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We have investigated the effect of two monosaecharldes, glucose and fructose, and two disoccharides, sucrose at~d 
trohalose, on the thermotropic phase transition of unilamellar extruded vesicles of DPPC.  All the sugars investigated 
raise the main transition temperature (Tin) o |  some fraction of the lipid, but there are differences between the effect of 
glucose and the other three sugars. At low concentrations of glucose, T m is lowered. At high coucentratioos of glucose 
there are two transitions, one with a low T m and one with a high T m. The data suggest that at low concentrations, all of 
the glucose present may bind to the bilayer and increas~ beadgroup spacing by physical intercalation or increased 
hydration. The appearance of a T m ahove that of pure hydl'atnd DPPC suggests the possibility of the dehydration of 
some other population of phospholipld molecules. The other three sugars increa,~e Tin, but at high concentrations of 
trehalose, sucrose, and fructose a second peak occurs at a low T m. The other sugars appear to dehydanle the bllayer at 
low concentrations, but may show solne binding or increased hydration of sonic portion of the lipid at very high 
concentrations. The sugar effec_(s on unilamellar veslcles are strikingly different from the effects of these sugars on 
multilamellar vesicles. 

Introduction 

A number of recent studies, including one from this 
laboratory, have shown that chaotropic solutes (water 
structure 'breakers') and kosmotropie solutes (water 
structure "makers') can affect the thermotropic phase 
transition temperature of pure phosphatidylethanol- 
amine and phosphatidyleholine [1-9]. The suggestion 
has been made that these solutes exert their effects by 
being preferentially bound to or excluded from the 
phospholipid bilayar [3], by changes in the entropic 
contributions to bilayer structure due to changes in 
water structure [2], by osmotic dehydration of the 
headgroup [9] or by Hofmeister effects on the structure 
of water [6]. These explanations are not  mutually exclu- 
sive. 

Studies from this laboratory also have demonstrated 
that sugars have striking cryoprotecfive effects on fu- 
sion and leakage of contents from unilamellar vesicles 
[10,11]. At present, the mechanism of the cryoproteetion 
is unknown, although there is some evidence that sugars 
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may interact directly with the phospholipid during 
freezing [11,12]. Trehalose, sucrose, and to a lesser 
extent glucose and fructose have recently been shown to 
inhibit leakage of trapped solute from liposomes during 
a rapid shift through the thermotropic phase transition 
[13] and thus may have effects on bllayers at ambient 
temperatures as well as during freeze-thaw treatments. 

Other studies have demonstrated that some sugars 
have the ability to stabilize proteins in solution [14-!7] 
and during freeze-thaw treatments [18,19] and are also 
preferentially excluded from protein surfaces (have a 
negative preferential interaction parameter or prefer- 
entially 'hydrate '  the protein] [14,15]. The suggestion 
has been made that the increase in protein thermal 
stability is related to the water structuring effect of the 
sugars rather than being due to some colligative prop- 
erty of the solute [16]. Preferential interaction studies 
[14,15] show a strong correlation between exclusion of 
sugars, their ability to prevent thermal denaturation of 
proteins, and the increase in surface tension of sugar 
solutions. 

As part of a study of the stabilizing effects of sugars 
on liposomes, we have undertaken a systematic study of 
fl,e gffe~ts of four sugars (truhalose, sucrose, fructose, 
and glucose) on the thermotropic phase transitions of 



268 

phosphatidylcholine bilayers. We chose to study the 
effect of carbohydrates on unilamellar vesicles for 
several reasons. Some evidence in the literature sug- 
gested that in the preparation of MLV, sucrose was not 
distributed evenly between the bilayers, hut tended to 
be concentrated iai some regions of the MLV [20]. This 
led to the possibility that the increase in T m seen was 
due to osmotic dehydration of some of the beadgroups. 
However, it seems likely that carbohydrates do equi- 
librate throughout MLV following repeated cycles 
through T m, which allows leakage across bilayers. 

Secondly, unilamellar extruded vesicles more closely 
approximate both isolated biological membranes and 
whole cells than do MLV, and we are ultimately inter- 
ested in the effect of solutes on living systems. Last, 
model studies of the effects of solutes on bilayer fusion 
and leakage have been carried out in this laboratory on 
unilamellar vesicles. 

