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Previous studies have shown that liposomes can be preserved in the dry state in the presence of certain 
sugars, of which trehalose is particularly effective. There have been some discrepancies in results obtained 
by the various laboratories in which this phenomenon has been studied, both with respect to the efficacy of 
the sugars tested and the degree to which the dry vesicles can be stabilized. We show here that several 
factors that affect the stability of the dry liposomes may he responsible for the discrepancies between 
measurements by different laboratories. These factors include: (I) Size: small, sonicated vesicles are 
comparatively very unstable, and retain no more than 70% of trapped solute after drying, even in extremely 
high concentrations of sugars. Very large vesicles are similarly unstable. (2) Charge: a small amount of 
negatively charged lipid in the bilayer significantly increases stability. (3) Stabilizing sugar: the comparative 
efficacy of the sugar used varies with the size of the vesicles. (4) Dry-mass ratio. It is the dry-mass ratio 
between the stabilizing sugar and lipid that is important in the preservation during freeze-drying, not the 
concentration of either lipid or sugar in bulk solution. 

Introduction 

It has often been suggested that liposomes in 
which water-soluble molecules are entrapped could 
be used for delivery of those molecules to cells in 
whole organisms, including humans [1-2], as well 
as for lipid-based assay systems [3]. These sugges- 
tions are becoming a reality, with the creation of 
several commercial products that are based on 
liposomes [4]. One of the difficulties in the practi- 
cal application of these products has been the 
long-term stability of the liposomes. We [5-10] 
and others [11-13] have addressed this problem 

Abbreviations: Tes, 2-{[2-hydroxy-l,l-bis(hydroxymethal)eth- 
yl]amino}ethanesulfonic acid; POPC, 1-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphatidylcholine. 
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and have found that liposomes can be reduced to 
dry powders if they are dried in the presence of 
certain sugars. In the initial studies on this phe- 
nomenon, we reported that trehalose, a non-reduc- 
ing disaccharide of glucose commonly found at 
high concentrations in organisms that naturally 
survive dehydration [14-18], is particularly effec- 
tive in this regard [5-6]. When liposomes, about 
50 nm in diameter and composed of 1-palmitoyl- 
2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) 
and PS (9 : 1), were freeze-dried in the presence of 
trehalose in a mass ratio of 2 g trehalose to 1 g 
lipid, upon rehydration the vesicles were seen to 
retain 100% of their original contents [5]. In subse- 
quent studies we showed that trehalose is the most 
effective of the sugars tested [6] and provided a 
physical explanation for the mechanism for the 
preservation [6,10]. The best evidence available 
suggests that there is a direct interaction between 
the sugar and the polar head group of the phos- 
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pholipid [10,12,18-22], the result of which is a 
depression of the transition temperature of the 
lipid and its maintenance in a fluid state even in 
the absence of water [5,10,13,18,20]. 

Other laboratories have confirmed these results, 
with some puzzling discrepancies. For example, 
Madden et al. [11] reported that much greater 
quantities of the stabilizing sugar were required to 
stabilize the liposomes and that retention of 
trapped solute was significantly less in their hands 
than we had reported. Strauss et al. [13] found 
that trehalose and sucrose have approximately 
similar stabilizing properties, in distinction from 
our own results. However, all three laboratories 
are using different methods to prepare the lipo- 
somes, different lipids, and different methods to 
record stability. In the present paper we show that 
these factors lead to differences in the stability of 
dry liposomes. 

Materials and Methods 

Liposomes 
Egg phosphatidylcholine (PC) and crude bovine 

phosphatidylserine (PS) were purchased from 
Avanti Polar Lipids (Birmingham, AL) and used 
without further purification. Trehalose, sucrose, 
and lactose were purchased from Pfanstiehl 
Laboratories (Waukegan, IL). Highly purified 
carboxyfluorescein was obtained from Molecular 
Probes (Junction City, Oregon) and used without 
further purification. PC and PS at a mole ratio of 
9 :1  were mixed together in chloroform solution, 
dried under nitrogen, and placed under vacuum 
(10-25 mTorr) on a VirTis lyophilizer (The VirTis 
Co., Gardiner, NY) for at least 12 h. The lipids 
were rehydrated to a final lipid concentration of 
20 mg/ml  with double-distilled deionized water 
containing 20 mM Tes buffer (pH 7.5), 0.1 M 
carboxyfluorescein, and 0.25 M sugar (either 
lactose, sucrose or trehalose). The resulting multi- 
lamellar vesicles were frozen four times in liquid 
nitrogen and thawed in a 40 °C water bath after 
each freezing event. With this fluid mixture of 
lipids, simply freeze-thawing them reduces the 
original multilamellar vesicles to large unilamellar 
and oligolamellar vesicles (Fig. la). Smaller uni- 
lamellar vesicles were prepared from the freeze- 

