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A phase diagram for 1,2-distearoylphosphatidylethanolamine (DSPE) dispersed in g lycerol /water  mixtures was 
constructed using data obtained from differential scanning calorimetry and time-resolved X-ray diffraction measure- 
ments. The phase sequence seen on heating the lipid remains the same for samples containing up to 70 wt% glycerol. 
Depending on the hydration conditions, the samples are either in a metastable lamellar gel (Lp) or one or other of two 
possible sub-gel phases (L c and Lc,) at low temperatures. These phases convert first to a lamellar liquid crystalline (L~,) 
and then to an inverted hexagonal ( l t q )  phase on heating. On cooling, the samples revert first to the L a and then to the 
L/~ phase. Although the phase sequence is preserved, marked changes are seen in the transition temperatures between 
the different phases. The temperature of the transition between the L a and the H it phases decreases strongly with 
increasing glycerol concentration while that of the L c and L~, phases to L~, and to a lesser extent that of the L~ to L ,  
transition, increases. Substantial changes in phase behaviour are seen if the glycerol concentration is increased above 70 
wt%. Under these conditions, the Lc and L c, phases transform directly into the H n phase on heating (a similar direct 
transition from the L~s to the H n phase is seen above 80 wt% glycerol). An exothermic transition from the Lp phase to 
the L c, phase is observed and there is also an increasing *endency for the samples to revert to the Lc or L~, phases on 
storage. These changes in relative stability of the different phases are discussed in terms of a possible membrane 
I-lofmeister effect and their relevance to the mode of action of cryoprotectants is explored. 

Introduction 

Phosphatidylethanolamines are one of the major 
classes of phosphoSpids  present in biological mem- 
branes. Their phase behaviour is known to be strongly 
influenced by such physiologically important  parame- 
ters as temperature, pH, ionic strength and extent of 
hydration [1,2]. Phase separation of non-bilayer forming 

Abbreviations: DLPE, DMPE, DPPE. DSPE and DAPE. 1,2-dilauryl-, 
1,2-dimydsloyl-, 1,2-dipaimitoyl-, 1,2-distearoyl- and 1,2-diarachido- 
noyl-phosphatidylcthanolamine; DPPC, t,2-dipatmitoylphosphatidyi- 
choline: L°. liquid-cryst~ lamellar phase; L 0, gel lameilar phase; L c 
and L¢,, crystal (sub-gel) lamellar phases: H n. inverted hexagonal 
phase. 

Correspondence: W.P, Williams. Biomolecular Sciences Division, 
King's College London, Campden Hill, London W8 7AH, U.K. 

lipids such as phosphatidylethanolamines has been sug- 
gested to play a major part in the development of 
lesions in membranes exposed to low temperatures [3-5]. 
This in turn, has led to interest in their interactions with 
cryoprotectants such as sugars, sugar alcohols and poly- 
ols. Recent studies have demonstrated that disaccha- 
rides [6,7], sugar alcohols and polyols [6] all promote 
the formation of the non-bilayer inverted hexagonal 
phase (H n) at the expense of the lamellar 5quid-crystal- 
line phase (L~,). 

Five different phases have been characterised in 
aqueous dispersions of the longer chain phosphatidyl- 
ethanolamines [8-10]. Two crystalline subgel phases (L c 
and Lc,) and a metastable geI phase (La) have been 
identified. These three phases, which are all lamellar, 
melt t.o form a lamellar L~, phase on heating. The 
non-bilayer H it phase is formed at higher temperatures. 
The crystalline phases are normally formed by hydra- 
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tJon at temperatures below that of the gel to liquid- 
crystal transition. 

Seddon et al. [10] have characterised two crystalline 
subget phases for the shorter chainlength lipid DLPE 
which they refer to as the B~ and B 2 forms. In the B 2 
form, the hydrocarbon chains of the lipids are packed 
on an orthorhombic lattice with their main axis per- 
pendicular to the plane of the bilayer. The structural 
organisation of the B t form is more problematic. The 
lipid chains are tilted at an angle of about 40 ° to the 
normal to the bilayer but the precise packing lattice still 
remains to be established. The L c form of the longer 
chain (C16 -C18) phosphatidylethanolamines appears to 
be directly analogous to the B 2 form of DLPE [2,9]. 
Seddon et al. [2] have reported the existence of a tilted 
crystalline form in weakly hydrated DAPE that appears 
to correspond to the B~ form of DLPE which they 
designate as L,,. Tenchov et al. [8] have also identified a 
second subgel form for racemic DPPE. 

