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Dipalmitoylphosphatidylcholine has been previously shown to have a biphasic response to the presence 
of ethanol-water solutions as a function of ethanol concentration (E.S. Rowe, Biochim. Biophys. Actu 
22 (1985) 3299-3305). Subsequently, Simon and McIntosh (Biochim. Biophys. Actu 773 (1984), 169- 
172) showed that DPPC bilayers formed an interdigitated multilamellar phase when the ethanol con- 
centration was greater than 50 mg ethanoUml water. We have used scanning calorimetry and real time 
x-ray diffraction to examine DPPC bilayers hydrated with 10 and 150 mg ethanol per ml water. When 
the lower concentration ethanol solution was present, DPPC bilayers formed subgel, gel, rippled, and 
liquid crystalline bilayer phases as the sample temperature was increased continuously. However, when 
the higher ethanol solution was used, DPPC bilayers formed subgel, gel (interdigitated), and liquid 
crystalline bilayer phases when driven by a temperature scan. In both cases, the subgel phase was not 
directly reversible upon cooling. Arguments are presented for the interpretation that both sub-gel phases 
consist of bilayers with interdigitated acyl chains. The transitions between the subgel and gel phases in 
both sample systems, and the pre-transition for DPPC in 150 mg ethanoUml of water was shown to be 
second order while others proceeded via first order or two state mechanisms. 

INTRODUCTION 

The interaction of alcohols with lipids and membranes has been extensively 
studied, first as a model for anaesthetic action and then in the quest to determine 
the influence of alcohol (as a drug) on these systems. The physical chemistry of 
alcohoYphospholipidater systems has been shown to be complex and unique. 1-6 

The effect of ethanol on dipalmitoylphosphatidylcholine, for example, produced 
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80 W. TAMURA-LIS AND L. J. LIS 

interdigitated gel phases at high ethanol concentrations.2 The subsequently ob- 
served transition sequence6 indicated that the presence of the interdigitated gel 
phase (1) decreased and/or eliminated the DPPC pretransition, depending on the 
ethanol concentration, and (2) the DPPC main transition was not reversible at high 
ethanol concentrations. 

For this report, we used calorimetric and x-ray diffraction techniques to examine 
the structures and transitions for DPPC in high and low ethanol concentrations in 
water. The concentrations chosen were previously shown to be above and below 
the limit required to induce the gel bilayer interdigitated phase in DPPC. Samples, 
however, were equilibrated in such a manner as to induce a subgel bilayer phase.' 
Our aim was to determine the parameters related to the Lc+ L, (inter.) transition, 
as well as the commonly studied L, (inter.) --* L, phase transition. Comparisons 
are made to other thermodynamic and x-ray diffraction studies of solvent induced 
interdigitated gel bilayer phases.8-10 

MATERIALS AND METHODS 

All phospholipids used in this study were obtained from Avanti Polar Lipids 
(Birmingham, AL) and used without further purification. Lipid dispersions were 
prepared by suspending the lipid in ethanol-water mixtures. Ethanol was reagent 
grade and water was distilled. All samples had 80 vol/wt% solution. The samples 
were heated above their transition temperatures for one hour and then cooled to 
room temperature. The resulting samples appeared to be a homogeneous lipid- 
water mixture with no evidence of residual lipid powder. All dispersions were then 
equilibrated at -0°C for at least 3 days. Samples for calorimetric examination were 
hermetically sealed in aluminum pans. 

Transition temperatures and enthalpies were measured by a Perkin-Elmer DSC- 
2C with Thermal Analysis Data Station. Enthalpy per unit area was calibrated 
using indium (99.999% pure). Heating and cooling rates were 2.5"C/min for samples 
and calibration. 

X-ray diffraction patterns were obtained using the 0.150 nm x-radiation at station 
7.U3 of the synchrotron radiation source at the SERC Daresbury Laboratory.12 A 
cylindrically bent single crystal of Gel3 and a long float mirror were used for 
monochromatization and horizontal focusing, providing about 2 x lo9 photons-s - 
down a 0.2 mm collimator at 2.0 GeV and 100 to 200 mA of electron beam current. 
A Keele flat plate camera was used with a sample path of 1 mm. Scattered x-rays 
were recorded on a linear detector constructed at the Daresbury Laboratory. The 
dead time between data acquisition frames was 50ps with a temporal resolution of 
2s for each frame. X-ray scattering has been plotted as a function of reciprocal 
space (s = 2sinO/h) using Teflon (0.48 nm) as a calibration standard.14 All meso- 
phase and subcell spacings were calculated using Bragg's Law.lS 

