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Abstract

It has been well established that sugars can be used to stabilize liposomes during drying by a mechanism that involves the formation of a
glassy state by the sugars as well as by a direct interaction between the sugar and the phospholipid head groups. We have investigated the
protective effect of phosphate on solute retention and storage stability of egg phosphatidylcholine (egg PC) liposomes that were dried (air-
dried and freeze-dried) in the presence of sugars and phosphate. The protective effect of phosphate was tested using both glucose (low T)
and sucrose (high 7,) by measuring leakage of carboxyfluorescein (CF), which was incorporated inside the vesicles. Liposomes that were
dried with glucose or phosphate alone showed complete leakage after rehydration. However, approximately 30% CF-retention was obtained
using mixtures of phosphate and glucose. Approximately 75% CF-retention was observed with liposomes that were dried with sucrose. The
solute retention further increased to 85% using mixtures of phosphate and sucrose. The pH of the phosphate buffer prior to drying was found
to have a strong effect on the solute retention. Fourier transform infrared spectroscopy studies showed that phosphate and sugars form a
strong hydrogen bonding network, which dramatically increased the 7,. The HPO3 ~ form of phosphate was found to interact stronger with
sugars than the H,PO; form. The increased solute retention of liposomes dried in the sugar phosphate mixtures did not coincide with
improved storage stability. At temperatures below 60 °C the rate of solute-leakage was found to be strikingly higher in the presence of

phosphate, indicating that phosphate impairs storage stability of dried liposomes.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Drying of cells generally leads to irreversible damage
to cellular membranes and proteins, leading to cell death.
Anhydrobiotic organisms, however, have the ability to
cope with such problems and are able to survive almost
complete dehydration [1,2]. These organisms often accu-
mulate high concentrations of disaccharides such as
sucrose and trehalose before they enter the anhydrobiotic
state. These sugars are thought to convey protection to
intracellular biomolecules and organelles in the dried
state.
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The stabilizing properties of sugars in nature have been
inferred from model systems of isolated proteins [3,4] and
liposomes [5,6]. The mechanism by which sugars stabilize
liposomes during drying involves the formation of a glassy
state by the sugars as well as a direct interaction between
the sugars and the phospholipid head groups [6]. In
addition to serving as a model system for how sugars in
anhydrobiotic organisms aid protection to intracellular
organelles, liposomes can also be used for practical appli-
cations such as intravenous delivery of drugs. This has led
to many studies over the past decades on solute retention
and storage of liposomes in the dried state [5—8].

Liposomes can be stored effectively by freezing using
a wide variety of cryoprotectants, including dimethylsulf-
oxide, glycerol, quarternary amines, and carbohydrates.
The requirements for drying are much more stringent, and
only disaccharides seem to be effective [9]. The protective
effect of carbohydrates during drying of liposomes is
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based on a narrow balance between the interaction be-
tween the sugar and the lipid and the glass-forming
properties of the carbohydrate. A direct interaction be-
tween the sugar and the phospholipid head groups is
pivotal to prevent leakage through the bilayers [6],
whereas vesicle fusion can be prevented by the formation
of a stable glassy state. The 7, of monosaccharides such
as glucose is generally too low to stabilize liposomes in
the dried state, whereas oligo- and polysaccharides are
able to form a stable glass, but, due to their large size,
are unable to interact with lipid head groups. Fructans are
an interesting exception to this general rule [8]. Disac-
charides are small enough to be able to interact with
vesicles and have a sufficiently high 7,. Thus, a good
stabilizer during drying of liposomes should: (1) have a
sufficiently high T, and (2) provide good interaction with
the lipid bilayer. These requirements can also be met
using combinations of protectants. Egg PC liposomes, for
example, cannot be stabilized using glucose or hydroxyl
ethylene starch (HES) alone, but stabilization can be
accomplished using a combination of the two [6]. In this
case, interaction is provided by the glucose, whereas the
HES, which cannot interact with the lipid bilayer due to
its large size, provides a sufficiently high 7,. Red blood
cells have been successfully freeze-dried using a combi-
nation of glucose and HES [10]. Such synergism of
protective compounds has also been reported using mix-
tures of trehalose and borate [11,12]. Borate ions increase
the 7, of trehalose, by forming a complex with trehalose
in the dried state. Storage stability of lactate dehydroge-
nase and Lactobacillus acidophilus was shown to be
considerably improved under conditions of high temper-
ature or high humidity using mixtures of trehalose and
borate. Just like borate, inorganic phosphate also interacts
with sugars in the dried state, thereby increasing the T, of
the sugars [13]. It was shown that phosphate, in combi-
nation with sugars, improves long-term stability of fragile
proteins and bacteria in the dried state.