thawed vesicles essentially as described by Mayer 
et al. [23]. Briefly, the vesicles were successively 
extruded through polycarbonate filters of 400, 200, 
100, 50 and 30 nm pore diameter. In order to 
obtain unilamellar vesicles nominally 100 nm in 
diameter, for example, the multilamellar vesicles 
were extruded five times through 400 nm filters, 
followed by five passes through 200 nm filters, an 
then by five passes through 100 nm filters. Excess 
carboxyfluorescein and sugar not trapped in the 
unilamellar vesicles was eluted through a Seph- 
adex G-50 fine column (15 X 180 mm) with Tes 
buffer as the mobile phase. The column chro- 
matography under these conditions results in an 
unavoidable osmotic shock, leading to leakage of 
about one-third of the trapped solute during pas- 
sage through the column. After elution from the 
column the vesicles are stable, however, showing 
no further leakage for at least 72 h while they are 
stored at 4 ° C. Before using the stored vesicles in 
the freeze-drying experiments, aliquots were di- 
luted to produce samples containing 10 mg lipid 
per ml. Various amounts of sugars were added to 
the final solutions to produce the desired sugar/  
phospholipid ratio before freeze-drying. 

~etention of trapped carboxyfluorescein after 
freeze-drying 

The amount of carboxyfluorescein inside and 
outside the vesicles was measured with a Perkin- 
Elmer LS-5 fluorometer as follows. Fluorescence 
of 10 #1 aliquots of the sample dispersed in 2.5 ml 
Tes buffer (pH 7.5) was recorded with the excita- 
tion beam set at 460 nm and emission at 550 nm, 
after which the vesicles were lysed by addition of 
20 gl of 2% (v/v) Triton X-100, and fluorescence 
was measured again. The fraction of carboxy- 
fluorescein contained within the vesicles was 
calculated from the ratio of fluorescences recorded 
before and after the vesicles were lysed. 100-/d 
aliquots were frozen in liquid nitrogen and freeze- 
dried for at least 12 h. The dry samples were 
rehydrated to their original volumes with distilled 
water, and the concentration of carboxyfluores- 
cein inside and outside the vesicles was recorded 
by measuring fluorescence before and after the 
vesicles were lysed. The percentage of carboxy- 
fluorescein retained after freeze-drying was calcu- 
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Fig. 1. Freeze-fracture images of vesicles composed of egg PC and PS (9 : 1) prepared by freeze-thaw of multilamellar vesicles. With 
five freeze-thaw cycles the multilameilar vesicles break down into unilamellar and oligolamellar vesicles (a), which are then reduced in 

size by extrusion through 400 (b), 200 (c), 100 (d), 50 (e) and 30 (f) nm pore-size polycarbonate filters. 
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lated according to the following formula: 

% retention F / -  F~/F a' × 100 
F a - -  F b / F  a 

where F b is the fluorescence before freeze-drying 
and before lysing; F a the fluorescence before 
freeze-drying and after lysing; F b the fluorescence 
after freeze-drying and before lysing; and F a' the 
fluorescence after freeze-drying and after lysing. 

Freeze fracture 
Samples were frozen in liquid freon, freeze- 

fractured on a Balzers BAF 400D freeze-fracture 
apparatus with platinum shadowing at a 45 ° an- 
gle. Replicas were examined in a Philips 410 trans- 
mission electron microscope. Diameters were mea- 
sured from half-shadowed vesicles which had been 
fractured at the equator. 

Results and discussion 

Characterization of liposomes 
Because we suspected at the outset that the size 

of the vesicles might be important in their stabil- 
ity, we have taken some care to characterize the 
vesicles extruded through polycarbonate filters, 
using freeze fracture. It was necessary to do these 
measurements even though Mayer et al. [23] have 
done similar studies on vesicles prepared from egg 
PC alone. The lipid mixtures used here behave 
considerably differently from PC alone, as we 
show below. 

