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Abstract

The effect of sucrose on the phase behavior of 1,2-dioleoylphosphatidylethanolamine (DOPE) as a function of hydration
was studied using differential scanning calorimetry and X-ray diffraction. DOPE/sucrose/water dispersions were dehydrated
at osmotic pressures (I1) ranging from 2 to 300 MPa at 30°C and 0°C. The hexagonal II-to-lamellar gel (Hy— Lg)
thermotropic phase transition was observed during cooling in mixtures dehydrated at IT= 35 MPa. After dehydration at
IT1= 57 MPa, the Hy; — L thermotropic phase transition was precluded when sucrose entered the rigid glassy state while the
lipid was in the Hy phase. Sucrose also hindered the Hy-to-lamellar crystalline (L.), and Hp-to-inverted ribbon (Pg)
lyotropic phase transitions, which occurred in pure DOPE. Although the L. phase was observed in dehydrated 2:1 (mole
ratio) DOPE/sucrose mixtures, it did not form in mixtures with higher sucrose contents (1:1 and 1:2 mixtures). The impact of
sucrose on formation of the ordered phases (i.c., the L, Lg, and P5 phases) of DOPE was explained as a trapping of DOPE in
a metastable Hy phase due to increased viscosity of the sucrose matrix. In addition, a glass transition of DOPE in the Hy;
phase was observed, which we believe is the first report of a glass transition in phospholipids. © 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction solutes is associated with the ability to survive either
freezing or desiccation in a diverse array of organ-
The accumulation of sugars and other compatible isms including nematodes [1], brine shrimp [2], mam-

Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanolamine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine;
DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine; DOPC, 1,2-dioleoyl-
sn-glycero-3-phosphatidylcholine; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-phosphatidylcholine; Ly, lamellar liquid-crystalline phase; Lg,
lamellar gel phase; Hyi, hexagonal II phase; L, lamellar crystalline phase; Ps, inverted ribbon phase; T, the Ly — Ly, phase transition
temperature; ]*[;bh, the Lg — Hyy phase transition temperature determined during heating; Tébh, the Hyy — Ly phase transition temperature
determined during cooling; Ty, the temperature of the L, — Hyy phase transition; T'g, , the glass transition temperature of DOPE; T, the
glass transition temperature of sucrose
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malian cells [3], plant tissues and seeds [4], and even
vertebrates [5]. Given that cell membranes are the
primary site of freeze-induced [6] and desiccation-in-
duced injury [7-9], studies of the effect of sugars on
the stability of biological membranes are required to
understand the role of sugars in protecting organisms
against freezing and desiccation. Also, there is a
growing interest in using liposomes for drug delivery
and the effect of sugars on the stabilization of lipo-
somes during dehydration [10].

Most commonly, biological membranes consist of
> 100 lipid species (phospholipids, sterols, sterol es-
ters, cerebrosides, glycolipids) with phosphatidylcho-
line (PC) and phosphatidylethanolamine (PE) the
predominant phospholipid species. The lyotropic
phase behavior of PC species and PC/sugar mixtures
has been studied in detail. It has been shown that
drying of synthetic PC species and biological mem-
branes causes an increase in the liquid crystalline-to-
gel phase transition temperature, Ty,, and the lyo-
tropic liquid crystalline-to-gel phase transition that
occurs results in the destabilization of liposomes
and biological membranes [10,11]. When dried in
the presence of sugars, however, the lyotropic phase
behavior of phospholipids is modified. The Crowes
demonstrated that when DPPC and POPC were
dried in the presence of sugars, T}, did not increase
but either remained about the same as for fully hy-
drated lipids or was substantially depressed below
the Ty, of the fully hydrated species [12,13]. To ex-
plain the protective effect of sugars on biological
membranes, the Crowes proposed the ‘water replace-
ment hypothesis’ [14,15]. According to this hypoth-
esis, sugar molecules directly interact with the polar
groups of phospholipids which maintains the lateral
spacing between polar headgroup in the dry state
[16,17]. More recently, however, it has been shown
that physical state of the sugar matrix has a major
effect on the lipid phase transition of phosphatidyl-
choline species [18-20]. In particular, Koster et al.
observed that depression of the 7}, occurred when
the glass transition temperature, T,, of the sugar
was greater than the Ty, of the lipid [19,20]. In a
more detailed study, Zhang and Steponkus [18] dem-
onstrated that depression of the Ty, of several differ-
ent PC species was not simply a consequence of
T; > T Rather, depression of the T, only occurred
if the phospholipid was in the L, phase when the

sugar matrix underwent a glass transformation. If
the phospholipid was in the Lg phase when the sugar
underwent the glass transformation the T;, was ele-
vated during the first warming scan. Therefore, as an
alternative to the ‘water replacement’ hypothesis,
Zhang and Steponkus suggested [18] that depression
of the T, is caused by rigidity of the sugar glass
rather than a direct lipid-sugar interaction. That is,
the lipid phase transition is accompanied by area
changes, and the rigid sugar matrix resists the area
changes that might create an increase in lateral pres-
sure. This hypothesis has recently been confirmed by
Koster et al. [20]. Extensive discussion of the effect of
sugars on phase transition of a lipid and lateral pres-
sure effect is given in [21,22].