In this study, we have investigated the protective effect
of phosphate during air-drying and freeze-drying of egg
phosphatidylcholine (egg PC) liposomes in mixtures of
phosphate and sugars. The protective effect was measured
by the retention of a fluorescent dye, carboxyfluorescein
(CF), which was incorporated inside the vesicles. The
effect of phosphate was tested using both glucose, which
does not protect liposomes during drying due to its low
T, (36 °C [14]), and sucrose, which has a sufficiently
high 7, (67 °C [14]) to protect liposomes. Fourier
transform infrared spectroscopy was used to study the
interaction between phosphate and sugars through hydro-
gen bonding, and to determine the glass transition tem-
perature of the sugar—phosphate mixtures. We show that
phosphate in combination with glucose or sucrose
increases the initial protection during drying of liposomes,
but that storage stability of the dried liposomes at ambient
temperatures is decreased in the presence of phosphate.

2. Materials and methods
2.1. CF-retention studies

Sucrose and glucose were purchased from Pfahnstiel
(Waukegan, IL, USA). Egg PC was obtained from Avanti
Polar lipids (Alabaster, AL, USA). CF was obtained from
Molecular Probes (Eugene, OR, USA), and purified using a
lipopohilic sephadex LH20 column (Sigma, MO, USA).
Dried lipid (20 mg/ml) was mixed with 250 mM sugar
(glucose or sucrose) and 100 mM CF in TES buffer (1 mM,
pH=28.0). The lipid suspension was extruded through mem-
brane filters (pore size, 100 nm) 19 times, using a Lipofast
extruder (Avestin, Ottowa, ON, Canada) [15]. CF outside
was removed by passage through a 15-cm Sephadex G-50
(Sigma) column. Air-drying of vesicles was done as de-
scribed previously [5,7]. Vesicle solution was mixed with an
equal volume protection buffer (final volume 20 pl) of
varying molar ratios of sugar and phosphate. The samples
were placed inside the caps of Eppendorf microfuge tubes,
and dried for approximately 4 h in a dry box that was
continuously flushed with dry air of 0% relative humidity at
22 °C. This results in a residual water content of 0.02 to
0.04 g H,O/g dry weight as was determined by gravimetric
analysis of the samples on a Cahn microbalance (Madison,
WI, USA). Freeze-drying was done overnight in Eppendorf
vials using a Virtis lyophilizer (Gardiner, NY, USA) follow-
ing freezing in a — 80 °C freezer. The final lipid concen-
tration in the samples prior to drying was approximately 5
mg/ml. The protection buffers were composed of sugar
(glucose or sucrose at a final concentration of 250 mM)
and sodium phosphate (between 0 to 250 mM). Thus, the
glucose/lipid and sucrose/lipid mass ratios were 9 and 17,
respectively. The pH was varied by mixing solutions of
NazHPO4 and NaH2P04.

CF-retention inside the liposomes was determined by
spectrofluorometry as described previously [5,16]. Fluores-
cence of CF is strongly quenched at the high concentration
inside the vesicles and is increased when CF is released into
the medium. The total CF content of the vesicles was
determined after lysis of the membranes with Triton X-
100. CF-retention of rehydrated vesicles was determined
from the fluorescence before and after addition of Triton X-
100. The dried vesicles were rehydrated in 3-ml TES buffer
(10 mM TES, pH=28.0), and Triton X-100 was added at a
final concentration 0.02%.

Size of the vesicles was measured with a Brookhaven
particle size analyzer (Holtsville, NY, USA) using 2500
scans. The extent of vesicle fusion was estimated by
comparison of the vesicle diameter, before and after drying.