in this paper, we report the results of a combined 
calorimetric and X-ray diffraction study of the effects 
of glycerol on the phase behaviour of hydrated DSPE. 
A phase diagram illustrating the effects of glycerol/ 
water mixtures on the behaviour of DSPE is presented. 
The low-temperature crystalline subgel phases (L c and 
Lc,), are identified and characterised. The presence of 
glycerol is shown to stabilise the non-bilayer H u phase, 
and to a lesser extent the metastable gel-phase Lt~, at 
the expense of the liquid-crystal L,~ phase and to stabi- 
lise the crystal phases at the expense of the Lt~ phase. 
The mechanisms underlying these changes in phase 
stability are discussed in terms of their possible rele- 
vance to the mode of action of cryoprotectants. 

Materials and Methods 

Synthetic L-DSPE was purchased from Avanti 
(Pelham, AL, U.S.A.) and glycerol from Fluka (Switzer- 
land). TLC and gas chromatography measurements in- 
dicated that the lipid was at least 99% pure. 

Appropriate amounts of lipid in glycerol/quartz bi- 
distilled water mixtures containing 0, 25, 50, 60, 70, 80 
and 100 wt% glycerol were either equilibrated at 60 °C  
for 30 min or subjected to repeated freeze-thaw cycles. 
The samples were vortex-mixed several times during 
preparation. The final water content of the mixtures 
was checked by refractive index measurements using an 
Abbe refractometer. 

Thermograms were recorded at a heating rate of 0.5 
C ° rain-1 using a Privalov differential adiabatic scan- 
ning calorimeter, DASM-1M. The lipid concentration 
for all the samples was 0.03 wt% lipid. Control measure- 
ments were carried out using a DuPont 1090 Thermo- 
analyzer, for which both the lipid concentration (25 
wt%) and the scan rate (2 C ° or 5 C ° per min) were 
similar to those used in the X-ray studies. The transition 

temperatures and enthalpy values obtained using the 
two instruments were in good agreement. 

Aliquots taken from a sample of DSPE dispersed in 
70 wt% glycerol cycled between 40 and I10°C  at a 
heating/cooling rate of 5 C ° min-J for 3 hours were 
analysed by TLC to test for possible lipid degradation. 
Samples were run on silica gel 60 plates using chloro- 
fo rm/  methanol/glacial acetic acid/water  (25 : 15 :4 :  2, 
by vol.) and hexane/diethyl ether/glacial acetic acid 
(60:40:2 ,  by vol,) to separate lyso-lipids and fatty 
acids, respectively. The plates were developed by spray- 
ing with 2,7-dichlorofluorescein (0.2% w / v  in methanol) 
and viewed under UV light. Limited lipid hydrolysis 
was observed to have occurred but was estimated to be 
less than 5%. 

Real-time X-ray diffraction measurements were per- 
formed using a monochromatic (0.15 nm) X-ray beam 
at station 8.2 of the Daresbury Synchrotron Radiation 
Source as previously described [8]. The samples, which 
contained 25% lipid, were prepared by equilibration at 
60 °C as described above. Temperature scans were car- 
ded out using a modified Linkam (Tadworth, U.K.) 
temperature-controlled microscope stage. 

Results 

Aqueous dispersions of DSPE 
Typical thermograms for DSPE dispersed in 

glycerol-free water are presented in Fig. 1. The thermal 
behaviour of the samples depends on their thermal 
history. Samples hydrated at 60 °C  are charaeterised in 
their first heating cycle by a large endotherm, with a T,. 
of 75°C and an enthalpy of 16.8 kcal mol -~, and a 
second much smaller endotherm with a T m of 101oC 
and enthalpy of 0.62 kcal mol-  ~. The lower temperature 
endotherm is replaced in subsequent scans by an endo- 
therm with a T m of 74°C and an enthalpy of 8.6 kcal 
mol -~. The smaller, high temperature endotherm re- 
mains unchanged apart from a slight reduction in co- 
operativity. Samples hydrated at 80°C  (i.e. in the 
liquid-crystal state) showed this latter pattern of be- 
haviour even for the initial heating scan. 