The present paper concerns the phenomenology of 
the sugar effects. The results suggest that, in accordance 
with other studies, sugars have a general effect on the 
thermotropic transitions of phospholipids that is con- 
sistent with dehydration of the bilayer and increased 
ordering of the acyl chains. The effect of a particular 
sugar is generally correlated with its water-structuring 
capacity, but there are individual differences between 
the sugars which suggest possible differences in binding, 
especially a" higher concentrations. There are also sig- 
nificant differences between sugar effects on multi- 
lamellar vesi~,les, which have been used in previous 
studies, and the unilamellar vesicles used in the present 
study. The possible binding or exclusion of the sugars at 
the bilayer surface is presently being investigated. 

Materials and Methods 

All sugars were purchased from Pfanstiehl, Inc. 
(Waukegan, 1L), except for a second sample of glucose 
which was purchased from Mallinckrodt, Inc., St. Louis, 
MO. The sugars were held under high vacuum at least 
16 h and then stored in clean glass bott les The pufi~y c,f 
the sugars was checked by mass spectroscopy, and no 
contaminants were found. Results obtained using glu- 
cose obtained from two different sources were the same. 

Dipalmitoylphospbatidyleholine (DPPC) was pur- 
chased in chloroform from Avanti Polar Lipids and 
stored at - 2 0 " C .  Dcionized distilled water was used for 
all preparations. The water and all solutions made with 
it were pH 5.5. 

Liposomes were made by drying aliquots of DPPC in 
chloroform under dry nitrogen and then placing them in 
a high vacuum for at least 4 h. The lipid was rehydrated 
with water above the main phase transition temperature 
and vortexed several times to produce multilamellar 
vesicles (MLV), Unilamellar vesicles were produced by 
extruding the MLV at 60°C under dry nitrogen pressure 

through stacked polycarbonate filters with a 0 . l  nm 
pore size [21]. 

Sugar solutions at a given weight% were made by 
weighing dry sugar and adding the appropriate volume 
of water and liposomes. Sugar solutions of a given 
molarity were made by diluting a solution of higher 
molarity with water and liposomes. 

Differential scanning calorimetry was carried out  
using a high sensitivity calorimeter (Hart  Series 7707, 
Hart  Scientific, Provo, UT).  Samples were scanned at a 
rate of 20°C/h ,  and data  were collected every 20 s. The 
calorimeter has three san.pie cells and one reference 
cell, so each separate experiment ineluded liposomes in 
water to compare with liposomes (from the same extru- 
sion) in varying sugars at varying concentrations. About  
3 -4  mg lipid samples were used for each separate 
experiment and the lipid amounts were identical within 
each separate experiment. The volume in each ampoule 
was held constant at 0.3 rot. In this way we were able to 
detect reliably differences in T m due to the presence of 
the sugar. Each experiment included at least four heat- 
ing scans and cooling scans. 

Osmolalities of sugar solutions were determined using 
a Wescor vapor pressure osmometer  0Veseor, lnc., 
Logan UT,  84231) calibrated with standards of known 
osmolality. 

Results and Discussion 

Effects of sugars on thermotropic transitions 
Multilamellar vesicles. A scan of MLV of DPPC in 

water is shown in Fig. 1. The size of the cooperative 
unit and the calorimetric enthalpy (A/'/ca t) of the transi- 
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Fig. 1. Comparison of the Ihermotropic tr~siticns of hydrated DPPC 
MLV (lower trace) and DPPC extruded vesicles (upper trace). Ex- 
truded vesicles have a slightly broadened transition, but Ihe same T m 
as MLV. The typical pretransaion scan in MLV of saturated phos. 
phalidylcholines is absent. The EV show an upward shift in heat 

capacity in _ae region of the pretr~sition (inset. enlarged 4 × ). 



finn of the MLV in this study is in reasonable agree- 
ment with that found by Mabmy and Sturtevant [221. 