Phosphatidylethanolamine (PE) species represent
another major phospholipid of biological mem-
branes, and PE/sugar systems have been studied in
some detail. In particular, it has been shown that
when lipids were dispersed in sugar solutions, 7,
increased whereas the L, — Hy phase transition tem-
perature, Ty, decreased relative to that of lipids dis-
persed in water (see [23] for a review). At high sugar
concentrations, the L, phase was not detected; in-
stead, a direct Lg— Hyp phase transition occurred.
Therefore, it was suggested that sugars ‘stabilize’
the Lg and Hy phase at the expense of the Ly, phase
[24,25]. It should be noted, however, that such a
conclusion is in apparent contradiction with the
well-established protective effect of sugars on biolog-
ical membranes.

It should be stressed that most studies of PE/sugar
systems have been performed with dried lipids dis-
persed in solutions containing varied concentrations
of sugars. In such cases, only a limited range of
water activity (and lipid dehydration) can be
achieved. A common way to achieve a greater extent
of dehydration is to equilibrate phospholipid disper-
sions over saturated salt solutions [26]. Such experi-
ments have been performed with PC/sugar mixtures
[18-20] and binary lipid mixtures [27-29]. However,
PE/sugar mixtures have not been studied at low
water contents, and the phase behavior of PE/sugar
mixtures at low water activities is poorly understood.

In this study, DOPE was chosen as a model phos-
pholipid because it is the most studied species of PE
with unsaturated hydrocarbon chains. Although the
phase behavior of DOPE at different hydration levels
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has been studied in pure DOPE [30-32], in DOPE/
DMSO mixtures [33], and in binary and ternary mix-
tures with other lipids [27-29], the lyotropic phase
behavior of DOPE in the presence of sugars has
not been reported in the literature. In the present
study, DOPE/sucrose liposomes were dehydrated
over saturated salt solutions that provided a wide
range of osmotic pressures. The lyotropic phase be-
havior of the dehydrated DOPE/sucrose mixtures
was studied using DSC and X-ray diffraction, with
special attention given to the interactions of a glass
transition in the sucrose matrix and the phase tran-
sitions of DOPE. Another point of interest in the
present study was the observation of a glass transi-
tion of the DOPE itself, which we believe is the first
report of a glass transition in phospholipids.

2. Materials and methods
2.1. Sample preparation

Sucrose was purchased from Fisher Scientific as
ACS reagent. DOPE was purchased from Avanti
Polar Lipids as a chloroform solution and used with-
out further purification. Chloroform was removed
under a stream of N, at room temperature followed
by holding DOPE under vacuum for at least 15 h.
Sucrose solutions (10 wt%) were prepared with dou-
ble-distilled, deionized water saturated with N,. The
sucrose solutions were added to dry DOPE by
weight, and DOPE liposomes were prepared by
freeze—thaw cycling (10X) between —196°C (liquid
nitrogen) and 1-3°C (in a water bath) with vortexing
between cycles. 2:1, 1:1, and 1:2 (mole ratio) DOPE/
sucrose suspensions were prepared.

The DOPE/sucrose suspensions were dehydrated
by vapor phase equilibration over saturated salt so-
lutions at two temperatures. Specifically, 1:2 and 1:1
DOPE/sucrose mixtures were dehydrated at 30°C,
and 1:2, 1:1, and 2:1 DOPE/sucrose mixtures were
dehydrated at 0°C. Two dehydration temperatures
were chosen because it has been previously shown
[30] that the lyotropic behavior of DOPE liposomes
was dependent on the dehydration temperature and
the phase that the lipid was in during dehydration.
To dehydrate the samples for the DSC studies, DSC
pans containing liposomes were placed over satu-

rated salt solutions in tightly closed jars; the jars
were flushed with argon, and the mixtures were de-
hydrated for 7-9 days at 30°C and 23 to 28 days at
0°C. After dehydration, the DSC pans were hermeti-
cally sealed. One experiment was performed with
liposomes composed of DOPE/sucrose, DOPE/treha-
lose, DOPE/glucose, and DOPE/fructose (1:2 mole
ratio) that were dried over phosphorus pentoxide at
the room temperature. To dehydrate samples for the
X-ray diffraction experiments, Petri dishes with the
liposomes were placed over saturated salt solutions
in desiccators; the desiccators were evacuated with a
vacuum pump and stored at 30°C for 6-10 days.
After equilibration, the mixtures were loaded into
capillary tubes and then placed over saturated salt
solutions for one day before the capillary tubes
were flame-sealed. Note that the samples lost a con-
siderable amount of water during loading [30]. To
account for such uncontrolled dehydration, the water
content of the samples was determined after the X-
ray diffraction experiments.