Temperature scans were produced by water baths connected internally to the 
sample mount of the x-ray camera. The temperature of the sample was monitored 
internally using a thermocouple placed adjacent to the sample in the x-ray sample 
holder. 
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X-RAY DIFFRACTION OF DPPUETOH 81 

RESULTS AND DISCUSSION 

It has been previously determined using a variety of physical techniques that 
DPPC in water undergoes three lamellar phase transitions between equilibrium 
phases: Lc to L,. at 294"K, L,. to P,, at 308"K, and P,, to La at 314°K. The L, 
phase can be initially induced by careful thermodynamic treatment.7 We have 
previously shown7 that during a temperature scan the transition sequence becomes 
Lc + L, + P, + La. It required minutes for the acyl chains to form the tilted L,. 
configuration. The total or partial substitution of water by a variety of solvents has 
been shown to alter both the phases present and transition sequences for DPPC. 
One of the more interesting observations has been the biphasic nature of the 
transition sequence for DPPC dispersed in varying ethanol-water concentrations, 
as described by light ~cattering.'.~,'.~ When less than 50 mg ethanol per ml of water 
was used, DPPC underwent the pre- and main phase transitions originally reported 
for DPPC in water, however, when a greater ethanol concentration was used, the 
pretransition vanished as the ethanol concentration increased and the main tran- 
sition became hysteretic.6 There is no information about the effect of ethanol 
concentration on the phases and phase sequence in DPPC when the system is 
treated in a manner which normally induces a crystalline state (subgel) bilayer as 
the initial state. 

Calorimetric scans have been recorded for DPPC dispersed in solutions con- 
taining 10 mg ethanol per ml of water and 150 mg ethanol per ml of water. Fig- 
ure 1 shows the scans obtained in each system during the initial heating from the 
Lc phase and the subsequent reheating scan. It it unambiguous that upon initial 
heating, DPPC dispersed in 10 mg ethanoYml water underwent the three transitions 
usually observed by DPPC in water. The temperature at which the pre-transition 
(Lp + P,) occurred was lowered by the addition of this small amount of ethanol, 
and the pretransition peak was clearly broadened. The transition temperatures for 
the DPPC sub- and main transitions were approximately the same in water and 10 
mg ethanol per ml water. Upon reheating, the pre- and main phase transitions 
were shown to be reproducible with the subtransition eliminated. For DPPC dis- 
persed in a solution containing 150 mg ethanol per ml of water, a single reversible 
transition was observed on all subsequent heating and cooling cycles. However, 
the kinetics of this transition were not fully explored by allowing long periods of 
time to elapse between scans. We have previously shown*' that DPPC in 1M KSCN 
also produced a single phase transition which was characterized as being due to a 
transition from an interdigitated gel bilayer state to the L, phase. A similar con- 
clusion can be drawn from these observations for DPPC dispersed in 150 mg ethanol 
per ml of water. However, unlike DPPC in 1 M KSCN which produced an en- 
dotherm with a significant shoulder region, the endotherms produced for DPPC 
dispersed in a high ethanol concentration are extremely sharp with a greater en- 
thalpy than observed for DPPC dispersed in water. These observations are con- 
sistent with the interpretation that the main phase transition for DPPC in 150 mg 
ethanoYm1 water is a highly cooperative process. 

Real time x-ray diffraction measurements were made while the above systems 
were undergoing temperature scans of approximately 8"C/min (Figures 2-5). The 
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82 W. TAMURA-LIS AND L. J .  LIS 

42L 2 8 6 3 0 0 3 2 0 3 4 0  

l- 

1 1 1 1  

2 8 0 3 0 0 3 2 0 3 4 0  
TEMPERATURE (OK 

FIGURE 1. DSC scans for DPPC in lOmg EtOWme HzO on a) initial heating, b) reheating and 
DPPC in 150mg EtOWme HzO c) initial heating, and d) reheating. All samples were equilibrated at 
0°C for at least one week. The scan rate was 2.5"CYmin in all cases. 

x-ray patterns produced by DPPC dispersed in 10 mg ethanouml H20 are consistent 
with the phase sequence deduced from calorimetry, i.e., L, + L, 4 P, + La on 
initial heating. The measured mesophase and acyl chain repeat spacings for these 
phases are given in Table 11. Although some differences in the DPPC bilayer 
structure exist with and without the presence of a low concentration of ethanol in 
the water phase, no significant differences in acyl chain packing as determined 
from the wide angle diffraction patterns were noted. The mesophase spacings for 
the fully hydrated subgel, gel and liquid crystalline phases of DPPC in water7J1J8J9 
have been previously shown to be greater than or equal to 6OA. Our observations 
of smaller d-spacings for the L, and P, phases when 10 mg ethanoYm1 H 2 0  was 
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X-RAY DIFFRACTION OF DPPUETOH 83 