Since other investigators have used MLV prepara- 
tions for studying phospholipid-sohite interactions, we 
have done calorimetric scans on DPPC MLV in the 
presence of several concentrations of trehahise and glu- 
cose for comparison with literature data, Multilamellar 
vesicles made in the presence of carbohydrate showed 
no difference in the transition between the first and 
subsequent heating scans; when carbohydrate was ad- 
ded externally, the MLV showed no further change in 
the transition following the first or second heating scan. 
Consistent with other reports [5,8,9,23], the sugars in- 
creased the temperature of both the pre- and main 
transitions. The eoncentration dependence of the up- 
ward shift in T~ in the presence of trehalnse is not as 
pronounced for MLV as for EV (see below), even at the 
highest concentrations. There is no effect of 0.25 M 
trehalose on either the pre- or main transition. 

Although the main transition of DPPC in the pres- 
ence of 1M trehalose and glucose is slightly broadened 
(see also Ref. 23), it remains narrow and symmetrical 
and without any shoulders or separated peaks (scans 
not shown). 

Effects of sugars on extruded ~esicles 
Establishment of equilibrium conditions. A small in- 

crease in heat capacity of the EV sample occurs im- 
medi_~eiy before i.he main transition, an event that may 
he analogous to the pretransltlon seen in MLV of 
phnsphatldyleholines that have saturated acyl chains. 
Alternatively, this small change may reflect the change 
from the faceted (polygonal) shape of unilamellar 
vesicles of saturated phnsphatidyleholines below their 
gel to liquid crystalline phase transition to the smooth 
spherical shape that they have above T m [24,251 (Fig. 1). 

The main transition of the EV preparation is narrow 
and syrranetrical, with a T m not significantly different 
from that of the MLV (Table I). Although there was no 
difference between the peak transition temperature of 
the EV and the MLV, the unilamellar EV had a broad- 
ened transition and a slight but significantly lower 
calorimetric enthalpy compared to the MLV (Table I). 
Extruded unilamellar vesicles showed a significant de- 
crease in cooperativity (Table I) which can be appreci- 
ated by comparing the two scans in Fig. 1. 

In each experiment carbohydrate was initially added 
to the outside of the vesicles. During the first heating 
scan, the liposomes Jnderwent a transition and leaked 
sugar across the bilayer for about 25 rain, allowing 
complete equilibration of the sugar concentration across 
the bilayer of unilamellar vesicles [13,26]. In each case 
where sugar was added outside the vesicles, there was 
an increase in T m over the control on the first beating 
scan possibly due to osmotic dehydration consequent 
on the unequal concentration of carbohydrate across 

269 

TABLE I 

Transition priJpertie~ o/multUamellar and extruded v~icles (~f dtpalmi- 
roytph~phaliclv&hohne 

The p~k transition temperature is not signifieanlly different for these 
two types of liposome~ However. the calorimetric enthalpy is slighay 
but significantly deerea~d for the unilamellar extruded vesicles (95% 
confidence limit) ~d  the av~age size of Ih¢ cooperative unit is 
d~reased by almost half. n i t  av~agc si~ of the extruded vesicles is 
105 am as determined by photon correlation spectroscopy, thus the 
two halve~ of the hilayer are no! equivalent in lipid conlent or 
packing. 

Muhilamellar Ext~ded 

Tm (° CI 4t.76~ 0.Of (51 41.68±0.03117) 
Tp f°C) 34.85 ± 0.2715l - 
~H~I (kJ mol -l ) 3S.9S :l: 0.9215) 34.94.1:1.05(4) 

Size of ¢ooperalive unit 225 120 

the bilayer. The extruded vesicles displayed a stable T m 
during the following three cooling scans or three heating 
scans in the presence of trehainse, sucrose, and fructose. 
In a few initial experiments, vesicles were extruded in 
the presence of trehalose at various concentrations; in 
this ease. all heating or all cooling scans of a sample 
showed identical transitions. 

The exception to these general statements was found 
in the presence of glucose, which will be discussed more 
fully below. 