This pattern of behaviour is well documented for 
saturated phosphatidylethanolamines [10-13]. It has 
been shown to reflect the presence of a subgel crystal- 
line phase of the lipid on initial hydration at tempera- 
tures below that of the transition to the liquid-crystal 
state. Samples hydrated at temperatures above this tran- 
sition normally show no sign of subgel formation. On 
this basis, the endotherm at 75°C corresponds to a 
transition between one of the subgel crystalline phases 
and the L~ phase and that at 74°C to a transition 
between the Lp and L, phases, No evidence of restora- 
tion of the initial subgel phase was seen in DSPE 
samples stored for four days at 20°C. Restoration of 
the subgel phase following high-temperature treatment 
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has been shown to take place after 10 and 20 days of 
low-temperature storage for me shorter chain phos- 
phatidylethanolamines, DLPE and DMPE, respectively 
[13], and it is conceivable that long-term storage of 
hydrated DSPE may lead to a similar restoration. 

The particular subgel phase adopted by samples hy- 
drated below the melting transition, is dependent on the 
hydration conditions. Samples subjected to prolonged 
hydration at 6 0 ° C  give rise to the L,,, form reported to 
occur in DSPE dispersions containing limited water. 
Samples hydrated at 6 0 ° C  for short times, or subjected 
to freeze-thaw cycles, in contrast, give rise to the L¢ 
form reported by Seddon et al. [2]. 

Time-resolved X-ray measurements illustrating the 
conversion of a DSPE sample from the L~, to the L~ 
phase on first heating are presented in Fig. 2a. Corre- 
sponding measurements on the same sample illustrating 
its conversion from L# to the L ,  phase on cooling and 
reheating are presented in Fig. 2b. The differences in 
the diffraction patterns of the low-temperature phase 
prior to first melting and after heat-treatment are quite 
clear. In both cases, the transition to the L ,  phase 
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Fig. 1. Differential scanning calorimet:ic heating thermograms of 
DSPE dispersed in excess water. Sample preparation was carried out 
at 60"C (i.e., below the gel-to-liquid crystal phase transition tempera- 
ture). Scan (a) initial heating thermogram of sample pre-equilibrated 
at 20°C for three days. Scan (b) second heating thennogram recorded 
immediately alter cooling from 105°C to 40"C. Scanning rates were 

0,5C ° min-L 

2--, 

v I  

.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
J , . ~ L ~  7t.'C 

"W " L Qt 

• v ,  • ~.,~,'~',~"I'~?*'. ~#'%~¢'~¢~' " < % ~ ' ~ " ~ ' ~ , ~  ,d 

' ,. ~ ' ~ ' 1 ~ ' ~ ' ~ , % ~  
d 

73; 

:, ; . , I k ~  7~ 0 ° 
'" .t'J ' J,~,~h ~ .~,,~ ~..., . .~.~-,~,~.~,.~,,~r~ "*~" ~'~Wc, Vw 

.,. 

" '  ~ m " ;': ~ (" 69< 
'.~ ~. . '  ~ ~ 

b La 
,.~ ~.dtV-..t+,~,~ 7 3  8 ° 

n ~ ~d 731 ° 

j~ 710 ° 

t I I I I I 

05 10 15 20 25 

s (nm-h 
Fig. 2. Time resolved X-ray scattering intensity versus reciprocal 
spacing as a function of temperature for samples of DSPE in water 
hydrated at 60°C during (a) first heating and (b) second heating 
immediately after cooling to 60°C. The heating rates were 2 C ° 
rain *. The individual traces were obtained by averaging ten frames 

of acquisition time o! 1.5 s per frame. 

occurs at about 72-73 ° C, close to the value obtained in 
the calorimetry studies. Samples initially hydrated in 
the liquid-crystal state showed no trace of the subgel 
pattern seen in Fig. 2a. 

More detailed static X-ray patterns for the two sub- 
gel phases L,, and L c, are presented, together with the 
corresponding patterns for the L m L,, and H .  phases of 
hydrated DSPE, in Figs. 3a-3e. The diffraction patterns 
for the two subgel phases and the H .  phases are for 
samples containing glycerol, which tend to show rather 
more ordered diffraction patterns than the glycerol-free 
samples, but the basic patterns are the same. 