The kinetics of solute leakage in the dried state was
studied by storage of the air-dried liposomes at constant
temperatures from 10 to 80 °C. After air-drying as described
above, samples were sealed inside the dry box (0% RH) and
placed in incubation chambers of varying temperatures.
Samples were taken as a function of time and rehydrated
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to determine CF-retention. CF-retention was plotted against
storage time, and the rate constants were determined by
fitting the data using a single exponential decay function.
Arrhenius plots were constructed by plotting the reciprocal
temperature versus the natural logarithm of the rate of CF-
leakage. The activation energy was obtained from the slope
in these plots.

2.2. Fourier transform infrared spectroscopy studies

Infrared absorption measurements were carried out with a
Perkin-Elmer series 2000 Fourier transform infrared spec-
trometer (Perkin-Elmer, Norwalk, CT, USA). The instru-
ment was equipped with a narrow band Mercury/Cadmium/
Telluride LN,-cooled IR-detector. The temperature of the
FTIR cell was regulated by a computer-controlled device
and the temperature of the sample was recorded separately
using a thermocouple located very close to the sample
windows. The temperature dependence of the FTIR spectra
was studied starting with the lowest temperature, with a
scanning rate of 2 °C/min. The optical bench was purged
with dry CO,-free air. The acquisition parameters were: 4
cm™ ! resolution, 32 coadded interferograms, with a 3600—
900 cm™~ ' wave number range.

The interaction between phosphate and glucose, and that
between egg PC liposomes and glucose was studied using
the band position of the OH stretching vibration arising
from the sugar OH groups (vOH). The thermotropic re-
sponse of the OH stretching band was used to determine the
glass transition temperature of the dry samples as described
in detail elsewhere [17]. Spectral analysis and display were
carried out using the interactive Perkin-Elmer software. The
spectral region between 3600 and 3000 cm™ ' was selected
and normalised. The band position was calculated as the
average of the spectral positions at 80% of the total peak
height. T, was determined by linear regression of the wave
number of the OH stretching band as a function of the
temperature in both the liquid and the solid-like regions of
the plot. The point of intersection of these two regression
lines was defined as the glass transition temperature 7.

3. Results

CF-retention of egg PC liposomes following drying
and rehydration was studied using both glucose—phos-
phate and sucrose—phosphate mixtures. Liposomes were

Table 1
CF-retention and mean diameter (& S.E.) of egg PC liposomes dried in
water, glucose, or phosphate

Mean diameter (nm) CF-retention

Fresh control vesicles prior to drying 133 £ 17 —

Dried in water 875 +£277 64+ 1.4
Dried in phosphate (250 nm) 2065 + 661 71+12
Dried in glucose (250 mm) 122 £ 11 79+0.5
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Fig. 1. CF-retention of egg PC liposomes after (A) air-drying and
(B) freeze-drying. Egg PC liposomes contained 250 mM glucose inside and
were dried with 250 mM glucose outside. Phosphate was added to the
outside of the liposomes at the indicated molar ratios. The CF-retention was
studied at pH 6.0 (open circles), 7.0 (filled triangle) and 8.0 (filled circles).
The data points are means of three measurements with standard error.

dried with sugar present both inside and outside the
vesicles. The sugar and lipid concentrations were chosen
such that a sugar to lipid mass ratio greater than 5 was
obtained. It was previously reported that this results in
maximal CF-retention following drying and rehydration
when sucrose is used to stabilize the liposomes [7]. CF-
leakage cannot be prevented using glucose, but at a
glucose/lipid mass ratio of 9 there is sufficient glucose
to provide maximal interaction with the phospholipid
head groups [6].
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3.1. CF-retention using glucose, or phosphate alone

The CF-retention of vesicles that were dried in the
absence of glucose or phosphate or with phosphate or
glucose alone was around 7% (Table 1), indicating that
neither phosphate nor glucose was able to prevent leak-
age. The mean diameter of the vesicles was 133 nm
before drying, and increased to 875 nm following drying
and rehydration in the absence of glucose or phosphate.
This increased diameter of the rehydrated vesicles is
indicative of fusion. The mean diameter of vesicles that
were dried with phosphate alone was 2065 nm, whereas
the diameter of vesicles dried with glucose (at a glucose/
lipid mass ratio of 9) was 122 nm, similar to the size of
the vesicles prior to drying. Thus, drying at a glucose/
lipid mass ratio of 9 results in complete leakage of
solutes, but fusion is prevented. This implies that at such
high sugar/lipid mass ratios, fusion is not the mechanism
by which CF leakage occurs. The fact that the diameter
of vesicles dried in the presence of phosphate is greater
than those dried in water is likely due to the increase in
ionic strength in the presence of phosphate.

