 
Traber [31] one assigns an apparent chain-length of nc,ap p 

= 3.55 to 2-butanol, nc,ap p = 4.3 to 3-pentanol, r/c,ap p = 4.5 
to 2-pentanol, r/c,ap p = 5.3 to 3-hexanol, and n~,ap p = 5.5 to 
2-hexanol. 

The results of such a procedure, together with the 
original data, are given in Fig. 8. Good agreement is 
achieved for the 2-and 3-pentanol as well as for the 
3-hexanol solution• The CL~ ~ values of 2-butanol and 2- 
hexanol are less satisfactory, however. This may be due to 
the steric constraints in the latter molecule which are likely 
to be particularly eminent after the partitioning of alcohol 
into the interfacial region• 

It is also noteworthy that the rather long equilibration 
period is crucial for the success of the phase-transition 
studies with the mixtures of phospholipids and intermedi- 
ate-or long-chain alcohols. It is notable that for the alco- 
hols with the longest equilibration period, the agreement 
between the results of Eq. (2) and the measured CL~ ~ value 
is the best. 

To date, no corresponding data of the apparent chain 
length have been proposed for diols. By comparing our 
c L ~ values for such bivalent alcohols with the predictions 
of~Eq. (2), the values of nc,~pp = 3.3 and nc,ap p = 4.1 can 
be assigned to 1,2-pentanediol and 1,2-hexanediol, respec- 
tively. Partition coefficients for these two diols can thus 
also be estimated. 

After this work has been submitted for publication we 
became aware of the paper by Elizabeth S. Rowe and Janet 
M. Champion [32], which presents similar, but less de- 
tailed results. 
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