The wide-angle region of the L c phase (Fig. 3a) is 
characterised by the presence of two sharp diffraction 
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Fig. 3. Typical static X-ray diffraction patterns for DSPE samples in 
different phases. The patterns for (a) the L c phase and (b) the L c, 
phase were measured at 60°C for samples dispersed in 100 wt$ and 
95 wt% glycerol that had been heated to the liquid-crystal state. 
cooled and stored at 20°C for three days prior to measurement. 
Pattern (c) for the Lp phase and (d) for the L. phase were measured 
at 65 °C and 75 ° C, respectively, using a glycerol-free sample. Pattern 
(e) for the H .  phase was measured at g6°C using a sample of DSPE 
dispersed in 50 wt% glycerol Data collection was made over 15 s in 

each case. 
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bands with spacings of 0.370 and 0.395 nm and two less 
prominent diffraction maxima centered at about 0.46 
and 0.58 nm. These wide-angle spacings are in good 
agreement with the values of 0.376, 0.400, 0.452 and 
0.587 nm reported by Seddon et al. [10] for the B2 fo,m 
of DLPE and the values of 0.360, 0.390. 0.470 and 0.582 
reported by Tenchov et al. [9] for the L~ form of 
L-DPPE. The lamellar repeat distance is 6.1 nm. In 
good agreement with the value of 6.0 nm reported for 
DSPE by Seddon et al. [2]. The diffraction pattern for 
the L~, phase (Fig. 3b) is charactcrised by a lamellar 
repeat distance of 5.25 nm, a prominem wide-angle 
diffraction maximum at 0.437 and two less prominent 
maxima at 0.393 and 0.372 nm. The reduced lameltar 
repeat distance suggests that the hydrocarbon chains are 
tilted with respect to the normal to the plane of the 
lamellae in a manner analogous to that reported by 
Seddon et al. [10] for the B t form of DLPE. The 
positions of the wide-angle bands are, however, signifi- 
cantly different indicating that the chain packing differs 
from that in DLPE. 

On heating, the samples are first converted to a 
lamellar liquid-crystal phase, L, ,  with a iamellar spac- 
ing of  about 5.3 nm and a diffuse wide an~le maximum 
centered at about 0.44 nm (Fig. 3d). At higher tempera- 
tures, the samples are converted to a Htt phase charac- 
terised by low angle spacings indexing in the series 
d: d/¢'-3:d/vr-4 : d/Cff  (Fig. 3e). Samples hydrated in, 
or cycled through, the liquid-crystal state are charac- 
terised by a lamellar repeat distance of 6.25 nm and 
have a single sharp wide angle spacing of 0.41 nm 
diagnostic of a conventional La gel phase [14] (Fig. 3c). 
The lamellar repeat distance is again in good agreement 
with the value of  6.3 nm reported by Seddon et al. [2] 
for the L a phase of DSPE. 

Thermograms for DSPE samples dispersed in aque- 
ous glycerol solutions containing lezs than 70 wt% 
glycerol are broadly similar to those seen for samples 
dispersed in water apart from marked decreases in the 
T m value of their L,,-Htn transitions and rather less 
marked increases in the Tm values of their subgel to L ,  
transitions. Time-resolved X-ray data confirm that the 
phase sequences in these dispersions are identical to 
those in aqueous dispersions. 

The thermal behaviour of samples dispersed in higher 
glycerol concentrations is much more complex. Typical 
thermograms for samples dispersed in 70 and 100 wt% 
glycerol are presented in Figs. 4 and 5, respectively. 
During the first heating scan a single large endotherm 
reflecting a direct transformation of the L c phase into 
the H n phase is observed as in samples dispersed in low 
glycerol concentrations. 