Effects of frehalose, sucrose and fructose on extruded 
vesicles. An example of three samples of EV run simul- 
taneously (Fig. 2) demonstrate,g that differences in T m 
were easy to detect. At low concentrations of trehalose, 

~00mM 

TEMPERATURE eC) 

Fi~ 2. Three sampl¢~ of DPPC EV run simultaneously. The two scan~ 
in the pr~en~ of 50 mM and 5(]0 mM tx~halosc show clca, r upward 
shifts in T m. The transition is further broadened in the presence of the 
solute and shows ~ asymmetry on the I~-temperature side in 500 

mM treha]o~, 
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T E U P ~ J R E  (~C) 
Fig. 3. With increasing concentrations of trehalose, the transition first 
shows an asymmetry on Ihe low-temperature side which then becomes 
a shoulder and finally a distinct peak at the hi$hest ~n~nlrafions. 
The shoulder and p~k are at a le.nperatum below the hydrated 
DPPC transilion temperature, suggesrng binding of some of the sugar 
to some porlion of the lipid. The same behavior was seen for EV in 

sucr~e and frucl~e. 

SUCrOse, a n d  fructose, the thermotropic  phase  transit ion 
of  EV was symmetrical  (Fig. 3), while at higher con- 
eentrat ions (e.g., 0.5 M sucrose, trehalose or  0.75 M 

fructose, Fig. 3) an  a symmet ry  appeared  on the low- 
tempera ture  side of  the scan. This  a symmet ry  increased 
to a shoulder at  still higher concentra t ions  (e.g., 1 M 
sucrose, trehalose, 1.5 M fructose, Fig. 3) a n d  a devel- 
oped into a distinct peak  at the highest concentrat ion 
(e.g., 1.5 M sucrose or  trehalose, Fig. 3). Th i s  second 
peak had  a T m below that  of pure  hydra t ed  DPPC.  

tso 
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SUGAR CONCENTRATION, MOL/HTER 
Fig. 4. The size of the cooperative unit of DPPC extruded vesicles was 
determined as in Ref. 22 in the presence of trehahise ID), sucrose (@) 
and fructose (~). The size of the cooperative unit in water (o) 
averaged 120 molecules. Each symbol represents an individual sample. 

Since each concent ra t ion  of each sugar  was run on ly  
once or  twice, we canno t  make  a n y  s ta tements  about  
the effect of  the sugars on  the calorimetric  e n t h a l p y  

except  to say  that  in compar i son  to the  EV in water  
scanned  at the  same time, there  was a var iable  slight 
decrease in the presence  of  the sugars. However ,  using 
the da t a  from sugars at  several different  concentra t ions ,  
it can  he seen .From Fig. 4 tha t  sucrose, fructose, a n d  
trehalose caused a decrease  in the  cooperat ivi ty  of  the 
transit ion (see also Figs. 2, 3). 

A compar ison  of  the  effect of  trehalose, sucrose, a n d  
fructose on  the increase in T,, in the presence  of  the 
solute shows that  the disacchar ides  are  similar to each  
other  on  a molar  concen t ra t ion  I~asis, but  have  a greater  
effect than  fructose at  the same molar  concen t ra t ion  
(Fig. 5a). However,  when  sucrose a n d  fructose, which  
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Fig. 5. in) The increase in T., of extruded vesieIes of DPPC is monotonic in the presence of trehaios: (D), s u ~ e  (@) and fructose (~,). At the 
highest {waight~) concegnatinns of sugar, t.5 M trehalose and sucrose, a second peak with a low T.~ separates from the main high T~ peak. See 
Fig. 3 and text. DPPC MLV also show a monotonic increase in T m in the presence of trehalose (Ill, but the effect is not as great as for EV. An 
analysis of co-v~iance showed that the data for EV in trehalose and sncrose are not significantly different from each other but ~ch  is significantly 
different from fmct~e. (b) The effect of Ihe sugars is related to their water-structuring capacity rather than their molarity. Fmeto~ is equally 
effective as sucrose on a welght% basis but only half as effective on a molar basis (see F~g. 5a). Each point on these graphs represent the average 
value of three heating scans made on a single sample of lipo~omes in sugar solution. The variation between the three healing scans lies within the 

symbols. An analysis of ~variance shows thai the data for sucrose and f~cto~e is not significantly different on a weight% b~i~ 



have similar water structuring capacity on a weight% 
basis [16.27,28] are compared at the same weight% 
concentration, their effect on the T m of DPPC is not 
significantly different (Fig. 5b). 

