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The polymoqflfic phase bcha~im" of dielaidoylphusphatidylethanolamine (DEPE) has been investigated using spectro- 
phogometry and 31p tnldear ~ resolgall~ (NMR). It has been demonstrated that the bilayer to invermd 
hexagonal phase transition can be observed by spectrophotometry. The effects of the methanol, ethano[, and Wopanol 
on both the gel to liquid crystal transition and the hilayer to inverted hexagonal transition were invesfigat,~ by 
spectrophotometry. It was shown that these alcohols shift the gel to liquid-crystalline phase transition to lower 
temperature, ~hereas the b|layec to inverted hexagonal phase transition is shifted to higher temperatures by these 
alcohols. The structural transition between the bilayer and inverted hexagonal phase of pure DEPE was also 
investigated by 31 P-NMIL 

Introduction 

Recent studies have shown that fully hydrated un- 
saturated chain phosphatidylethanolamines can adopt 
either the bilayer Lo or inverted hexagonal H n phase 
organization depending upon the physical conditions 
(temperature, pH, ionic strength, etc.) [1-3]. Several 
biophysical methods have been shown to be sensitive to 
the conversion of phospholipid bilayers to the inverted 
hexagonal phase. These methods include 31p-NMR [2], 
high-sensitivity differential scanning calorimetry [4], 
freeze-fracture techniques [5,6], X-ray diffraction [6] 
and infrared spectroscopy [7], Mixtures of hexagonal 
preferring and bilayer preferring iipids have been shown 
to exhibit complex behavior including a new structure 
known as the lipidic particle [5,8,9], as well as an 
inverted cubic phase [5,6]. 

Membrane active snbstanc.es such as calcium and 
anesthetics have been shown to influence the polymor- 

phic phase behavior of several PE's [5,10,1!]. Some of 
these molecules were found to stabilize while others 
destabilize the inverted hexagonal phase. However, the 
effect of these substances on the main gel to liquid- 
crystalline phase transition has not been examined to 
the same extent in these lipids. 

in this report we have demonstrated the applicability 
of spectrophotometry to the study of both the gel to 
liquid-crystalline phase transition and the bilayer to 
inverted hexagonal phase transition of dielaidoylphos- 
phatidylcholine (DEPE). DEPE was the model system 
chosen because both its gel to liquid-crystalline phase 
transition (37°C) and its bilayer 1o inverted hexagonal 
phase transition (55-65°C) occur at temperatures 
accessible for the techniques used. The effects of a series 
of short chain n-alkanols on both the transitions of 
DEPE have been investigated using spectrophctometry 
and 31p-NMR. 

Materials and Methods 

* Current address: Department of ~.iocb,mtistry, University of British 
Columbia. Vancouver, British Columbia, Canada, V6T 2.A6. 

Abbreviations: DEPE, dielaidoylphosphatidylethanolamine: PE, 
phosphatidylethanolamine; NMR, nuclear magnetic resonance. 

Correspondence: E.S. Rob'e. Veterans Administration Medical Center, 
4801 Linwood Blvd. Kansas City, MO 64128, U.S.A. 

Materials. Dielaidoylphosphatidylethanolamine (18 : 
1,18:1) was purchased from Avanti Polar-Lipids and 
was found to produce a single spot by thin-layer chro- 
matography analysis, Deuterium oxide (99.8%), 
methanol and propanol were obtained from Aldrich, 
and ethanol (200 Proof) from Publicker Industries Co., 
Linfield, PA. Aqueous multilamellar liposomes were 
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prepared according to the method of Bangham et al. 
[12]. 

SpectroDhotomet~. The change in optical density at 
400 nm of dilute (0.67 mg/ml) DEPE multilamellar 
I/posomal suspensions was used to monitor its phase 
transitions on a Cap/ 219 spectrophotometer as 
described previously [13,14]. A uniform heating and 
cooling scan rate of 0.75 C ° / m i n  was used unless 
stated otherwise. 