The thermograms for subsequent heating scans are 
more complex. The main features of such thermograms 
obtained following cooling to room temperature are the 
presence of two endotherms and an exotherm. Exam- 
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Fig. 4. Different ial  s c a n n i n g  calor imetr ic  hea t ing  t h e r m o g r a m s  of 
DSPE dispersed  in excess  70 wt~g glycerol. Scan (a) initial hea t ing  
the rmogram,  scan tb)  second hea t ing  t h e r m o g r a m  recorded after  

equi l ibra t ion at 2 0 ° C  for 40 h, s can  1c1 third hea t ing  scan in+- 
media te ly  af ter  cool ing t rom 1 0 5 ° C  to 7 0 ° C .  The  sample  was ini- 

dally d ispersed  at 60 ° C and  hea t ing  rates  were 0.5 C o m i n -  i 

pies of these can be seen in Figs. 4b. 5b and 5c. X-ray 
measurements indicate that the lower temperature endo- 
therm corresponds to a La-H n transition and the higher 
temperature endotherm to a L~,-Htl transitions. 

The relative size of the two endotherms depends 
strongly on the concentration of glycerol and the ther- 
mal history of the samples. Under normal conditions all 
samples initially form the L~ phase on cooling. If the 
samples are reheated immediately after cooling to 70 o C, 
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Fig. 5. Differential scanning calorimetric heating thermograrns of 
DSPE dispersed in excess glycerol. Scan (a) initial heating thermo- 
gram, scan (b) second heating thermogram recorded after equilibra- 
tion at 20°C for 15 h, scan (c) third heating scan immediately after 
cooling from 105 ° to 50 ° C, scan (d) fourth heating immediately after 
cooling from 105 °C to 50 o C, scan (e) fifth heating immediately after 
cooliitg from 105°C to 70°C. The sample was initially dispersed at 

60 o C and heating rates were 0.5 C o min- t 

t 
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the h i ~ e r - t e m p e r a t u r e  endo therm corresponding to the 
L~,,-H, transit ion is virtually el iminated and the lower- 
temperature  L # - H .  endo therm dominates  the thermo- 
gram as illustrated in Figs. 4c and 5e. Convers ion of  the 
L B phase to Lc,, which is signalled by the exotherm 
centered between about  6 0 ° C  and 7 0 ° C ,  requires a 
period of incubat ion at temperatures  below 7 0 ° C .  A 
direct demonst ra t ion  of  the format ion of  L c, f rom L#, 
which is facilitated by increasing glycerol concentra-  
tions, is provided in the t ime-resolved X-ray dif f ract ion 
pat terns  for DSPE dispersed in 90 wt% glycerol pre- 
sented in Fig. 6. 

In our  experience, heated samples s tored at room 
temperature  for severaI days relax f rom the L# to the 
L c, or the Lc phase. The  factors governing which phase  
is formed are still obscure. Occasionally,  at very high 
glycerol concentrat ions,  the subgel phase will form di- 
rectly from, and co-exist with, the H n phase.  This is 
illustrated in the time-resolved X-ray dif f ract ion pat-  
terns for DSPE dispersed in 100 wt% glycerol presented  
in Fig. 7. The  sample, which : :a s  cooled f rom 90 ° C  at a 
rate of  6 C o rain-~, was initially in tb, e H ~ state. As it 
cooled, it slowly conver ted  to the L c, state. This  conver-  
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Fig. 7. Selected frames illustrating changes in X-ray scattering inten- 
sity as a function of reciprocal lattice spacing for a sample of DSPE in 
excess glycerol cooled from 91.5 o C to 65 o C at a rate of 5 C o rain- i. 
The data acquisition time for each frame was 1.5 g. The temperatures 

at which the individual frames were recorded are indicated. 
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Fig. 6. Time-resolved X-ray diffraction measurements made using a sample of DSPE in 90 wt% glycerol cooled to 60 ° C  and immediately re-heated 
at a rate of 5 C ° rain- 1. Data collection was for 1,5 s per frame and only every fifteenth frame of the total data set is shown. 



sion was signalled by the appearance of the second and 
third order diffracton peaks of the L~, phase, which 
started at about 85°C. Formation of L~, continued 
until the remainder of the sample abruptly converted 
from H .  to the La phase at about 68°C. A similar 
co-existence of the L~, and H ,  phases has been re- 
ported in partially hydrated dispersions of DAPE [2]. 
The peaks corresponding to the La phase disappeared 
at about 80 °C on reheating, while those corresponding 
to L~, persisted until the sample reached about 90°C. 
The transition temperatures in the heating cycle are 
thus close to those predicted by calorimetry. 