The special case of glucose. Glucose, which has twice 
as much water-structuring capacity as fructose [27,28 l 
might be expected to increase T,~ of DPPC more than 
does fructose when the two suEars are compared on a 
weight% or molar basis. In fact, the effect of glucose on 
DPPC shows striking differences when compared to the 
other three sugars studied. At the lowest concentrations 
tested, 0.1 M and 0.25 M, DPPC extruded vesicles had a 
single, stable transition temperature below that of 
vesicles in pure water. On the second heating scan, 
when the 0.25 M glucose i;  ozmotieally equilibrated 
across the bilayer, a very small peak occurs at a higher 
T=, but this higher peak disappears upon subsequent 
heating scans (Fig. 6at. This small peak at a higher T~ 
was not seen in 0.1 M glucose. At 0.5 M, there were two 
separate peaks on the second heating scan and upon 
repeated scanning the ]ow-temperatur= transition grew 
at the expense of the high-temperature transition until 
the latter almost disappeared (Fig. 6b). At 0.75 M and 
1.5 M, the low-temperature transition appears as a 
shoulder on the ~eeond heating scan. This shoulder 
develops into a separate low-temperature peak that 
grows at the expense of the high-temperature peak with 
repeated scanning. When the relative heights of the low- 
and high-temperature peaks are compared, a higher 
glucose cor, centration is seen to produce a more pro- 
nounced high-temperature transition (Fig. 6c). 

A plot of the change in T,. against glucose concentra- 
tion shows that glucose has dual effects on the phase 
transition properties of DPPC (Figs. 6, 7), At all con- 
centrations of glucose, the T~ of a portion of the lipid is 
lowered, an effect that increases with repeated scanning 
of the sample. At the lowest concentrations of glucose, 
the lipid has a stable transition at a temperature below 
that of DPPC in pure water. As the concentration of 
glucose is increased, there is an increase in the portion 
of the DPPC that has an increased T~; that portion, 
however, decreases in amount with repeated scanning of 
the sample as the portion of the lipid with a low T m 
increases. The value of the increased or decreased Tm is 
also dependent on the glucose concentration. These 
data show that glucOSe does not have twice the effect of 
fructose on increasing the T m of DpPC, but has the 
additional effect of lowering Tm of some portion of the 
lipid. 

M L V  and E V  behave differently in ~ugar solutions 
The effect of sucrose and trehalose on the T,,, of multi- 
lamellar vesicles of phosphatidylchofines has been noted 
previously. DPPC and DMI~C MLV showed an increase 
in the temperature of both the pro- and main transitions 
in saccose solutions [9,18,23], and an increase of ap- 
proximately I°C in the sub-, pro-, and main transitions 
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Fig. 6. Glucose interacts with DPPC EV differently th~ [he other 
sugars teSled. (a) On the second heating scan there is only a tiny peak 
at an elevated T m in the presence of 0.25 mM ~]ucose ~d  the stable 
transition has a T,n below that in pure water. (b) Repeated scanning 
d~reases the mount of lipid participating in the high temperature 
transition. At 0.5 mM glucose, the high T m peak is more prominent 
than at 0.25 M glucose, but decreases in size wilh repeated scanning. 
(c) The high transition in~¢a~ in tempe~turc and calorimetric 
enthalpy with inerea~ in glucose concentration. Shown are the 
fourth heating scans of vcsiclcs in 0.5 M glucose ibotlom) and I M 

glucose (top), 
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GLUCOSE CONCENTRATION, MOL/LITER 

Fig. 7. Gluc~¢ Io~cl~ Tm of DPPC EV at ~ n ~ l r a t l o n  of 0.25 
mol/ioer or ]c&~, At higher glucose conccrltradons, two peaks arc 
seen, o n e  with a higher and one with a lower T m thml DPPC in water, 
The incense or d~rcasc of T m dcptmds on the glucose concentration. 
Each symbol repre~ls a tradition f~m a single ~mpl¢. The T~ on 
Ihc last two heating s~ns falls within the symhol. The lin~q are f r ~  

liner regressions of the data~ r valu~ 0.98. 

in the presence of 1 M trehalose [5]. Our present data 
show that 1 M trehalose increases the pretransition 
temperature of DPPC MLV by 3°C and the main 
transition by almost 1°C. The effect of sugars on MLV 
reported by us and others [5,8,9,23] is significantly 
different from the effect of sugars on unilamellar 
vesicles. 