Solvent 

HZ0 

10 mg Ethanol per 
mi H,O 
150 mg Ethanol 
per ml H,O 

TABLE I 

Thermodynamic Parameters for DPPC in H20,  10 mg EtOWml H20 or 150 mg EtOWml H 2 0  

Tl AH, T, AH, T3 AH3 

294.0 2.53 308.3 0.98 314.3 7.26 
308.6 0.67 314.2 4.28 

293.6 3.36 302.7 0.66 312.8 8.20 
302.3 0.69 313.3 8.07 

315.4 10.49 
315.4 10.51 

Nore: The first set of thermodynamic data is from the first heating of the sample after it is equilibrated 
at -0°C for more than five days. The second set of data is obtained on the second heating obtained 
after the sample is cooled at 2.5Ymin from above the main phase transition. 

FIGURE 2. X-ray diffraction patterns collected for DPPC in lOmg EtOH per me H 2 0  undergoing a 
temperature scan of -7S"C/min on initial heating after equilibration at -0°C for three days. Every 
tenth frame of two second duration in a data set of 255 frames is shown. h e r :  Every twenty-fifth frame 
of the data set is plotted as a function of inverse repeat spacing. 
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84 W. TAMURA-LIS AND L. J .  LIS 

FIGURE 3. X-ray diffraction patterns collected for the sample described in Fig. 2 for a temperature 
scan of -8.1"Umin on reheating. Every tenth frame of two second duration in a data set of 255 frames 
is shown. Inset: Every twenty-fifth frame of the data set is plotted as a function of inverse repeat spacing. 

present may be due to the high scan rate used in our study. The mesophase spacing 
for the L, phase which is also smaller than that observed for DPPC in water (60A), 
however, was based on three diffraction orders which insures its reliability. It is 
interesting to speculate on the nature of the L, phase for DPPC in low ethanol 
concentration aqueous solutions. Possible causes of the dramatic decrease in d- 
spacing for the DPPC L, phase when low concentrations of ethanol are mixed with 
water are a limit in the concentration of solvent needed to fully hydrate the phase 
or the presence of a smaller bilayer thickness. It is unlikely that the solvent con- 
centration was restricted since greater d-spacings are observed for the gel and liquid 
crystalline bilayer phases. It is more likely that the bilayer thickness has decreased 
with one possible source of this decrease being the formation of an interdigitated 
acyl chain bilayer phase. This is clearly an inference since there was insufficient 
data to obtain an electron density profile of the bilayer, and a gravimetric study 
of this system was not done. Upon reheating, the transition sequence L, + P, + 
L, was observed (d-spacings are the same as in Table 11). The transition between 
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X-RAY DIFFRACTION OF DPPCETOH 85 

I- 

FIGURE 4. X-ray diffraction patterns collected for DPPC in 15Omg EtOWme H 2 0  undergoing a 
temperature scan of -8.O"Clmin during an initial heating after the sample has been equilibrated at 
-0°C for over three days. Every tenth frame of two second duration of a total data set of 255 frames 
is shown. Inset Every twenty-fifth frame of the data set is plotted against inverse repeat spacing. 

the subgel and gel phases proceeds via a second order thermodynamic.process 
involving transitions between intermediate states in a manner similar to that pre- 
viously reported for DPPC in water.' The transitions between the other phases 
proceed via first order or two state coexistence processes as was also previously 
reported for DPPC in water.I6 The primary diffraction markers are the small angle 
scattering region for the L, + P, transition and the wide angle scattering region 
for the other observed transitions. 

The x-ray patterns produced by DPPC dispersed in 150 mg ethanol per ml of 
water suggest a different phase sequence than that obtained calorimetrically. A 
subgel phase was induced in this system which when heated was transformed first 
to an interdigitated bilayer phase and then to a liquid crystalline bilayer phase as 
the temperature was raised. The mesophase and acyl chain repeat spacings for this 
system are also listed in Table 11. The d-spacings for the sub-gel and gel state 
bilayers were derived from at least three diffraction orders. The sub-gel state bilayer 
d-spacing is again lower than that reported for DPPC in water, while that for the 
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Mesophase (A) 

W. TAMURA-LIS AND L. J. LIS 

Acyl Chain (A) 

FIGURE 5 .  X-ray diffraction patterns collected for the sample described in Fig. 4 for a temperature 
scan of -5.9"C/min on reheating. Every tenth frame of two second duration in a data set of 255 frames 
is shown. Inset: Every twenty-fifth frame of the data set is plotted as a function of inverse repeat spacing. 

L, (inter.) 

LP 
PP 
La 

L, (inter.) 

Lo 

Lp(inter.) 