Saturated aqueous solutions of Na,HPO,4, KNOs,
BaCl,, KCl, NaCl, NaBr, MgCl,, and LiCl were
used to provide a range of osmotic pressures [27].
Corresponding osmotic pressures, 1, for those solu-
tions were calculated at 30°C and 0°C as [34]

IT = —(RT/Vy)In(RH/100) (1)

where R=8.31 J mol~ ! K™! is the universal gas con-
stant, T is the temperature in K, V,, =18 x107% m? is
the partial molar volume of pure water, and RH is
the relative humidity of the solution. RH and os-
motic pressures for saturated salt solutions used in
this study are given in Table 1.

Water content was determined gravimetrically
after DSC and X-ray diffraction experiments by dry-
ing DOPE/sucrose mixtures in DSC pans with pin
holes at 70°C under vacuum until a constant weight
was achieved (usually 3.5 h). It has been shown in a
separate experiment that sample weight was the same
after 3.5 and 24 h of dehydration. The water content,
X wt%, was calculated as

X =100(W—Wq)/(Wi—W,) (2)

where W;, Wy, and W, are the weights of sealed DSC
pan+tsample before drying, after drying, and the
weight of the empty DSC pan+cover, respectively
[35].
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Table 1

Relative humidities (RH) and osmotic pressures for saturated salt solutions at 0°C and 30°C, and hydration of amorphous sucrose

and DOPE at 30°C

Saturated aque- 30°C
ous solution of

0°C

RH Osmotic pressure Sucrose hydration DOPE hydration in the RH Osmotic pressure
(MPa) (wWt% water) Hj; phase at 30°C (MPa)
(Wt% water) [30]

Na,HPO,4 97 43 51.7£0.4 13.3+0.3 98 2.5
KNO; 92.3 11.2 - 10.8+0.2 96.3 4.8
BaCl, 89 16.3 37.7£0.1 9.4%0.6 94 7.8
KCl1 83.6 25.1 28.2%0.8 7.1£0.4 88.6 15.3
NacCl 75.1 40.1 20.7%£1.0 54+£0.1 75.5 354
NaBr 56.0 81.1 10.8 3.1+0.1 63.5 57.3
MgCl, 32.4 157.7 42+0.3 0 (extrapolated) 33.7 137.2
LiCl 11.3 305.2 - 0 (extrapolated) 11.2 276.1

RH values are from [55] with an exception of Na,HPO, and BaCl,. At 30°C, RH values for Na,HPO, and BaCl, at 30°C are from
[54]. At 0°C, RH values for Na,HPO,4 and BaCl, were extrapolated from 5°C to 0°C using data from [56].

2.2. DSC and X-ray diffraction experiments

DSC experiments were performed with a Perkin—
Elmer DSC-7 instrument. An empty aluminum pan
was used as a reference. The instrument was cali-
brated using the melting points of water and indium
at a heating rate of 10°C/min, and the calibration
was checked at a higher heating rate of 40°C/min.
The water and indium melting temperatures obtained
at 40°C/min were 0.7 to 1.5°C higher than those
obtained at 10°C/min. Such a difference is not sig-
nificant for the purposes of this study, and temper-
ature correction for heating rate was not used.
DOPE/sucrose mixtures were studied at heating and
cooling rates of 10°C/min and 40°C/min. The more
rapid scanning rate did not cause changes in the
general appearance of the DSC curves of DOPE/su-
crose mixtures. Minor differences in the measured
temperatures were observed at the two scanning
rates. For example, the difference in the Lg-to-Hy
phase transition temperatures measured at heating
rates of 40°C/min and 10°C/min was (2.5%1.0)°C,
and the difference in the 7, was (2.3+2.5)°C. As a
rule, samples were cooled to = —120°C followed by
immediate heating to = 30°C; cooling-heating cycles
were repeated several times. Also, samples that con-
tained higher water contents (non-dehydrated disper-
sions and after dehydration at 2.5-16 MPa) were
cooled to —10°C to —25°C to avoid ice formation.
DSC pans usually contained 1-3 mg of DOPE/su-

crose mixture (dry weight). Samples dehydrated at
0°C were transferred into the pre-cooled DSC instru-
ment at 0°C. The lipid Lg-to-Hy; and Hy-to-Lg phase
transition temperatures reported in this paper were
determined as the peak temperature in the DSC
warming curves (Tgbh) and the onset temperature
on the DSC cooling curves (T‘[;bh), respectively. The
glass transition temperatures were reported as the
onset temperatures.

X-ray diffraction powder patterns were obtained at
the Cornell High Energy Synchrotron Source on the
D1 station as previously described [30].