Freeze-fracture images show that, while the 
vesicles extruded through filters of larger pore size 
do appear larger than those extruded through 

TABLE I 

AVERAGE DIAMETERS OF EGG PC-PS (9 : 1) VESICLES 
EXTRUDED THROUGH POLYCARBONATE FILTERS 
WITH THE INDICATED PORE SIZES 

Pore size Diameter of vesicles 
(±S.E.) 

400 118+9 
200 96 + 4 
100 89+6 

50 69+2 
30 61 + 2 

finer filters, both populations are heterogeneous 
(Fig. 1). When measurements of the diameters of 
half-shadowed vesicles similar to those shown in 
Fig. 1 were made, we found that the average 
diameters are surprisingly similar, regardless of 
the pore size in the filters used (Table I). However, 
since we are interested in comparing the stability 
of these vesicles with respect to retention of 
trapped solutes, it is not the diameter of the 
vesicles per se that is important, but rather their 
trapped volume. Because volume increases as the 
cube of the radius while surface area increases as 
its square, measurement of the diameter can pro- 
vide a deceptive estimate of the trapped volume. 
This point is illustrated in Fig. 2. Based on the 
measurements of the diameters of the vesicles, the 
average size would appear to be about 90 nm for 
this sample. But since a small number of vesicles 
contain a large volume, the volume distribution is 
clearly skewed towards the larger sizes. Similar 
measurements for the other classes of extruded 
vesicles show that those extruded through the 
smaller pore sizes are reasonably uniform, whereas 
those made with the larger pore sizes are much 
more heterogeneous. Nevertheless, clear trends can 
be seen in the volume distributions from large to 
small vesicles. For convenience, we will refer to 
vesicles extruded through, for example, filters with 
30 nm pores as '30 nm vesicles' even though they 
depart significantly from their nominal size. 

w25 

°iZ/ 
0 50 lO0 150 200 250 300 

DIAMETER (rim) 

Fig. 2. Diameter and trapped volumes for vesicles extruded 
through 200 nm pore-size filters. Based on the diameters, the 
average size of the vesicles appears to be about 90 nm. How- 
ever, most of the trapped volume is included in larger vesicles. 

O, number of vesicles; A, volume. 
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Effect of size on retention of trapped solute 
Size of the vesicles profoundly affects their 

stability during freeze-drying. As the data in Fig. 3 
show, the optimal size for preservation is in the 
range of 50-100 nm. Such vesicles can be effi- 
ciently preserved by trehalose, achieving retention 
of 100% of the trapped carboxyfluorescein at mass 
ratios of trehalose/l ipid of less than 4. By con- 
trast, small, sonicated vesicles (approx. 25 nm in 
diameter) retain only about 40% of trapped solute 
at the same trehalose concentration. Similarly, very 
large vesicles are also comparatively unstable, re- 
taining less than 50% of the trapped carboxy- 
fluorescein following freeze-drying with 4 g treha- 
lose per g lipid. The relative instability of the 
sonicated vesicles is intuitively easy to under- 
stand; such vesicles are thought to be under con- 
siderable strain due to their high radius of curva- 
ture and have been shown to fuse readily [24]. The 
relative instability of the larger ones is more dif- 
ficult to explain, but it could be due to a lack of 
the structural rigidity that is required for stability. 

Effects of different sugars 
Different sugars have markedly dissimilar ef- 

fects on stability, depending on the size of the 
vesicles. For example, Fig. 4 shows effects of two 
sugars, trehalose and sucrose, on retention of 
trapped solute by freeze-dried PC-PS vesicles of 
two different sizes. With vesicles about 100 nm in 
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Fig. 3. Retention of trapped carboxyfluorescein (CF) by vesicles 
extruded through the indicated pore-sized filters, freeze-dried 
in the presence of trehalose at the indicated concentrations, 
and then rehydrated, o,  25 nm; v, 50 nm; D, 100 nm; zx, 200 

nm; ~ ,  400 nm. 
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Fig. 4. Comparison between effects of sucrose and trehalose on 
retention of trapped carboxyfluorescein (CF) following freeze- 
drying of sonicated (25 nm; v, sucrose and n, trehalose) 
vesicles and vesicles prepared by extrusion through 100 nm 

filters (o, sucrose and ~, trehalose). 