A diagram illustrating the phase relationships of 
DSPE dispersed in glycerol/water mixtures is shown in 
Fig. 8. A summary of the T m values for the transitions 
between the different phases, together with the corre- 
sponding molar enthalpy values, is provided in Tables I 
and II. The data presented in Fig. 8 relates to samples 
initially hydrated in the L~ phase. It must be empha- 
sized that the particular subgel form obtained on initial 
hydration is dependent on the method of sample pre- 
paration adopted and that both the L¢ and L¢, forms 
can be formed on initial hydration at all glycerol con- 
centrations. 

Seddon et al. [2] have shown that the low-angle 
spacings of the different hydrated phases of DSPE in 
dispersions containing limited amounts of water show 
varying dependencies on water content. Corresponding 
measurements for DSPE in glycerol/water mixtures are 
presented in Fig. 9. The pattern of behaviour is very 
similar. The spacing for the H u phase decreases sharply 
as the glycerol content is increased and the water con- 
tent is decreased. The spacings for the L,, and La 
phases show much less marked dependencies on water 
content and the spacings for the two subgel phases are 
independent of the water content of the dispersing 
medium. 

The major difference between the changes in the 
low-angle spacings with increasing glycerol content ob- 
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Fig. 8. Phase diagram illustrating the behaviour of DSPE dispersed in 
excess glycerol /water  mixtures. The T m values for the L¢-L,, (or H n)  
(©) and the L, , -H,  (13) transitions were obtained from initial heating 
scans of samples hydrated in the gel state. The corresponding values 
for the L~-L, (or H , )  ($)  transitions were obtained from scans of the 
same samples reheated directly after cooling to 70°C.  The T,~ values 
for the La-L ~, (z~) and the Lc,-H u transitions ( l )  were estimated from 
the positions of the corresponding exotherms and endotherms of 

samples that  had been cooled to lower temperatures. 

served in the present study and those for dispersions 
with decreasing water activities, is the sharp decrease in 
the low-angle spacing for the L~ phase that occurs on 

TABLE I 

Transition temperatures (T m) and molar enthalpy ralues (A H)for DSPE dispersed in glycerol/water mixtures 

Glycerol L~ ~ L ,  (HI[) u.h L,~ --, Hzt 

wt'~ Tm ~ n  T~, ~#  Tm 
( ° C)  ( kca l  too l  1 ) ( o C )  (kca l  too l  - 1 ) ( ° C )  

L B --, L ( H  n ) J'~ 

AH 
(kcal mol - i ) 

0 75 I6.8 t00.8 0.62 74.1 
25 75.9 14.8 g9.2 0.83 74.4 
50 80.1 17.5 g4.8 0.58 74.7 
60 81.9 17.6 g3.3 0.72 75.6 
70 83.2 14.3 - 75.1 
80 86.1 17.4 - - 76.1 

I00 91.6 16.8 - - 78.7 

9.6 
8.1 
6.7 
7.2 
7.2 
6.2 
4.1 

a Samples dispersed 
~' Values taken from 

Values taken from 

in 80-100 wt% glycerol pass from the gel state directly to Htl. 
first heating curve of samples hydrated in the gel state. 
h+ating curves of samples cooled from the liquid-crystal state and reheated immediately. 
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TABLE II 

Transition temperatures (T,,,) and nrolar enthalpy t,alues for transitions 
mroh'iag L,. phase 

Glycerol L~ -, L~. ~ L,.,---, H u b 
wtq' T m AH Trn A H  

( 0 ° C )  (kcal mol - I  ) ( 0 ° C )  (kcal tool -1)  

70 70.0 - 1.4 77.7 7.3 
80 72.2 - 1.9 83.2 10.4 

]00 80.0 - 87.5 I0.2 

" Exothermic transition. 
h Calculated according to the formula Ahl / ( l  - A h 2 / A h ) ,  whereZih t 

and Ah 2 are the molar  enthalpies calculated from the L B ~ Hiz and 
L d ---, H. endotherms of samples reheated after cooling below 
70°C and zah is the value for the L~ --* HH endotherm of samples 
reheated immediately after cooling to 70 ° C. 

increasing the glycerol content of the dispersing medium 
above about 70 wt%. This decrease coincides with the 
point at which the samples pass directly from the HH 
phase to the La phase on cooling without the interven- 
tion of an L,  phase. It could, in principle, correspond 
to a decrease in the thickness of the solvent layer 
between adjacent lipid bilayers, a tilting of the lipid 
chains or a combination of these two effects. 