3. Results
3.1. DSC and X-ray diffraction results

3.1.1. The effect of osmotic pressure on thermotropic
phase behavior of the DOPE/sucrose mixtures
Representative DSC heating curves of DOPE/su-
crose (1:1) mixtures dehydrated at 0°C are shown in
Fig. 1. DSC heating curves for pure DOPE lipo-
somes are shown for comparison. DSC curves of
1:2 and 2:1 DOPE/sucrose mixtures dehydrated at
0°C, and the 1:1 and 1:2 mixtures dehydrated at
30°C had a similar appearance. The exceptions
were the 1:1 and 1:2 mixtures dehydrated at 41
MPa at 30°C and the 2:1 mixture dehydrated at 57
MPa at 0°C as described later in the paper.
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Fig. 1. DSC heating curves of DOPE/sucrose mixtures (1:1
mole ratio, solid lines) and DOPE (dashed lines) dehydrated at
0°C over saturated salt solutions that ranged in osmotic pres-
sure from 2.5 to 276 MPa. Ice formation was avoided. Scan-
ning rates: 40°C/min. Typ, the Lo, — Hy phase transition; T*[;bh,
the Lg — Hyy phase transition; T¢, the L. — Hy phase transition.

A weak endothermic event, Ty, due to the
L. — Hy phase transition was observed in the fully
hydrated, 1:1 DOPE/sucrose mixtures and in sam-
ples dehydrated at 2.5 MPa; however, it was not
observed in samples dehydrated at =5 MPa. Hence,
the ‘main’ thermal event was assigned to the Lg — Ly,
phase transition (77,) in fully hydrated samples and
in the DOPE/sucrose mixtures dehydrated at 2.5
MPa, and to the Lg — Hy phase transition (Tgbh) in
mixtures dehydrated at 5-35 MPa. Note that a direct
Lg—Hy phase transition has been reported in PE/
sugar mixtures formed from dried PE species that
were hydrated with highly concentrated sugar solu-
tions [24,25]. The assignment of the thermal event
was confirmed in the X-ray diffraction experiments.
Fig. 2 shows X-ray diffraction patterns of the 1:2
DOPE/sucrose mixture dehydrated at 16 MPa at
30°C as an example. Three small-angle diffraction
rings indexing 1:y3:2 and a broad wide-angle diffrac-
tion ring at 0.45 nm indicative of the Hy; phase were

observed at 30°C (Fig. 2A). When the sample was
cooled to —40°C, two small-angle diffraction rings
with ratio 1:4 were observed (Fig. 2B; the second
ring was very weak and is not shown in the figure).
In the wide-angle region, a relatively sharp ring with
a d spacing of 0.43 to 0.44 nm which is indicative the
lamellar gel phase was detected (Fig. 2B). When the
sample was heated from —40°C to 0°C, the sharp
wide-angle diffraction ring disappeared leaving a
broad diffraction at 0.45 nm. Three small-angle dif-
fraction rings with a 1:/3:2 ratio re-appeared indi-
cating that the lamellar-to-hexagonal phase transi-
tion occurred.

After dehydration at osmotic pressures = 57 MPa,
the appearance of the DSC heating curves of the
DOPE/sucrose mixtures changed dramatically, i.e.,
the ‘main’ YEbh peak resulting from the Lg-to-Hy
phase transition was no longer observed (Fig. 1). In
pure DOPE, the 7. thermal event, which is associ-
ated with the lamellar crystalline phase, L., was ob-
served after dehydration at 35 and 57 MPa at 0°C
[30]. No significant thermal events were observed in
pure DOPE samples dehydrated at 137 and 276 MPa
when DOPE entered the inverted ribbon phase, Pg
[30]. The effects of sucrose on formation of the Pj
phase, the Lg— Hy thermotropic phase transition,
and formation of the L. phase are described below
in Sections 3.1.2, 3.1.3 and 3.1.4, respectively.

3.1.2. The effect of sucrose on formation of the
Ps phase

DOPE forms the inverted ribbon phase at extreme
dehydration [30,32]. The inverted ribbon phase, P,
consists of ribbon-like strips of bilayer indefinitely
long in one direction of finite width and thickness
[36,37]. Previously [30], we observed that the ‘disap-
pearance’ of the thermal event associated with the
Lg — Hy phase transition in DOPE liposomes dehy-
drated at =137 MPa was due to formation of the Pj
phase. However, the absence of the 7pp, thermal
event in the DOPE/sucrose mixtures dehydrated at
=57 MPa was the result of a different mechanism.
DSC heating curves for dehydrated 1:2 DOPE/su-
crose mixtures were compared with the DSC curves
for DOPE in the Ps phase in Fig. 3, which shows
that the thermal event at —35°C, which we consider
as a ‘signature’ of the Pg phase of DOPE [30], was
not observed in the 1:2 DOPE/sucrose mixtures de-
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Fig. 2. X-ray diffraction patterns of a 1:2 DOPE/sucrose mixture dehydrated at 16 MPa at 30°C (water content 10.4 wt%). Al: 30°C,
small angle, d=5.62 nm; A2: 30°C, wide angle, d=0.45 nm; Bl: —41°C, small angle, d=6.08 nm; B2: —40°C, wide angle, d=0.44

nm.