diameter, trehalose and sucrose provide similar 
levels of stabilization, except that retention rises 
to 100% with trehalose and reaches maximal value 
to about 90% with sucrose. This is a small, but 
repeatable difference between these two sugars (cf. 
Ref. 6). With sonicated 25 nm vesicles, by con- 
trast, the two sugars behave quite differently. Much 
more sugar is required for te preservation in both 
cases, but trehalose provides markedly more effec- 
tive preservation that does sucrose, even at the 
highest mass ratios of sugars tested. With both 
sucrose and trehalose, the maximal retention seen 
is less than 70%. The apparent difference between 
the ability of these two sugars to preserve dry 
liposomes may be related to fundamental dif- 
ferences in their mode of interaction with the 
bilayer. Alternatively, Leopold and Vertucci [25] 
have suggested that sucrose may not be as effec- 
tive as trehalose because the former molecule tends 
to crystallize more readily than the latter. Based 
on that proposition, they have recently [26] shown 
that the introduction of raffinose, which they sug- 
gest inhibits the crystallization of sucrose, im- 
proves the efficacy of sucrose both in depressing 
the transition temperature of dry phospholipids 
and in retention of trapped solutes following dry- 
ing. 

Effects of sugar on both sides of the bilayer 
We [5,6] and others [11] previously reported 

that sugars are required on both sides of the 
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Fig. 5. Effects of providing lactose both inside and outside 
sonicated vesicles and on the outside only on retention of 
carboxyfluorescein (CF) following freeze-drying of sonicated 
vesicles. For comparison, retention by 50 nm vesicles with 
lactose on both sides is shown also. o, 50 nm, inside and 
outside; ~, 25 nm, inside and outside; and z~, 25 nm, outside 

only. 
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Fig. 6. Effects of preparing sonicated vesicles in the presence of 
the indicated concentrations of trehalose on retention of 
carboxyfluorescein (CF) following freeze-drying. Although the 
amount inside the vesicles varies widely, retention of CF does 
not differ significantly between the three treatments, o, 0.06 

M; zx, 0.125 M; and ~, 0.5 M. 

bilayer to achieve maximal stabilization, and we 
confirm and extend that observation here. Lactose 
is commonly used in the pharmaceutical industry 
for preservation of drugs and other proteins of 
pharmaceutical interest. This sugar is not particu- 
larly effective at stabilizing either larger vesicles or 
small, sonicated ones, achieving only about 70% 
retention with larger ones and at most 60% with 
small sonicated ones, even with the sugar on both 
sides of the bilayer (Fig. 5). When lactose was 
provided only on the outside of the vesicles, 
markedly inferior preservation was seen; with 15 g 
lactose per g lipid, less than 20% retention was 
achieved, while the vesicles retained about 50% of 
the trapped carboxyfluorescein with the sugar on 
both sides of the bilayer (Fig. 5). It is possible that 
this effect is simply due to the fact that having the 
lactose on both sides of the bilayer is additive, i.e., 
that the effective concentration of sugar affecting 
the bilayer is the arithmetic total of the amount 
inside and outside. To test this possibility, we 
prepared sonicated vesicles in the presence of vari- 
ous concentrations of trehalose, thus trapping 
sundry amounts inside. If the effect of the treha- 
lose inside is simply additive to that outside, these 
vesicles should have been stabilized by differing 
amounts. Fig. 6 shows clearly that this is not the 
case. Only a small amount of trehalose is required 
inside, and adding more inside has no apparent 
effect on stability. 

Concentration of sugar required to stabilize dry lipo- 
somes 

In previous studies we have shown that a re- 
markably small amount of sugar is required to 
stabilize vesicles of POPC-PS about 50 nm in 
diameter - only about 2 g trehalose per g lipid [5]. 
Further, we found that maximal effects of this 
sugar on the physical properties of the dry lipids 
are achieved by the time this mass ratio of treha- 
lose/l ipid is added. The question can now be 
asked: which is important for the stabilization, the 
mass ratio between sugar and lipid in the dry 
state, or the bulk concentration of the sugar be- 
fore the drying is begun? To distinguish between 
these possibilities, the following experiment was 
conducted. Vesicles of PC-PS were prepared by 
extrusion through 50 nm filters and sufficient 
trehalose was added to produce the desired mass 
ratio of trehalose/lipid. The samples were then 
sequentially diluted to produce lipid-trehalose 
mixtures with widely varying concentrations in the 
bulk medium, but with the same lipid/trehalose 
mass ratios. The results (Fig. 7) show that the 
dilution of the samples before freeze-drying has 
no effect on the preservation of the liposomes, 
indicating that it is the mass ratio between sugar 
and lipid that is important for preservation. The 
trehalose concentration required in bulk solution 
is, in fact, very low, in the millimolar range. By 
contrast, Madden et al. [11] uniformly used 250 
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Fig. 7. Effects of diluting sugar-vesicle preparations by the 
indicated amounts on retention of trapped carboxyfluorescein 
(CF) following freeze-drying. Although the bulk concentrations 
of sugar and lipid vary widely, retention of trapped solute is 
not significantly different between thre treatments. This result 
indicates that retention varies with the mass ratio between 
sugar and lipid and not the concentration of the sugar in the 