A similar sharp decrease in the lamellar repeat period 
has been reported by McDaniel et al. [15] for DPPC 
dispersions in glycerol/water  mixtures, again at about 
70 wt% glycerol, in this case, analysis of electron den- 
sity profiles showed that the decrease was the result of 
both a sharp drop in bilayer thickness and a continuous 
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Fig. 10. Typical low-angle X-ray diffraction patterns recorded for 
DSPE samples in the Lfl phase dispersed (a) in 60 wt% glycerol, (b) in 
80 wt% glycerol. Measurements were made at 65°C and data collec- 

tion was made over 15 s, 

decrease in solvent layer thickness. It is worth noting 
that in the case of DPPC, the decrease in bilayer thick- 
ness is a result of lipid hydrocarbon chain interdigita- 
tion. No such interdigitation is observed in the case of 
DSPE dispersions. 

X-ray diffraction patterns of samples containing 80 
wt% and 60 wt% are presented in Fig. 10. They are 
typical of the patterns seen for dispersions containing 
less than 70 wt% and greater than 70 wt% glycerol, 
respectively. The only significant difference between the 
two sets of patterns, apart from the reduced lamellar 
repeat distance, is that the low-angle region of samples 
containing tess than 70 wt% glycerol is characterised by 
two maxima corresponding to the first and fourth order 
Bragg reflections while that of samples containing 80 
wt% glycerol and above is characterised by four sharp 
reflections of the type seen in the L~ phase (see Figs. 
3a). The appearance of extra Bragg reflections in the 
low-angle region is consistent with an improved match 
between the lamellar repeat distance and the bilayer 
thickness favouring the idea that the reduced spacing 
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reflects a reduction in thickness of the glycerol-water 
layer separating the bilayers. Nevertheless, the possibil- 
ity of a change in the tilt of the lipid chains cannot be 
completely excluded. 

Discussion 

A diagrammatic representation of the rel~Aionship 
between the different phases of DSPE detected in this 
investigation is presented in Fig. 11. It shows many 
points of similarity to schemes nreviously reported for 
the short chain saturated phosphatidylethanolamine 
DLPE by Seddon et al. [10] and racemic mixtures of 
DPPE reported by Tenchov et al. [81. 

As in the earlier studies, two crystalline phases are 
found. The close match between the wide-angle diffrac- 
tion maxima of the L~ phase of DSPE and the B 2 phase 
of DLPE [10], suggests that the hydrocarbon chains of 
both lipids are packed on a similar orthorhombic lattice. 
The lower melting point Lc, form of DSPE appears to 
be related to the tilted-chain B~ form of DLPE. The 
match between their wide angle spacings is rather poor 
but the ratio of the lamellar repeat distances of the L~, 
and L~ forms of DSPE and the B l and B z forms of 
DLPE. 0.83 and 0.86, respectively, are very similar. This 
suggests that despite possible differences in chain pack- 
ing, their hydrocarbon chains are tilted at similar angles 
to the normal to the lamellar plane. 

The L¢ and L~, phases of DSPE dispersed in 
glycerol-free water were only observed in samples hy- 
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Fig. l 1. Diagrammatic representation of the relationship between the 
different phases observed in dispersions of DSPE in excess glycerol/ 

water mixtures. 

drated below their gel-to-liquid crystal transition tem- 
perature. Samples heated above this temperature re- 
laxed into the L/j phase. In contrast to shorter chain 
phosphatidylethanolamines, there appears to be little or 
no tendency for DSPE to form subgel phases under 
these conditions. This increased difficulty in formation 
of the L~ and L~. forms of the longer chain analogues 
of diacylphosphatidylethanolamines probably reflects 
the fact that the dehydration processes ~L~sociated with 
the formation of the subgel phases are driven by changes 
in the headgroup arrangement of the lipids which lead 
to a subsequent reorganisation of the packing of the 
lipid chains. As the length of the chains increases, the 
energy required to bring about this latter re-organisa- 
tion presumably increases. 