Nuclear magnetic resonance. 31p_NMR measurements 
were conducted on a Bruker WP-200 multinuelear NMR 
spectrometer at 81.03 MHz. The spectrometer is 
equipped with a Bruker BVT-1000 variable temperature 
unit with a resolution of one degree. The DEPE lipo- 
somal suspens/on (100 mg/ml) contained 10% deu- 
terium oxide which prevented settling and also served as 
a deuterium signal for locking the NMR spectrometer. 
Samples in 10 mm NMR tubes were allowed to equi- 
librate at given temperatures for at least 10 rain prior to 
data acquisition. 3~p-NMR free induction decays were 
accumulated for up to 5000 transients by employing a 
13 ms 90 ° radio-frequency pulse, 50 kHz sweep width, 
and 4K data points. The delay between transients was 
0.5 s. A two-level (0.5 W, 12 W) gated broad-band 
proton deeoupling scheme was used to minimize decou- 
pier heating of the samples. Automated temperature 
sequence experiments were carried out under software 
control, with pre-equ/libration for 10 min and data 
acquisition for approx. 45 min at each temperature. An 
exponential multiplication corresponding to 25 Hz fine 
broadening was applied to the free induction decay 
prior to Fourier transformation. 

Results 

Spectrophotometric studies 
Fig. 1 shows the heating transition curve for an 

aqueous dispersion of dielaidoylphosphatidylethanol- 
anfine (DEPE) followed by the optical density at 400 
nm and the corre~pon_ding first-derivative plot. Two 
distinct changes in optical density are observed centered 
at 37 and 65.6°C. The low-temperature change reflects 
the main gel to liqnid-crystalline phase transition, and it 
appears to be sharp and relatively symmetrical. The 
temperature of the transition is in excellent agreement 
with values reported in the literature using differential 
scanning calorimetry [15,16]. The optical density change 
associated with this main transition is now well estab- 
lished and is primarily due to a change in the refractive 
index increment of the lipid as the lipid density changes 
during melting [17,18] 

The thermal reversibility of the main transition was 
also investigated, as shown in Fig. 2. There is a dif- 
ference in the transition temperature for heating and 
cooling scans of approx. 2.5 C °. The transition temper- 
ature exhibited no detectable dependence on the rate of 
heating or cooling over the range 1.5 to 0.15 C° /min ,  
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l~g. 1. Change in optical density at 400 nm (broken l i ne)  and the 
co--haling fn'~-derivati,,-e curve (solid l i ne)  for the heating transi~ 

tion of DEPE multilameltar Eposomes. 

and reproducible results were obtained upon reheating. 
The reason for ~ observed hysteresis is not yet under- 
st~,:J; however, it may be an indication of an unusual 
gel structure. 

The heating scan exhibits an additional small change 
in optical density centered at approx. 30.2°C. The 
corresponding cooling curve shows only the optical 
density change associated with the main gel to 
fiqnid-crystalEne phase transition. On reheating the ad- 
ditional transition reappears. The absence of the 30.2°C 
optical density change in the cooling curve and subse- 
quent reappem-ance on reheating indicates slow reversi- 
ble kinetics for this transition. Slow kinetics are char- 
acterlstic of the pretransition in phosphatidylcholines 
[19.20]; however, pretransitious have only rarely been 
observed in phosphatidylethanolamines [21]. At present 
the nature of this transition in DEPE is not gnown. 
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Fig. 2. Change in optical density at 400 nm of DEPE multilamellar 
liposorncs as a function of t~napo~aturc showing the gel to 
liquid-c~stallin¢ phase transition. Solid line. heating scan; broken 

line. cooling scan. 
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Fig. 3. Change in optical density at 400 nm as a function of temper- 
ature showing the b;layer to inverted hexagonal transition. Solid line. 

I'w-~ ~mg scan: bfokea line. cooling scarL 

The high-temperature (65.6°C) optical density 
change shown in Fig. 1 is associated with the conversion 
of the bilayer phase of DEPE to the inverted hexagonal 
phase, as observed by atp-NMR (see below). The tem- 
perature of this transition is in excellent agreement with 
values reported in the literature using 3tP-NMR spec- 
troscopy [1,3] and differential scanning calorimetry [4]. 
The bilaycr to inverted hexagonal transition is fairly 
broad but symmetrical. These results demonstrate that 
the bilayer to hexagonal phase transition may be accu- 
rately detected by changes in optical density, although 
other methods such as 31p-NMR and freeze-fracture 
electron microscopy are necessary to define the nature 
of the transition. 