3.2. Solute retention of liposomes using glucose—phosphate
mixtures

Fig. 1 shows that CF-retention increased from 7%
using glucose alone to approximately 30% using glu-
cose—phosphate mixtures at molar ratios between 0.1
and 0.5. The stabilizing effect of phosphate on CF-
retention was observed both after air-drying and freeze-
drying. The protective effect of phosphate is dependent on

the pH of the buffer prior to drying, which is particularly
evident at the higher phosphate/glucose ratios. At a
phosphate/glucose ratio of 1, the CF-retention sharply
decreases with increasing pH. A possible explanation
for this is that at high pH with phosphate mostly in the
single protonated HPOj ~ form, glucose interacts more
strongly with phosphate than with the phospholipid head
groups. We provide evidence that this is indeed the case
(see Figs. 4 and 5).

3.3. Size of vesicles following rehydration

The effect of drying and temperature on vesicle fusion
was studied by particle size analysis. Fusion was pre-
vented at a glucose/lipid mass ratio of 9 both in the
presence or absence of phosphate, even after storage for 2
h at 80 °C (data not shown). Apparently the vesicle—
vesicle interactions that lead to fusion are prevented at
such high sugar/lipid ratios even when the sugar does not
form a glassy state.

In order to determine if glucose—phosphate mixtures
can reduce fusion a glucose/lipid mass ratio of 2 was
used. When liposomes were dried with glucose alone at
this ratio the mean diameter of the vesicles after rehy-
dration was 311 nm (see Fig. 2), indicating that vesicle
fusion had occurred. Fusion was reduced in the glucose
phosphate mixture as was evident from the mean diameter
of the vesicles; 160 nm. The diameter of liposomes that
were dried using glucose alone further increased after an
additional 2-h incubation period of the dried samples at
elevated temperatures (Fig. 2). Liposomes that were dried
in the glucose—phosphate mixture and incubated at ele-
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Fig. 2. Mean diameter and CF-retention (insert figure) of egg PC vesicles that were air-dried and incubated for an additional 2 h at the indicated temperatures.
Vesicles were air-dried at a glucose/lipid mass ratio of 2 in the absence (open circles) and presence (filled circles) of phosphate. The phosphate/glucose molar

ratio was 0.5.
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vated temperatures were significantly smaller than those
dried with glucose alone, indicating that phosphate
reduces fusion. This reduction in fusion cannot be attrib-
uted to the higher protectant/lipid mass ratio of the
glucose—phosphate samples compared to the glucose
samples, since phosphate alone causes massive fusion
(see Table 1). The CF-retention of liposomes dried in
the glucose—phosphate mixture progressively decreased
with increasing incubation temperature (see insert in
Fig. 2) coincident with the increase in mean diameter of
the liposomes.

3.4. Solute retention of liposomes using sucrose—phosphate
mixtures

The stabilization of egg PC liposomes by sucrose has
been thoroughly investigated [7]. Sucrose stabilizes egg
PC liposomes both during air-drying and freeze-drying.
We observed 75% CF-retention in vesicles that were air-
dried with sucrose alone (sucrose/lipid mass ratio 17).
The beneficial effects of a sucrose—phosphate mixture
were only evident with air-drying (Fig. 3A). The CF-
retention increased to 85% using mixtures of sucrose and
phosphate. By contrast, phosphate did not increase CF-
retention of freeze-dried liposomes (Fig. 3B). Thus, the
additional protection of phosphate in a sucrose—phosphate
mixture is small compared to that in a glucose—phosphate
mixture. Similar to the finding with the glucose—phos-
phate mixtures, a sharp drop in CF-retention with increas-
ing pH was observed at a phosphate/sucrose molar ratio
of 1, indicating that protection is dependent on the
protonation of the phosphate.