Unilamellar vesicles exhibited a larger increase in T m 
per increment concentration of trehalose (Fig. 5a) than 
did MLV. The apparent phase separation of different 
populations of DPPC which occurs in extruded un- 
ilamellar vesicles in the presence of sugars is absent in 
multilamellar preparations, even at the highest sugar 
concentrations. The source of this phase separation in 
EV at higher sugar concentrations is not clear: the sugar 
may be interacting differently with the inner and outer 
monolayers, and /or  higher concentrations may foster 
binding between sugar and phospholipid. 

Further, at no concentration does glucose lower the 
temperature of either the pre- or main transition of 
MLV. Therefore, the effect of glucose on the EV cannot 
be ascribed to the effect of some impurity. The fact that 
the transition of EV in glucose requires several scans for 
equilibration is not due to differences in glucose con- 
centrations across the bilayer, since the other sugars 
equilibrated following one transition. 

Mechanism of d iee t s  

Osmotic dehydration, It has been suggested in a study 
of carbohydrate effects on dimyrisloylphosphatidyl- 
choline MLV that the increase in the temperature of 
both the pre- and main transitions of mnitilamellar 
vesicles is due to osmotic dehydration of the headgroups 
as a consequence of a calculated decrease in water 

activity as sugar concentration is increased (see Fig. 6 in 
Ref. 9). In that study [9], all carbohydrates were equiv- 
alent in their effect who= compared on the basis of a 
calculated water aetMty. The present study suggests 
that this is not the case, at least for unilamellar vesicles, 
for the following reasons. The effect of sucrose, treha- 
lose, and fructose is much greater on EV than on MLV 
although the s~ae  solutions we.re used on both kinds of 
liposomes. Additionally, glucose at 0.1 M had no effect 
on the pre- or main transition of DPPC MLV while 
causing a decrease in T m of extruded vesicles. Further- 
more, we are able to detect a slight but repeatable 
increase in Tm at low concentrations of trehalose (5-15 
raM) where the water activity must be very high, on the 
o ~ e r  of 99% of the activity of pure water. 

We have determined the osmolality of weight% solu- 
tions of fructose, and sucrose using a vapor pressure 
osmometer. We found that although these two sugars 
have an equal effect on the T m of DPPC at equivalent 
weight% (Fig. 5b), fructose exhibited a significantly 
higher osmotic pressure than sucrose (Fig. 8). These 
data show that the effect of sucrose and fructose on T m 
of EV is not a colligafive (osmotic) property of the 
solution. 

Entropic contributions due to changes in water struc- 
ture. It has been argued [:2] that the stabilization of the 
lamellar phase of phosphatidylethanolamines by the 
chaotropie agents guanidine.HCI and urea is due to a 
reduction of the entropic contribution of watar (o the 
interaction of the hydrophobic surface of the bilayer 
with the aqueous phase. The reverse of these arguments 
could also be used for carbohydrates which are kosmo- 
tropes: an increase of water structure would increase 
the entropic contribution of the interaction of the bi- 
layer surface with the aqueous phase, leading to the 
exclusion of water and increased dehydration of PE. 

o.s 
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Fig. 8. The monosaccharides glucose (o) and fructose (A) have a 
higher osmolality th~ sucrose (O) when compared on a welght% 
basi~. H o w ~ ,  all three sugars raise the surface tension of water 
(sohd symbols) equally when ~mpared on a weight~g basis (data from 
gel. 37). All lines are fitted by linear regression and have r values of 

0.98 or better. 



This effect of sugars has in fact been observed [4,6]. The 
lack of a demonstrated "binding" of guanidine-HCL, 
urea, and SCN using tgC-NMR [2], however, does not 
rule out  a preferential binding in the meaning that 
Timasheff and his colleagues [29] use to describe so- 
lute-protein interactions. Such preferential binding can 
be no more than excess of the solute in the hydration 
sphere of proteins. At  present there is no direct evidence 
to support either binding of exclusion of sugars at the 
bi layer /aquenus interface, so the question of entropic 
contributions to water structure must remain open. 