bulk phase, zx, no dilution; ~, 1 : 100; v, 1 : 10; and o, 1 : 1. 

mM sugar in their experiments, which is far more 
than needed to preserve the liposomes. We hasten 
to add that freeze-drying is different from freeze- 
thawing in this regard. In order to stabilize vesicles 
during freeze-thawing, much higher concentra- 
tions of the sugars are needed, and, in this case, it 
appears that the bulk concentration of the sugar in 
solution is the important  factor [7,12,13,27,28], an 
effect that is possibly related to the effect of the 
sugars on recrystallization of ice during thawing. 

Effect of charged lipids included in the bilayer 
All the results shown above were obtained with 

mixtures of PC and PS. Vesicles of similar size can 
be prepared with PC alone, but with the following 
differences. During the freezing of PC-PS mix- 
tures before they are extruded through the poly- 
carbonate filters, the multilamellar vesicles are 
reorganized into oligolamellar vesicles. With PC 
alone, by contrast, the multilamellar vesicles per- 
sist following frezing, as previously reported [23]. 
After extrusion, the PC vesicles do not differ 
significantly from those made from PC-PS, in 
either average diameter or trapped volume. 

Madden et al. [11] have shown that vesicles of 
PC alone can be preserved by freeze-drying with 
sugars, but the maximal level of stabilization they 
were able to achieve was about 80-90% retention. 
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We have conducted similar studies with different 
sizes of vesicles made of PC alone, with the results 
shown in Fig. 8. Even with the optimal size of 
vesicles (50-100 nm), not much more than 70% 
retention was achieved even at the highest ratios 
of sugars to phospholipids (Fig. 8). Two factors 
might account for the apparent disagreement be- 
tween these data and those previously published 
by Madden et al. [11]. (a) Those authors expressed 
their data in molar quantities for the sugars used, 
so it is not clear just what the final sugar / l ip id  
ratio was in their samples, but it is probably 
considerably more than the amounts shown in 
Fig. 8. It is possible that at these higher sugar 
contents, the retention of trapped solute increases. 
(b) An alternative explanation is that there is an 
experimental artifact introduced into the data of 
Madden et al. for the following reasons. To mea- 
sure retention of trapped solute they passed the 
vesicles through an ion-exclusion column after 
they were dried and rehydrated, thus removing the 
leaked solute from the outside of the liposomes. 
They then measured the concentration of lipid 
recovered from the column and expressed the 
retention data in terms of the recovered lipid. In 
our hands, a significant fraction of the lipid is not 
recovered from such columns with the liposome 
fraction following freeze-drying, probably because 
fusion during the freeze-drying leads to formation 
of multilamellar vesicles that do not comigrate 
with the unilamellar ones [5]. Thus, Madden et al. 
were measuring retention of trapped solute by a 
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Fig. 8. Retention of trapped carboxyfluorescein (CF) by vesicles 
of egg PC alone. Retention is much less than in vesicles of 
similar size prepared by the addition of PS. ~, 50 nm; zx, 100 

nm; o, 200 nm; and n, 400 nm. 
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selected fraction of the original populat ion.  We 
believe that this is the most likely factor that 

accounts for the higher level of apparent  stabiliza- 
t ion they were able to achieve with PC alone 

compared with the results reported here. In keep- 
ing with this suggestion is the fact that they re- 

ported retent ion values of 50% or more after their 

vesicles were freeze-dried without  addi t ion of 

sugar. With the techniques used here and those 
described previously we have seen no significant 

re tent ion of t rapped solute without  adding sugar 
before freeze-drying. 
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