The reversibility of this transition was also examined 
by optical density as shown in Fig, 3. It exhibits signifi- 
cant thermal hysteresis (approx. 7.5 C°) .  As the scan 
rate was decreased from 1.5 to 0.15 C° /min ,  the transi- 
tion temperatures were observed to decrease slightly. 
Hysteresis in the bilayer to inverted hexagonal transi- 
tion has previously been observed in other PE's using 
3tP-NMR and differential scanning calorimetry [1,15]. 

The effect of  n-alkanols on the phase transitions of DEPE 
Using the spectrophotometric optical density method, 

the effect of a series of short chain n-alkanols on both 
transitions of DEPE was investigated. Fig- 4 shows the 
alcohol concentration dependence of the main phase 
transition midpoint temperature of DEPE for heating 
scans in the presence of methanol, ethanol and pro- 
panol. In each case the apparent transition temperature 
is reduced as a linear function of alcohol concentration. 
This indicates a preferential interaction of alcohol with 
the liquid-crystalline lipid. It is also observed in Fig. 4 
that the slope of each plot is dependent upon the 
alcohol chain length, such that the longer the chain 
length of the alcohol the greater the negative slope. The 
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effect of each alcohol on the reversibility of the transi- 
lion was also investigated; the presence of alcohol had 
no effect on the hysteresis of this transition. 

The membrane/buffer partition coefficients for each 
alcohol were calculated from the slopes of Fig- 4 using 
the thermodynamics of freezing point depression as 
described previously [14]. The enthalpy of the transition 
used in the calculation was 6.3 kcal/mol [16]. The 
partition coefficient values obtained were: methanol, 
2.9; ethanol, 3.5 and propanol, 24.9. As expected [22] 
the partition coefficients for the three alcohols into 
DEPE vary with the degree of hydrophobicity of the 
alcohol molecule, l'he partition coefficient values ob- 
tained for the three alcohols into DEPE are similar to 
those obtained for dipalmitoylphosphatidylcholine 
[22,23] and for some saturated PE's [22]. 

The effect of the n-alkanols on the bilayer to inverted 
hexagonal transition midpoint temperature of DEPE 
was investigated using spectrophotometry. Fig. 5 shows 
that the alcohols increase the transition temperature, 
indicating that they stabilize the liquid-crystalline bi- 
layer phase relative to the inverted hexagonal phase. It 
is also shown in Fig. 5 that the longer the chain length 
of the alcohol molecule, the greater is its effectiveness in 
increasing the temperature for this transition. These 
results indicate that the alcohols interact preferentially 
with the bilayer phase relative to the inverted hexagonal 
phase, and that these differential interactions increase 
with the increasing hydrophobicity of the alcohol. It 
was also found that the presence of alcohol did not 
affect the hysteresis of this transition (data not shown). 

31P-NMR studies 
The polymorphic phase behavior of aqueous disper- 

sions of pure DEPE was also investigated using 31p_ 
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Fig. 4. Shif t  in the main gel to l iquid-crystal l ine phase transit ion 
midpoint temperature ( T m ) in heating scans of DEPE as a function of 
alcohol chain length and concentration for methanol (triangles). 
ethanol (circles) and propanol (squares) measured by spectro- 

photometry. 
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Fig. 5. Shift ta the b~yer  to in~Red t~tagoaal phase transition 
mldpcmt temperature (Tim) cf D~uE for heating scans as a func~on 
of ~¢ohol ¢hahl kmgth ~ com:e~trafien for methanol (tv/,~g]¢s). 
ethanol (drdes) and p r e ~  (squares) rra:asured by spectro- 

N M R  spectroscopy.  The  31p spec t rum of  the b / layer  
phase  has a character is t ic  l/he shape  which  is b r o a d  a n d  
asymmetr ica l  w h h  a h/gh-field peak  a n d  a low-field 
shoulder .  The  b/ layer  to inverted hexagonal  phase  t r an-  
si t ion can  be  detected in the 31p spectra  as a reversal o f  
the powder  pa t t e rn  a n d  a reduct ion (na r rowing  b y  a 
fac tor  o f  approx.  2) o f  the  chemical  shift an i so t ropy  [9]. 