3.5. Molecular interactions in dried glucose—phosphate—
egg PC

In order to explain the stabilizing effect of phosphate,
the molecular interactions in the air-dried phosphate—
sugar—egg PC system were studied using FTIR. The
interaction between sugar and egg PC through hydrogen
bonding and that between sugar and phosphate were
studied separately in order to distinguish the interactions
that take place in the phosphate—sugar—egg PC mixture.
For this purpose, the effects of both phosphate and egg
PC on vOH of the sugar OH groups were studied. The
thermotropic response of the OH stretching mode arising
from the sugar OH groups was used to determine 7, of
the air-dried liposomal samples.

3.6. Interaction between phosphate and sugars

Fig. 4 depicts the effect of phosphate on vOH of
glucose. The wave number of the OH stretching vibration
decreases with increasing amounts of phosphate, indicat-
ing that phosphate decreases the average length of hy-
drogen bonds in the dried state. At phosphate/glucose
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Fig. 3. CF-retention of egg PC liposomes after (A) air-drying and
(B) freeze-drying. Egg PC liposomes contained 250 mM sucrose inside and
were dried with 250 mM sucrose outside. Phosphate was added to the
outside of the liposomes at the indicated molar ratios. The CF-retention was
studied at pH 6.0 (open circles), 7.0 (filled triangle) and 8.0 (filled circles).
The data points are means of three measurements with standard error.

ratios greater than 1, vOH reaches a minimum. The effect
of phosphate on vOH is dependent on the pH of the
phosphate buffer prior to drying. At a phosphate/glucose
ratio of 1, vOH strongly decreases with increasing pH of
the buffer (Fig. 4B), indicating that the HPOZ ~ form of
phosphate interacts stronger with the sugar OH groups
than the H,PO4 form. The vOH versus pH plot shows an
inflection point at the pK, (7.2) of the phosphate buffer.
Phosphate has similar effects on the vOH of sucrose (data
not shown). In the formation of the hydrogen bonds
between sugars and phosphate, the OH groups of the
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Fig. 4. Interaction between phosphate and glucose through hydrogen
bonding: (A) vOH versus molar phosphate/glucose ratio; (B) correlation
between vOH and the pH of the phosphate buffer at a molar phosphate/
glucose ratio of 1. The data points are means of three measurements with
standard error.

sugars act as proton donors (i.e. acids) and the phosphate
as the proton acceptor (i.e. base). Since the pK, is 13.2
for the HPO3 ~ form and 7.2 for H,PO;, the HPOj ,
which is the stronger base, will form stronger interactions
with the sugar OH groups.

3.7. Interaction between egg PC and sugars

The effect of egg PC on vOH of glucose, sucrose and
dextran was studied as a measure for hydrogen bonding
between sugars and liposomes in the dried state. Fig. 5
shows that egg PC liposomes decrease the vOH of
glucose, indicating that glucose and egg PC interact
through hydrogen bonding. The vOH reaches a minimum
at egg PC/sugar mass ratios greater than 1. The sugar OH
groups interact directly with the phosphate of the phos-
pholipid head groups [9]. Egg PC liposomes have a

similar effect on the OH stretching mode of sucrose. By
contrast, the OH stretching mode of dextran, a polysac-
charide, does not change upon addition of liposomes,
which indicates that dextran has minimal interaction with
liposomes in the dried state.

It is interesting to note that the minimum vOH of
glucose that is observed using saturating amounts of egg
PC is higher than the minimum vOH at saturating amounts
of phosphate (compare Figs. 4 and 5). At a pH of 8.6, for
example, the minimum vOH of glucose in the glucose—
phosphate mixture is 3220 cm™ ', whereas vOH in the egg
PC—glucose mixture reaches a minimum at 3320 cm™ .
This implies that the interaction between glucose and
phosphate is much stronger than that between glucose
and egg PC. This could explain the observed decrease in
CF-retention (Fig. 1) at phosphate/glucose ratios greater
than 0.5. Because at high pH glucose interacts more
strongly with free phosphate than with egg PC, glucose
thus becomes unavailable to the liposomes, which results
in additional CF-leakage; in other words, we suggest that
the effect is due to competition between free phosphate
and phospholipid for the available glucose. At a pH of 6
the interaction between glucose and phosphate (vOH
reaches a minimum at 3300 cm™ ') is only slightly stronger
than that between egg PC and glucose. In this case, CF-
retention increases (Fig. 3B) as predicted.