TABLE I1 
Structural Parameters of Phases Observed for Fully Hydrated DPPC in 10 

or 150 mg EtOH per ml H,O 

50.0 3.a4,4.32 
57.2 4.12 
59.0 4.12 
63.6 4.47 

50.0 3.94,4.34 
50.8 4.04 
62.4 4.59 

Mg E t O W d  HZO 

10 

I 150 

I 
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X-RAY DIFFRACTION OF DPPCETOH a7 

interdigitated gel state bilayer is lower than that reported by Simon and McIntosh2 
for a similar system but close to that reported by Cunningham and Lis" for an 
interdigitated DPPC gel state bilayer phase induced by the presence of 1M KSCN. 
The bilayer repeat spacing for the L, phase is close to that reported previously for 
DPPC in water.18 Since the change from the subgel to gel bilayer was not recorded 
by low resolution calorimetry, it can be assumed that it was either a low enthalpy 
process and/or a broad transition. This transition was recently observed calori- 
metrically by Slater and HuangI7 who examined this system under different con- 
ditions using a high resolution microcalorimeter at a slower scan rate. The tem- 
perature width for this transition as determined by the x-ray diffraction data confirmed 
that this was a transition similar to that observed, for example, for DPPC in water.7 
One explanation for a small enthalpic requirement for this transition is that the 
chains in the crystalline (subgel) bilayer are interdigitated. Our x-ray diffraction 
data are consistent with this interpretation since a mesophase d-spacing smaller 
than that of the fully hydrated DPPC in water L, phase was observed. The transition 
between the subgel and interdigitated gel states proceeded via a continuous change 
in the acyl chain packing as first observed for DPPC in water7 (i.e. a second order 
thermodynamic process). The transition between the gel and liquid crystalline 
phases proceeded via a two state coexistence or first order process. There was also 
evidence for a pre-transition in our time resolved data which involved a continuous 
change in the acyl chain subcell dimension from 4.04 to 4.0981 before the L, phase 
chain packing peak appeared. This continuous transition was clearly a broad but 
low enthalpic process due to its second order transition character. A similar mech- 
anism was observed for the pre-transition of DPPC in lOmM CaC1, where a broad 
pretransition calorimetry peak was also recorded.*O The L, (inter.) + L, phase 
transition for DPPC in 150 mg ethanollml water was observed on reheating. 

CONCLUSION 

Structural and thermodynamic parameters for phase transitions induced by tem- 
perature scans were obtained for DPPC in 10 mg ethanoYml water, and 150 mg 
ethanoYml water and compared to similar quantities obtained for DPPC dispersed 
in water. No real changes in thermodynamic parameters were observed for the 
pre- and main phase transitions observed for DPPC in water or 10 mg ethanollml 
water. However, a broadening of the DPPC pretransition peak with a lowering of 
the transition temperature was observed when 10 mg ethanoYml water replaced 
water as the lipid solvent. Structural data support the interpretation that the phase 
transition sequence for DPPC in 10 mg ethanollml water with increasing temper- 
ature was L, (interdigitated) --f L, + P, + L, as compared to the previously 
reported7 Lc + L, + P, --* L, sequence reported for DPPC in water. This is the 
first inference that an interdigitated crystalline bilayer phase may be induced for 
DPPC in 10 mg ethanoYm1 water, and that it can transform into a non-interdigitated 
gel state bilayer phase. 
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88 W. TAMURA-LIS AND L. J. LIS 

When DPPC was dispersed in 150 mg ethanoYml water, thermodynamic param- 
eters were obtained for only a single transition with a transition temperature ap- 
proximately that of the main transition for DPPC in water but with a greater 
enthalpy. Structural parameters, however, can be interpreted to indicate the pres- 
ence of the phase sequence: Lc (interdigitated) + L, (interdigitated) + L, for 
DPPC in 150 mg ethanoYml water undergoing a temperature scan. This is the first 
inference of the formation of an interdigitated crystalline bilayer phase for DPPC 
in 150 mg ethanoYml water, with a subsequent transition into an interdigitated gel- 
state bilayer phase. In addition, a “pre-transitional” second order continuous ex- 
pansion of the acyl chain packing was observed for this system between the L, 
(interdigitated) and L, phases. 

It can be concluded that the presence of even small amounts of alcohol is sufficient 
to cause a change in the acyl chain packing of the DPPC crystalline bilayer phase. 
Larger quantities of alcohol are needed to induce the presence of an interdigitated 
gel-state bilayer phase for DPPC, and to change the transition mechanism leading 
to the formation of the L, phase from the two-state or first order process observed 
for DPPC in water to a second order mechanism involving the formation of inter- 
mediate states between the gel-state and the disordered acyl chains. 
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