hydrated at osmotic pressures of 137 and 276 MPa.
DSC curves for the 1:2 and 2:1 DOPE/sucrose mix-
tures had a similar appearance. Hence, the DSC data
suggest that the Pg phase did not form in the DOPE/
sucrose mixtures. Moreover, X-ray diffraction pat-
terns of the DOPE in the Ps phase and 1:2 DOPE/
sucrose mixtures dehydrated at high osmotic pres-
sures (=137 MPa) are different (Fig. 4). The Pj
phase in DOPE had partially ordered hydrocarbon
chains as evidenced from observation of a relatively
sharp wide-angle diffraction ring, which was not de-
tected in the DOPE/sucrose mixtures.

Hence, both DSC and X-ray diffraction results
suggest that the Ps phase was not formed in the
DOPE/sucrose mixtures at extreme dehydration —
which is different from the behavior of pure DOPE
liposomes. The absence of a sharp wide-angle diffrac-
tion ring indicates that this is a phase with disor-
dered hydrocarbon chains such as the lamellar liquid
crystalline, cubic, or inverted hexagonal phase. Lack
of higher-order small-angle diffractions did not allow

us to identify the phase based on the X-ray diffrac-
tion data alone. We suggest that DOPE in the
DOPE/sucrose mixtures that were dehydrated at os-
motic pressures = 57 MPa remained in the Hy; phase,
and that the Hj phase in these mixtures did not
undergo a thermotropic phase transition to the Lg
phase in the temperature range used in the DSC ex-
periments (i.e., —140°C to 50°C).

3.1.3. The effect of the glass transition of sucrose on
the Lg — Hy thermotropic phase transition

Dehydration had a relatively weak effect on the
Lg—Hypy phase transition temperature, Tppp, of
DOPE (Fig. 1) whereas the T, of sucrose signifi-
cantly increased with dehydration and approached
the YEbh after dehydration at 41 MPa (Fig. 5). The
increase in the T, of sucrose close to the YEbh coin-
cided with changes in the thermotropic behavior of
DOPE as shown in Fig. 5. During cooling of the 1:2
DOPE/sucrose mixture dehydrated at 25 MPa, an
exothermic peak was observed at approx. —35°C
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Fig. 3. DSC heating curves of DOPE/sucrose mixtures (1:2
mole ratio, solid lines) and pure DOPE (dashed lines) dehy-
drated at 137 MPa and 276 MPa at 0°C. Heating rates: 40°C/
min. DSC curves of DOPE in the Py phase typically had a
broad endotherm centered at approx. —35°C, which we consid-
ered to be the ‘signature’ of the P4 phase.

and assigned to the Hyy — Lg phase transition (Fig. 5,
upper curve). In this mixture, the T, of sucrose was
much lower than the temperature of the Hp—Lg
phase transition (—70°C vs. —35°C). In the mixture
that was dehydrated at 41 MPa, the Hy phase was
not converted to the Lg phase during cooling as evi-
denced by the absence of a strong exothermic peak
on the DSC cooling curve (compare cooling curves
for the mixtures dehydrated at osmotic pressures 25
and 41 MPa in Fig. 5). A strong exotherm (7¢x,) Was
detected during heating, after sucrose transformed
from a glassy to liquid state. We suggest that this
exotherm corresponds to the Hy-to-Lg phase transi-
tion. At further dehydration at =81 MPa the T, of
sucrose reached —30°C, and the Hy-to-Lg thermo-
tropic phase transition did not occur during either
cooling or heating as evidenced by an absence of
any significant exothermic event. In these mixtures,
only the T, of sucrose, and a low temperature endo-

therm T, (discussed below in Section 3.1.5) were
detected. A lack of thermal events that can be asso-
ciated with phase transitions of DOPE in mixtures
dehydrated at =57 MPa suggests that DOPE re-
mained in the Hy phase in the temperature interval
of the DSC experiments. Note that pure DOPE de-
hydrated at 41 and 81 MPa at 30°C did show the
Hy — Lg thermotropic transitions [30].

Indirect support for the phase assignment was ob-
tained from a low-temperature thermal event, Ty,
which was observed in the mixtures dehydrated at
=41 MPa. These samples remained in the Hy; phase
after cooling; hence, the Ty thermal event is asso-
ciated with the Hy phase. Thermal cycling experi-
ments were performed to support the suggestion
that the T, thermotropic event is associated with
the Hy phase (Fig. 6). In the thermal cycling experi-
ment, when heating was interrupted and the sample
was cooled down immediately after the Hp—Lg
phase transformation, the T, was not observed dur-
ing the second heating, i.e., when the sample con-
verted to the Lg phase. Hence, Ty is an attribute
of the Hy phase rather than the Ly phase, and ob-
servation of the T, in DOPE/sucrose mixtures was
considered as a ‘signature’ of the Hy phase. In addi-
tion, we suggest that the lack of higher-order, small-
angle reflections observed in these mixtures also fa-
vors the Hy; phase assignment because the disappear-
ance of higher-order reflections with dehydration is
typical for the Hy; phase [38]. We conclude that su-
crose prevented the Hy—Lg thermotropic phase
transition in the DOPE/sucrose mixtures dehydrated
at =57 MPa. Most likely, this ‘stabilization’ of the
Hy phase has a kinetic basis, as considered in Sec-
tion 4.