Fig. 6 shows the  31P-NMR spect ra  o f  D E P E  in the 
b/ layer  l i q u i d - c r y s ~  phase  a n d  the inverted hexago-  
nal  phase.  The  t rans/ t /on between these two phases  is 
steep, as  s h o ~  in l i  D 7 in the t ransi t ion curves con-  
s t ructed f rom da t a  such as shown in l i g .  6. The  hyster-  
esis o f  the t rans/ t~on/s  demous l ra ted  in Fig. 7 where  it 
is seen tha t  there is a t empera ture  difference o f  several 
degrees beecgeen ~ t ranf i t /on  de te rmined  f rom a n  
ascend/rig tempera ture  sequence o f  spectra  as c o m p a r e d  
to  tha t  taken  f rom a descending tempera ture  sequence. 
This  hysteresis is also i l lustrated b y  compar i son  o f  Figs. 
6 A  a n d  6C, which shows that  a t  the same  tempera tu re  
( 6 0 ° C )  the l/pid in the ascending tempera ture  sequence 
(6A) exhibits the b/ layer  phase  whereas  the spec t rum 
f rom the descending  sequence (6C) shows tha t  the lipid 
is in the inverted hexagonal  phase.  In the course  o f  
these exper iments  a n  /sotrup/c s/gnal appea red  in the 
31p-NMR spectra  as a funct ion  o f  the cycl ing o f  the 
sample  th rough  the b/ layer  to hexagonal  phase  t ransi-  
t /on;  a pre l iminary  account  of  tiffs has  been presented 
elsewhere [29]. 

Compar i son  o f  the t r ansh ion  curves f rom spectro-  
pho tome l ry  (Fig. 3) a n d  3 tP -NMR (Fig. 7) shows a 
difference o f  a few degrees in the tempera tures  o f  bo th  
the heat ing a n d  eoot ing t ransi t ions  measured  b y  the two 
methods.  This  dLscrepancy ~s p robab ly  due  to  the ex- 
t remely slow lfinet/cs o f  the t ransi t ion,  which  gives rise 
to  the hysteresis, a n d  to the &fferent  ' scan" rates  used 
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big. 6. 81.0 Mg-D_ 3~P-NMR s~c~m of DEPE as a function of 
~ u r e  L ~ l r a ~  h~ere~s ex~bRed by the bilayer to inverted 
hexago~tal tr',ms~I/on. Hca~g.: A. 60°C: B. 62°C: cca~/ng: C. 60°C; 

D 62°C. 

D 

in the ~ o  methods .  In the N M R  exper imenL,  d a t a  are  
acqui red  for  approx /ma te ly  one  hou r  a t  each  temper-  
ature,  giving a n  effective "scan" ra te  o f  1 C ° / t L  In 
con t rasL  for  the  spec t rophotomet r ic  exper iments  the 
prac t ica l  f imhs  for  scan  rates  a re  f rom 9 C ° to 90 C ° 
per  hour .  In a n  exper imem designed to  s imulate the 
N M R  condi t ions  in the spect rophotometer ,  a sample  
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Fig- 7_ The pe~mlage of DLPE i~ bilaye~ or  =~o~bila)-e~ phases as a 
functmn of ~empeamun: ~ from the integrals of  the 3n P-NMR 
spectra. The squar~ rqm~em mea.~rem~Ls made in a beating 
sequence, a~d the u'/angl~ re~recamt meaqa-em~ts from a cooling 

sequence. 



was heated to 63°C and held in the spectrophotometer 
for 150 rain. By subsequent sequential heating and 
cooling it was found to have been in the inverted 
hexagonal phase after 150 rain at 63°C, more than two 
degrees below the transition temperature observed at 
the slowest scan rate. Thus the apparent discrepancy in 
transition temperatures between the two methods may 
be explained by the extremely slow kinetics of the 
transition at intermediate temperatures. 

The effect of n-alkanols on the bilayer to inverted 
hexagonal transition of DEPE was investigated using 
31p-NMR (results not shown). The results were similar 
to those obtained spectrophotometrically; the n-al- 
kanols i n c r ~  the transition temperature as a func- 
tion of alcohol concentration without significantly af- 
fecting the thermal hysteresis. 