3.8. Effect of phosphate on T,

The glass transition temperature, 7,, can be measured
using FTIR by monitoring vOH as a function of temper-
ature. The glass transition of carbohydrates is manifested
as an abrupt change in the wave number temperature

3380 T T rrrrrrrrr e e e
3370 4
3360 .

— 4

3350 .

vOH (cm™

3340 4 ]
3330 ] .

3320 ] ]

3310 -

0 1 2 3 4 5
g eggPC/g sugar

Fig. 5. Interaction between egg PC and glucose (filled circles), egg PC and
sucrose (open circles), and egg PC and dextran (filled triangles) through
hydrogen bonding. The plots reflect the vVOH versus mass ratio of eggPC/
sugar. The data points are means of three measurements with standard error.
The pH of the samples prior to drying was 8.0.
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coefficient (WTC) of the OH stretching mode [17]. The
WTC of vOH reflects changes in hydrogen bonding with
changes in temperature, and can be considered as a
measure of the strength of hydrogen bonding. The insert
in Fig. 6 shows a vOH versus temperature plot of
liposomes that were air-dried with glucose alone: the
break in the plot denotes the glass transition temperature
of the system. Fig. 6 shows the thermotropic response of
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Fig. 6. (A) vOH versus temperature plots of liposomes that were air-dried in
glucose—phosphate mixtures at the indicated molar ratios at pH 8.6. The
data points reflect the relative change in vOH with increasing temperature.
The insert figure represents a vOH versus temperature plot of liposomes
dried with glucose alone. The glass transition temperatures are indicated
with arrows. (B) Effect of phosphate/sugar molar ratio on 7, of glucose
(filled circles) and sucrose (open circles).
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Fig. 7. CF-retention of air-dried egg PC liposomes dried with mixtures of
phosphate and sucrose at: (A) 80 °C and (B) 30 °C. The data points of
sucrose alone (filled circles, solid line), and those of phosphate/sucrose at
molar ratios 0.2 (filled triangles, dotted line) and 0.5 (open squares, broken
line) were fitted using a single exponential decay. The data points are means
of three experiments, and the error bars reflect the standard error.

vOH of liposome samples dried with differing mixtures of
phosphate and glucose. The relative shift in vOH is
shown instead of the absolute value of vOH, because
the starting wave number of the different glucose—phos-
phate mixtures showed great differences. The 7, of the
air-dried liposomal samples increased from 30 °C using
glucose alone to 100 °C using a glucose—phosphate
mixture at a molar ratio of 0.4. In addition to increasing
the 7, of glucose, phosphate strongly decreased the WTC
of the OH stretching band at temperatures below 7,. The
WTC in the glassy state, WTC,, dropped from 0.15
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em™ '/°C with glucose alone to 0.0 cm™ '/°C at a
phosphate/glucose ratio of 0.4. This indicates that phos-
phate increases the average strength of hydrogen bonding.
The higher WTC, of glucose compared to that of the
glucose—phosphate mixtures is also indicative of a higher
degree of freedom for rearrangements in intermolecular
hydrogen bonding as temperature changes. The 7, of
liposomes that were dried with sucrose increased from
50 °C using sucrose alone to 106 °C using a phosphate/
sucrose molar ratio of 1.