It should also be mentioned that, in the 1:2 mix-
tures dehydrated at =81 MPa, two thermal events
were detected on the DSC heating curves instead of
one T, (Fig. 5, bottom curve). Observation of two T,
events may be explained by the appearance of two
compartments of sucrose molecules and will be dis-
cussed in more detail in a separate publication (in
preparation).

3.1.4. The effect of sucrose on formation of the
L. phase
Another important difference in the phase behav-
ior of DOPE and DOPE/sucrose mixtures is associ-
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Fig. 4. X-ray diffraction patterns of the DOPE/sucrose mixtures (1:2 mole ratio) (A;, A;) and pure DOPE (B;, B;) after dehydration
at osmotic pressures =140 MPa. The patterns were obtained at room temperature. Subscripts 1 and 2 refer to the small-angle and
wide-angle diffraction patterns, respectively. Pure DOPE was in the Ps phase. d spacings are shown.

ated with formation of the lamellar crystalline phase,
L.. When DOPE liposomes were dehydrated at os-
motic pressures of 35 and 57 MPa at 0°C, the L.
phase formed [30]. DOPE samples in the L. phase
had several sharp, wide-angle X-ray diffraction rings
and characteristic DSC heating curves with a strong
endothermic peak, 7., at ~25°C, which was not
present in the second heating scan [30].

DSC heating curves for 1:2, 1:1, and 2:1 DOPE/
sucrose mixtures as well as pure DOPE after dehy-
dration at 35 and 57 MPa at 0°C are shown in Fig. 7.
After dehydration at 35 MPa (Fig. 7A), none of the
three DOPE/sucrose mixtures formed the L. phase
(i.e., the T, peak was not observed); however, after
dehydration at 57 MPa (Fig. 7B), the L. phase ap-
peared in the 2:1 mixture (i.e., the T, peak was de-
tected) but not in the 1:1 and 1:2 mixtures. Sucrose
inhibited formation of the L. phase in sucrose-rich
mixtures (1:1 and 1:2 DOPE/sucrose, Fig. 7). At a
lower sucrose content (2:1 DOPE/sucrose ratio), su-

crose inhibited formation of the L, phase at 35 MPa
but not at 57 MPa. Also note that the 7, thermal
event was not observed in the 2:1 DOPE/sucrose
mixture in the L, phase whereas it appeared on the
second scan after DOPE was converted to the Hy
phase (Fig. 7B, inset). When 2:1 DOPE/sucrose mix-
tures were dehydrated at 140 MPa, the peak associ-
ated with the L, phase of DOPE was not present
(Fig. 8), and the DSC curves were similar to those
of the 1:1 and 1:2 mixtures with the Ty, at —90°C
indicative of the Hy; phase. Hence, the L, phase was
formed at the intermediate osmotic pressure (57
MPa), but the Hj; phase existed at both lower
(35 MPa) and higher (140 MPa) osmotic pressures.
We suggest that, in the 2:1 DOPE/sucrose mixture
dehydrated at > 57 MPa, the L. phase is the ther-
modynamically stable phase, and the Hj phase
which was observed after dehydration at 140 MPa
is a metastable phase in relation to the L. phase.
Indeed, the L. phase of DOPE is characterized by
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Fig. 5. DSC cooling and heating curves of the DOPE/sucrose
mixtures (1:2 mole ratio) after dehydration at osmotic pressures
of 25, 41 and 81 MPa at 30°C. Arrows show the direction of
the temperature change: < cooling, — warming. Scanning
rates: 40°C/min. Ty, the glass transition temperature of
DOPE; Tgbh, the Ly — Hyy phase transition; FBbh, the Hy—Lg
phase transition; Ty, the glass transition temperature of su-
crose; Texo, the Hyp—Lg phase transition completed during
warming; X, onset of the Hy—Lg phase transition during
cooling.

slow kinetics of formation [30], and it is possible that
the L. phase in the DOPE/sucrose mixtures was pre-
cluded because of kinetic effects. An alternative ex-
planation for the observation of the L. phase at the
intermediate osmotic pressure is that a reentrant
Hy — L. — Hy; phase transition occurred; for exam-
ple a reentrant L, — Hyj— L, lyotropic phase tran-
sition was reported for DOPE [39]. Available data
did not allow us to distinguish between these two
possibilities to explain the effect of sucrose on for-
mation of the L. phase.