D ~  

The results presented in the current investigation 
demonstrate that spectrophotometry can be used to 
monitor the bilayer to inverted hexagonal phase transi- 
tion of DEPE. Although spectrophotometry does not 
give structural information, it is very convenient method 
to measure the transition temperature of a large number 
of samples when supported by NMR or other physical 
verification. The precise origin of the optical density 
change arising from the bilayer to inverted hexagonal 
transition is not certain at present. However, it may be 
associated with a change in surface topography of the 
lipid leading to a change in the fight scattering by the 
lipid. 

We have shown by both NMR and spectrophotome- 
try that the bilayer to inverted hexagonal phase transi- 
tion of DEPE exhibits hysteresis, which has been noted 
by others [1,15]. This indicates that the transition is 
extremely slow in one or both directions. These slow 
kinetics are not readily evidenced by direct scan rate 
studies, because scan rates cannot be varied over a 
sufficiently wide range. However, comparison of our 
two methods, NMR and spectrophotometry, which have 
widely different effective scan rates, deafly show the 
rate effect. The reason for these slow kinetics at inter- 
mediate temperatures (the transition goes rapidly at 
temperatures outside the narrow transition region) is 
not understood. 

The n-alkanols were found to increase the bilayer to 
inverted hexagonal phase transition temperature, indi- 
cating that the3" interact preferentially with the bilayer 
l/quid-crystalline phase, and thus stabilize this phase 
relative to the inverted hexagonal phase. This stabiliza- 
tion of the bilayer may be explained in terms of the 
geometry of the alcohol moiety in the lipid matrix 
according to the shape hypothesis of Israelachvilli [24]. 
The short chain alcohols may bind in the PE headgroup 
region of the bilaycr, complementing the cone-like shape 
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of the PE mo!ecules, and reducing their tendency to go 
into the inverted hexagonal phase. Our results are con- 
sistent with the observations of Hornby and Cullis [11], 
who showed that ethanol and butanol stabilized the 
bilayer phase in egg yolk phosphatidylethanolamine. 

Our results of the study of the main gel to liquid 
crystal transition of DEPE were unusual in terms of the 
hysteresis observed. This is in contrast to the main 
transition of the saturated PE's, which we have previ- 
ously shown to be thermodynamically reversible [22]. 
Tliere are several reports in the literature of lipids 
whose gel to liquid-crystalline phase transition exhibits 
hysteresis. These include phosphatidylcholines which 
have become interdigitated due to interactions with 
ethano! [22], and unsaturated phosphatidylcholines 
which are in the c~,stalline subgel sta!e [9_8] Thus our 
finding of hysteresis in this transition raises the possi- 
bility that the structure of the gel state of DEPE is 
different from that of the saturated PE's. 

The decrease in the main gel to I/quid-crystalline 
phase transition temperature of DEPE in the presence 
of the short chain n-alkanols indicates preferential in- 
teractions of the alcohol molecules with the fluid phase 
relative to the gel phase. Similar simple freezing point 
depression effects have been observed with other phos- 
pholipid species including the saturated PE's and 
saturated PC's [22]. The similarity of the calculated 
partition coefficients for the alcohols in DEPE reported 
here with the values reported in the literature for the 
saturated PE's and DPPC multilayers [22,23] suggests 
that the depression of the main transition temperature 
is due to non specific partitioning of the alcohol into 
the hydrophobic region of the liquid-crystalline phase, 
which is not significantly affected by the characteristics 
of the headgroup region. 

in conclusion, these studies have shown that the 
bilayer to hexagonal phase transition is strongly af- 
fected by short chain alcohols. These alcohols increase 
the temperature of the transition, indicating that they 
have preferential interactions with the lipid in the bi- 
layer phase, thus stabilizing this phase relative to the 
inverted hexagonal phase. Comparison of Figs. 4 and 5 
show that the bilayer to hexagonal phase transition is 
considerably more sensitive to the alcohols than is the 
gel to liquid crystal transition. Non-bilayer phases may 
hz~e important biological roles [9,26,27]. If this is the 
case, then it is possible that the sensitivity of the phase 
distributions to the presence of alcohols could play a 
role in the mechanism of anesthesia or intoxication. 
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