The formation of tametlar subgel phases becomes 
increasingly facilitated as the percentage of glycerol in 
the dispersing medium is increased. This is reflected in 
shorter storage times required for the transition from 
the La phase to the L~ phase. It is also underlined by 
the fact that at higher glycerol levels the L c, form of 
DSPE can be formed from the L a at high temperatures 
(Figs. 4 and 5) and can even form from, and co-exist 
with, the Hi, phase as illustrated in Fig. 7. 

The most marked, and potentially the most interest- 
ing, effect of glycerol, is the stabilisation of H n (and to 
a lesser extent of Lo and the two subgel phases) at the 
expense of L,. The increased stability of the H~, and L a 
phases with respect to the L,  phase, as pointed out by 
Koynova et al. [7] in their studies on the effects of 
disaccharides on the phase properties of DPPE, is con- 
sistent with an attempt by the lipid to lower the surface 
potential energy of the system by decreasing the extent 
of an energetically unfavourable interaction between the 
headgroups of the lipid and the surrounding medium. 
Similar effects atee :abserved for proteins dissolved in 
glycerol/water mixtures [16-19] where addition of 
glycerol is found to stabilise the more compact native 
structure with respect to the looser thermally denatured 
state and hence raise the threshold temperature for 
thermal denaturation. 

The precise nature of the interactions involved is still 
a matter of debate, Gekko and Morikawa [191 have 
demonstrated that the polyol-induced stabilisation of 
proteins such as chymotrypsinogen is predominantly an 
entropic effect probably involving solvent ordering. Col- 
lins and Washabaugh [20] have proposed a mechanism 
for such effects, which they consider to be a general 
manifestation of the Hofmeister effect. They divide the 
solutes that influence protein structures in aqueous 
solutions into kosmotropes (water-structure makers) that 
tend to reduce the extent of protein/water  interfaces 
and chaotropes (water-structure breakers) that tend to 
increase the extent of such interfaces. They suggest that 
polar kosmotropes, which would include such molecules 
as sugars and polyols, are excluded from the interracial 
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region but tend to order the water in this region. This 
ordering, they argue, gives rise to an increased potential 
difference at the interface leading to rearrangements 
that tend to minimise the interracial area. 

The marked increase in stability of the H n phase 
seen at high glycerol concentrations is consistent with 
its large capacity for reduction in interfacial area. This 
reduction, which is brought about by reducing the di- 
ameter of the water channels of the inverted micelles, is 
reflected in the marked decrease seen in the low-angle 
spacings of the H H phase shown in Fig. 11. The interfa- 
cial area per molecule in the L,~ and La phases is given 
by 4D2/¢'3, where D is the wide-anglc spacing [14]. 
The reduction in area, from 0.449 nm 2 to 0.405 nm 2 
upon transition from the L a to the L a phase is quite 
small. This, together with the much higher enthalpy of 
the transition compared to that between the H u and L,~ 
phases, probably accounts for the limited change in tl',e 
relative stability of the two states. The increased stabil- 
ity of the L~ and L~, phases with respect to the L ,  
phase is probably of different origin, Phosphatidyl- 
ethanolamines are capable of forming networks of hy- 
drogen bonds between neighbouring headgroups [1]. 
The formation of such networks will certainly be 
favoured by low hydration but  steric considerations are 
likely to predominate over any effects of changes in the 
interfacial areas. 

Glycerol is a cryoprotectant and is widely used in the 
cryopreservation of biological cells and tissues. The 
molecular basis of its action is, however, still only very 
poorly understood. The fact that the most effective 
cryoprotectants are kosmotropes and as such have 
marked effects on the phase properties of lipids, par- 
ticularly non-bilayer forming lipids, may be of impor- 
tance in understanding their mode of action. The role of  
non-bilayer forming lipids in biological membranes is 
still unclear but the balance between the bilayer and 
non-bilayer tendencies of membrane lipids might rea- 
sonably be expected to play an important role in mem- 
brane stability [4,5]. Low temperatures favour the re- 
laxation of non-bilayer lipids into bilayer configura- 
tions, Addition of cryoprotectants such as glycerol which 
tel:d to stabilise non-bilayer configurations at the ex- 
pense of bilayer configurations would tend to restore 

the balance of interactions between membrane compo- 
nents at low temperatures to a situation closer to that 
existing at physiological temperatures and hence mini- 
raise perturbations associated with low-temperature 
storage. 
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