3.1.5. Glass transition of DOPE
A low-temperature thermotropic event, Ty, was
observed in the mixtures dehydrated at =41 MPa

(Fig. 5). The appearance of this thermal event resem-
bles a glass transition. One way to determine if the
T, thermal event corresponds to a glass-to-liquid
transition is to conduct annealing experiments. In
glass-forming materials, annealing below 7, results
in an enthalpy recovery peak on a DSC heating
curve, with the peak intensity increasing with anneal-
ing time [40]. The kinetics of the enthalpy recovery
obeys a stretched-exponential law (Eq. 3).

AH, = AH. (1—exp(—t/7)") (3)

where AH; and AH, are the measured and maximal
enthalpy recoveries, respectively, ¢ is the annealing
time, 7 is the mean relaxation time, and S is a relax-
ation time distribution parameter; =1 corresponds
to a single relaxation time whereas low 8 values cor-
respond to a broad distribution of 7.

Two samples of the 1:2 DOPE/sucrose mixtures
that were dehydrated at 81 at 30°C (Ty =
—89.1+1.1°C) and 140 MPa at 0°C (T =
—88.511.5°C) were annealed at three temperatures

M |
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\ endo
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]
| L 1 L 1
-100 -50 0
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Fig. 6. DSC heating curves of a 1:2 DOPE/sucrose mixture de-
hydrated at 41 MPa at 30°C obtained in a thermal cycling ex-
periment. Inset: magnified low-temperature portions of the first
(solid line) and second (broken line) DSC heating curves.
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Fig. 7. DSC heating curves of pure DOPE and 2:1, 1:1, and
1:2 (mole ratio) DOPE/sucrose mixtures dehydrated at 0°C at
35 MPa (A) and 57 MPa (B). Heating rate: 40°C/min. Solid
lines, first heating; dashed lines, second heating. Inset: low-tem-
perature portion of the DSC heating scans of the 2:1 DOPE/su-
crose mixture dehydrated at 57 MPa at 0°C showing the glass
transition of DOPE.

(—=95°C, —100°C and —105°C) for different time pe-
riods. An enthalpy recovery peak was observed in
annealed samples (Fig. 9A). For quantitative mea-
surements of the enthalpy recovery, the DSC curves
for annealed samples were subtracted from the DSC
heating curves obtained on the second scans. The
representative curves are shown in Fig. 9B demon-
strating that the enthalpy recovery event increased
with annealing time. In addition, peak temperature
increased with annealing time which is typical for
glass-forming materials [41]. The areas under the
peaks were determined with the aid of Microcal-
Origin software and were plotted against annealing
time as shown in Fig. 10. The experimental data were
fitted to a stretched-exponential function (Eq. 3) us-
ing MicrocalOrigin software with AH«, 7, and B as

fitting parameters. The fitting results are given in Fig.
10 as solid lines. B was determined to be from 0.3 to
0.5 which corresponds to a wide distribution of re-
laxation times for DOPE molecules. Note that such
[ values are typical for other glass forming materi-
als; for example, a 8 value of 0.36 was reported for
the glass transition of a liquid crystalline polymer
[42]. Mean relaxation times were approximately
70 min at —95°C and 750 min at —100°C. The ob-
servation of the time-dependent enthalpy recovery,
and the fact that the enthalpy recovery is described
by the stretched exponential equation provide strong
support for the assignment of the Ty thermal event
to the glass transition.

To determine if the glass transition at —90°C oc-
curs only in DOPE/sucrose mixtures, mixtures of
DOPE with either trehalose, fructose, or glucose
were studied. The representative DSC heating curves
of the mixtures dried over P,Os at room temperature
(22°C) are shown in Fig. 11. The T, step was ob-

Heat Flow (mW)

57 MPa, 1st heating

57 MPa, 2nd heating

T
gL
140 MPa
1 L 1 L
-120 -60 0

L

Temperature (°C)

Fig. 8. DSC heating curves of the 2:1 DOPE/sucrose mixtures
dehydrated at 0°C. Heating rate: 40°C/min. See Figs. 1 and 5
for the assignment of thermal events. Broken curve demon-
strates an apparent irreversibility of the thermal behavior of the
L. phase.
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Fig. 9. DSC heating curves of the 1:2 DOPE/sucrose mixture
dehydrated at 81 MPa at 30°C and annealed at —95°C. Water
content 8.3 wt%. (A) Annealing time 30 min; solid line, first
scan (after annealing); broken line, second scan (with elimi-
nated thermal history); AH and shaded area, enthalpy recovery.
(B) Differential DSC curves obtained by subtracting the second
DSC heating curve (with the eliminated thermal history) from
the first DSC heating curve (with the enthalpy recovery endo-
therm). The sample was annealed at —95°C for various times
as indicated.

served at the same temperature of —90°C in all four
mixtures and was independent of the sugar type that
was present in the DOPE/sugar mixture. This is
strong evidence that the thermal event at —90°C is
associated with the DOPE phase rather than the sug-
ar phase.