Preferential interaction. The results of our studies 
presented above demonstrate that sugars have some 
effects (increased Tin, decreased enthalpy, decreased co- 
operativity) on the thermotropic phase transition of 
DPPC which suggest some dehydration and increased 
packing of the headgroups. These results are consistent 
with deuterium N M R  studies which show an increase in 
order  parameter of the acyl chains of palmitoyl- 
oleoylphosphatidylcholine in the presence of trehaiose 
[30]. 

The increase of T m of phosphatidylcholines in the 
presence of sugars might occur because of preferential 
exclusion of the solute and preferential hydration at the 
bilayer surface. This in turn could lead to increased 
hendgroup packing to reduce the interaction of hydro- 
phobic regions of the interface with the excess water, a 
situation analogous to the increased stabilization of 
proteins in sugar solutions [14,151. ChaotropeS and 
kosmotropes have long been known to affect protein 
denaturation or stabifity in aqueous systems. 

The interaction of solutes with proteins can be de- 
scribed by the preferential interaction parameter which 
has been determined for a number of proteins and 
solutes by Ttmasheff and his colleagues in a large series 
of studies on water-protein-solute  interactions [14,15, 
29,31-36]. Briefly, the preferential interaction parame- 
ter is a measure of the exclusion of a solute from the 
surface or  binding of a solute to the surface of a 
protein. Timasheff and his colleagues have found em- 
pirically that solutes that stabilize proteins in solution 
are preferentially excluded from the protein surface in 
aqueous solution, although the mechanism of exclusion 
is not  clear. Sugers are preferentially excluded [14,15], 
and also increase the thermal denaturation temperature 
of proteins [16]. 

It has been suggested that the effect of sugars on 
protein stabilization by solute exclusion is due to the 
surface free energy perturbation of sugars which is 
reflected in the positive surface ~ns ion  increment of 
water as a function of sugar concentration [14,15]. When 
the surface tension increment in the presence of sucrose, 
glucose, and fructose [37] is plotted against the weight% 
of sugar in solution, all are equal in their effect (Fig. 8). 
Thus, the effect of these three sugars on the higher 
temperature transition of DPPC can be correlated with 
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Fig. 9. The in~rca~¢ in T m of the hlgh-temperature transizlon of DPPC 
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tension of water. The i n c ~ e  in surfa~ ten~ion for ~ h  weight% of 
~ugar wxg calculated from the line in Fig. S. The fitted line had an r 

value of 0.99. 

their effect on surface tension of water, but not with 
osmolality of the solution (Fig. 9). 

Although it has been suggested that preferential in- 
teractions as demonstrated for proteins by Timasheff 
and his colleagues may occur between phospholipids 
and solutes [2-4], the only evidence presented so far is 
the effect of chaotropic and kosmotropic solutes on the 
transition temperatures of phosphatidykholines and 
phosphatidylethanolamiues (Ruts. 2-9 ,  this paper). 
These results are consistent with preferential interac- 
tions, but the only attempt to investigate the mode of 
interaction is inconclusive [2]. 

If the assumption is made that solutes that prefer- 
entially bind to the bilaycr lower T m by intercalation or 
increased hydration, and solutes that are preferentially 
excluded raise T m by the mechanism described above, 
then the data presented here are consistent with the idea 
that trehalose, sucrose and fructose are largely excluded 
from the bilayer, but begin to show some binding at the 
highest concentrations studied. By this line of rea- 
soning, glucose, on the other hand, would show binding 
to the bilayer at low concentrations and would be 
excluded only at higher concentrations. This  result with 
glucose is consistent with a study of binding which 
compared trapped voltunes as determined with ealcein 
fluorescenec with trapped volumes calculated directly 
from structural data [38]. At  0A M glucose, approxi- 
mately 7 mol glucose per reel lipid were bound in excess 
of the glucose trapped in the vesicle interior. At  the 
concentration of DPPC used in the present study, all of 
the glucose should be either trapped or bound when 
glucose is 0.1 M. 