3.9. Storage stability of liposomes in sugar—phosphate
glasses

Storage stability of the air-dried liposomal samples was
studied using sucrose alone and in sucrose—phosphate and
glucose—phosphate mixtures by determining the CF-reten-
tion after storing the samples that were dried for 4 h at
room temperature, for an additional time at varying
temperatures. The kinetics of CF-retention during storage
followed first-order kinetics as described previously [7].
The rate constants of CF-leakage were determined by
fitting the data with a single exponential decay. Storage at
80 °C resulted in 90% reduction of CF-retention within
60 min (Fig. 7). The rate of CF-leakage was approxi-
mately the same at varying molar ratio of phosphate and
sucrose. At 30 °C, however, the rate of CF-leakage of
liposomes dried in sucrose—phosphate mixtures was strik-
ingly greater than in liposomes dried with sucrose alone.
In this case, phosphate causes a fivefold increase in the
rate of CF-leakage (Table 2). The destabilizing effect of
phosphate on storage stability is already evident at phos-
phate/glucose molar ratios as low as 0.1. The rate con-
stants of CF-leakage during storage showed good fits with
the Arrhenius equation (Fig. 8). The activation energy in
this equation can be obtained from the slope in a plot of
the reciprocal temperature versus the natural logarithm of
the rate of CF leakage. The activation energy of CF-
leakage with sucrose alone was determined to be 35.3
kcal/mol at temperatures below 60 °C (below the 7, of
sucrose), in good agreement with previous findings in our
laboratory (33 kcal/mol; recalculated from Sun et al. [7]).
Phosphate decreased the activation energy to 22.7, 22.4,
and 20.6 kcal/mol at phosphate/sucrose molar ratios of
0.1, 0.2, and 0.5, respectively. The decreased activation
energy in the presence of phosphate implies that there is

Table 2
Rate constants ( £ S.E.) of CF-leakage of liposomes dried in sucrose alone
and in sucrose—phosphate mixtures

Phosphate/sucrose kat T=80 °C kat 7=30 °C
(molar ratio) s H s h

0 6.83+0.5x 10" 4 0.60+0.1x10"°¢
0.1 6.54+09x10"* 289+05x107°
0.2 6.59+0.1x10"* 283+04x10°°
0.5 6.56+0.5x 10" 4 3.47+03x10°°

A

'6-""I""I""I""I""

10 -

sucrose
P/S=0.1
P/S=0.2
P/S=0.5

oroe

'18-""I""I""I""I""
2.6 2.8 3.0 3.2 3.4 3.6

1000/T (1/K)

-6_""|""|""|""|""

10 -

In(k)

12 1

14 1

-16 1

18 ;
26 28 3.0 3.2 34 36

1000/T (1/K)

Fig. 8. Arrhenius plots of CF-leakage of air-dried egg PC liposomes
protected with: (A) phosphate/sucrose (P/S) and (B) phosphate/glucose
(P/G) at the indicated molar ratios. The data points are means of three
experiments, and the error bars reflect the standard error.

less effect of temperature on the rate of CF-leakage in the
dried state. Liposomes that were dried in glucose—phos-
phate mixtures demonstrated similar decay curves of CF-
leakage with similar activation energies compared to those
dried in sucrose—phosphate mixtures. Activation energies
in glucose—phsophate mixtures were determined to be
21.8, 20.9, and 18.2 kcal/mol at phosphate/glucose ratios
of 0.1, 0.2, and 0.5, respectively (Table 3).

We conclude that phosphate reduces the effect of
temperature on the rate of solute-leakage of dried lip-
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Table 3
Activation energies of CF-leakage ( £+ S.E.) in liposomes dried in sucrose—
phosphate and glucose—phosphate mixtures

Activation energy (kcal/mol)

Sucrose 353+ 1.0
Phosphate/sucrose = 0.1 22.7+1.0
Phosphate/sucrose = 0.2 224+09
Phosphate/sucrose = 0.5 20.6 0.8
Phosphate/glucose =0.1 21.8%+0.5
Phosphate/glucose =0.2 20.9 £ 0.5
Phosphate/glucose=0.5 182+0.5

The phosphate/sucrose and phosphate/glucose molar ratios are indicated.

osomes. However, the rate of solute-leakage at ambient
temperature is increased in the presence of phosphate.

4. Discussion

In this study we have investigated the protective effect
of phosphate during air-drying and freeze-drying of lip-
osomes using mixtures of phosphate and sugars. The
protective effect of phosphate was more pronounced when
phosphate was used in combination with glucose (low 7)
than in combination with sucrose (high 7,). The proton-
ation of the phosphate prior to drying was found to have
a strong effect on the CF-retention and on the sugar
phosphate interaction. Despite its effect on the initial CF-
retention after drying, phosphate decreased storage stabil-
ity of dried liposomes at ambient temperatures.

Neither phosphate nor glucose alone is able to stabilize
liposomes during drying. However, solute retention is
clearly increased using a glucose—phosphate mixture both
during air-drying and freeze-drying. This indicates that
phosphate and glucose stabilize liposomes in a synergistic
manner. Using the glucose—phosphate mixture to protect
liposomes, interaction is provided by glucose, whereas
phosphate increases the T,. The phosphate-induced in-
crease in the 7, is mediated by a strong interaction
between phosphate and glucose through hydrogen bond-
ing. The strength of hydrogen bonding between glucose
and phosphate increases with increasing pH of the phos-
phate prior to drying. Glucose interacts stronger with the
single-protonated HPO3 ~ form of phosphate than with
the double-protonated H,PO, form.

The stronger glucose—phosphate interaction with in-
creasing pH may explain the effect of pH on CF-reten-
tion. The reduction in CF-retention with increasing pH at
phosphate/glucose ratios greater than 0.5 is likely due to
competition between phosphate and the phospholipid head
groups in the interaction with glucose. At high pH with
phosphate mostly in the HPO3 ~ form, the glucose—
phospholipid interaction is relatively weak compared to
the strong glucose—phosphate interaction, which leads to
preferential interaction of glucose with phosphate at the
expense of the glucose phospholipid interaction. Thus,
despite the fact that the T, is sufficient to prevent fusion,

CF-leakage occurs due to insufficient interaction between
glucose and the lipid. At lower pH, glucose does not have
a preferential interaction with phosphate or the phospho-
lipid head groups. In this case, CF-retention initially
increases due to the phosphate-induced increase in T,
and then decreases due to noncompetitive-like inhibition
of the interaction of glucose with phosphate and egg PC.
Our kinetic study shows that phosphate decreases the
activation energy for solute leakage from liposomes. How-
ever, solute leakage during storage at room temperature is
increased by phosphate. Phosphate slightly reduced solute
leakage at temperatures above 60 °C. At temperatures
below 60 °C, however, solute leakage is increased in the
sugar—phosphate glasses. The explanation for this may lie
in the molecular structure of the amorphous matrix that is
formed by sugars and phosphate. One striking difference
between the sugar glasses and the sugar—phosphate glasses
is the thermotropic response of the OH stretching mode. The
WTC, of the sugar phosphate glasses is strongly decreased
with the addition of small amounts of phosphate, indicating
that phosphate increases the average strength of hydrogen
bonding of the amorphous sugar matrix. We previously
reported that WTC,, increases with increasing 7, of carbo-
hydrates: oligosaccharides with high T, generally have a
higher WTC, than monosaccharides [17]. Phosphate appar-
ently has the opposite effect: with increasing phosphate/
sugar ratio, T, increases, while WTC, decreases. The WTC
of the OH stretching mode in the glassy state is a measure
for the degree of freedom to rearrange hydrogen bonds as
temperature changes. We speculate that it is this decreased
freedom in hydrogen bonding that causes the poor storage
stability of liposomes in sugar—phosphate glasses. The
hydrogen bonding interactions between sugars and phos-
phate are stronger than the intermolecular hydrogen bonds
between sugars. The sugar—phosphate hydrogen bonds,
however, are likely of more defined geometric orientations.
We argue that the stabilizing effect of sugars can be
attributed to the fact that these molecules have fluid-like
interactions in the dried state. Thus, a certain level of
molecular disorder is retained while molecular mobility is
strongly reduced. Phosphate may interfere with the random
molecular interactions in glasses of pure carbohydrates and
induce more defined intermolecular interactions with more
defined hydrogen bonds. We speculate that this increase in
order in the dried state may impair storage stability.
Stability of liposomes in the dried state provides
insight into macromolecular stability of anhydrobiotic
organisms in the dried state, but is also of interest for
practical applications. We conclude that phosphate
improves solute retention during drying of liposomes in
sugar—phosphate mixtures, which is likely due to the
increase in T, of the sugar by phosphate. Storage stability
of dried liposomes at ambient temperature, however, is
decreased by phosphate, which could be due to the
ordering effect of phosphate on the molecular organiza-
tion of the amorphous sugar matrix in the dried state.
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