Interactions with frozen and dry bilayers 
The effect of sugars on both the direction and the 

magnitude of the shift of the thermotropic transition of 
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h y d r a t e d  bilayers is s t r i l i ng ly  d i f fe ren t  f rom the  effect  
of suga r  o n  the  t rans i t ion  of  very d ry  bilayers.  F o r  
example ,  t rehalose can  lower the  t rans i t ion  t e m p e r a t u r e  
of  a t  least two  d i f fe ren t  d."j phospho l ip ids  by  a t  least 
8 0 ° C  [39,40]. By con t ras t ,  t rehalose  increases T m o f  
h y d r a t e d  bilalyers by  a b o u t  1.5°C al  the  h ighes t  con-  
cen t r a t i on  a t ta inable ,  1.5 M.  

Re t en t ion  o f  t r apped  solute by  d r y  l iposomes de-  
p e n d s  wi th  s o m e  specif ici ty o n  t he  type  o f  s u g a r  used  
d u r i n g  lyophi l iza t iom whi le  the  increase  in T m seen in  
the  p resen t  s tudy  depends  on ly  o n  the  we igh t% o f  the  
suga r  in solut ion.  O t h e r  solutes,  such  as p ro l ine  a n d  
d imethy l su l fox ide  also increase T= o f  D P P C  ( u n p u b -  

l ished da ta )  and  are  c ryopro tec t ive  fo r  l iposomes 
[11,41,42] bu t  p rov ide  n o  s tabi l iza t ion  of  l iposomes  
d u r i n g  f reeze-drying  [42]. W e  conc lude  t h a t  the  bas ic  
m e c h a n i s m s  of  i n t e r ac t ion  of  sugars  a n d  o t h e r  solutes  
are d i f fe ren t  in  aqueous  a n d  d ry  systems.  

M a n y  ques t ions  r e m a i n  u n a n s w e r e d  by  this  s tudy.  
T h e  relatively smal l  changes  in T m o f  p h o s p h a t i d y l -  
cho l ine  in  u n f r o z e n  solu t ion  s h o w n  in  this  a n d  o t h e r  
repor t s  c a n n o t  be  the  source  o f  the  s tab i l iza t ion  o f  
l iposomes  by  sugars  d u r i n g  f reeze- thaw exper imen t s .  
However ,  they  m a y  cause changes  in  l iposome b e h a v i o r  
at  a m b i e n t  t empera tu re s  [13]. O n e  c a n  ask w h e t h e r  t he  
a p p a r e n t  b i n d i n g  o r  exclus ion s h o w n  by t he  calor i -  
me t r i c  d a t a  are  i m p o r t a n t  i n  the  e ryopro tec t ive  effect  of  
these solutes. S o m e  expe r imen t s  [11,12] sugges t  t h a t  
the re  are direct  i n t e rac t ions  be tween  sucrose  o r  t reha-  
lose a n d  the  p h o s p h a t e  of  t he  h e a d g r o u p  d u r i n g  freez-  
ing  w h i c h  are  i m p o r t a n t  in the  c ryopro tec t ive  effects o f  
these sugars.  O u r  t :alorimetr ic  d a t a  suggest  t h a t  for  
sucrose,  t rehalose,  a n d  fructose in  u n f r o z e n  so lu t ion ,  
preferent ia l  exclus ion f r o m  the bi layer  m a y  be  the  pre-  
d o m i n a n t  m o d e  o f  in terac t ion .  However .  a t  h i g h  con-  
cen t r a t i ons  of  the  sugars ,  the  d a t a  also sugges t  tha t  
b i n d i n g  m a y  be  in i t ia ted .  D u r i n g  the  f reez ing  process,  
the  suga r  c o n c e n t r a t i o n  in  the  u n f r o z e n  f rac t ion  a r o u n d  
l iposomes  increases  to h i g h  levels. Pe rhaps  i t  is b i n d i n g  
a t  h igh  c o n c e n t r a t i o n  tha t  will p rove  to  be  the  im-  
p o r t a n t  cryoprotec t ive  event.  
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