3.2. Empirical phase diagram

In this section, we present a summary of thermo-
tropic and lyotropic phase transitions of DOPE/su-
crose mixtures as a function of the water content and
osmotic pressure. Fig. 12 presents a summary of the

lyotropic phase transitions of DOPE and DOPE/su-
crose mixtures at 0°C and 30°C. At 30°C, the Hyj-to-
Ps lyotropic phase transition occurred in pure DOPE
dehydrated at osmotic pressures between 81 and 158
MPa whereas the Hj; phase existed in the DOPE/
sucrose mixtures over the entire range of osmotic
pressures. At 0°C, the Ly-to-L.-to-Ps lyotropic phase
transitions occurred in DOPE whereas in the DOPE/
sucrose mixtures the Ps phase was not observed at
all, and the L. phase was detected only at a lower
sucrose content and in a very narrow range of os-
motic pressures.

Changes in the sequence of thermotropic phase
transitions of DOPE as a result of dehydration are
summarized using the composition triangle of a
DOPE/sucrose/water system (Fig. 13). For mixtures
with a relatively high water content (> 50 wt%, field
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Fig. 10. Enthalpy recovery vs. annealing time for two 1:2
DOPE/sucrose mixtures dehydrated at 81 MPa at 30°C (8.3
wt% water, Ty =—89.1£1.1°C, open symbols) and at 137
MPa at 0°C (4.3 wt% water, Ty =—88.5+1.5°C, closed sym-
bols). O,®, annealing at —95°C; M, annealing at —100°C; A,
annealing at —105°C. Curves represent fitting of the experimen-
tal data to stretched exponential Eq. 3. Similar T, values and
enthalpy recovery patterns for two samples with different water
content imply that the hydration of DOPE phase in these two
samples was similar.
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Fig. 11. DSC heating curves of 1:2 DOPE/sugar mixtures dehy-
drated over phosphorus pentoxide at room temperature. Sugars
were as follows: fructose (fru), glucose (glu), sucrose (suc), and
trehalose (tre). Solid lines, first heating; dashed lines, second
heating. Ty, corresponds to the glass transition of DOPE, T,
corresponds to the glass transition of the sugar. Endothermic
peaks (E) on the first heating curves of DOPE/glucose, DOPE/
sucrose, and DOPE/trehalose mixtures were assigned to the en-
thalpy recovery. Two T, events were observed for DOPE mix-
tures with disaccharides (sucrose and trehalose), which are
thought to be due to the existence of two sugar compartments.

1), three DOPE phases, i.e., Lg, Ly, and Hy, were
observed depending on the temperature. These sam-
ples demonstrated thermotropic phase behavior that
was typical for pure DOPE liposomes, i.e., the ther-
motropic Lg—Ly—Hy phase transition sequence
was observed during heating. Upon moderate dehy-
dration (water content ~ 20-40 wt%, field 2), the L
phase was not detected, and a direct thermotropic
Lg — Hy phase transition was observed in these sam-
ples. Further dehydration (field 3) resulted in disap-
pearance of the Lg phase as sucrose entered the
glassy state. The Hj; phase alone existed over a
broad temperature range (—120°C to 50°C), and
thermotropic DOPE phase transitions were not de-
tected. At low sucrose contents (field 4), the L. phase

formed which underwent a thermotropic L.— Hy
phase transition during heating. The Pg phase
formed in pure DOPE only at the extreme dehydra-
tion (at osmotic pressures = 137 MPa), and was not
observed in DOPE/sucrose mixtures.

The Hpe Lg phase transition temperatures of
DOPE and the liquid <> glass transformation temper-
atures of sucrose for the 1:2, 1:1, and 2:1 DOPE/
sucrose mixtures are shown in Fig. 14 as functions of
osmotic pressure. The Lg — Hyy phase transition tem-
perature (i.e., the Thbh which was determined during
warming) did not change much with dehydration
whereas the Hy—Lg phase transition temperature
(Tbeh measured during cooling) decreased with os-
motic pressure. T, of sucrose increased with dehydra-
tion. The T, of sucrose determined during cooling
was higher than the 7, determine during heating. It
should be also mentioned that the Tppy, in mixtures
dehydrated at 30°C was lower than the Tpyy, for the
mixtures dehydrated at 0°C whereas both T, values
(Fig. 14) and water content (Fig. 16, see below) for
mixtures dehydrated at 30°C and 0°C were similar.
We did not attempt to investigate the difference in
the T, between mixtures dehydrated at 0°C and
30°C any further.
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Fig. 12. Summary of the lyotropic phase transitions of DOPE
dehydrated in the presence and absence of sucrose.
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Fig. 13. Composition triangle of the water/DOPE/sucrose sys-
tem. Symbols represent the composition of the mixtures that
were studied. Field 1 (O): Lg—Ly—Hp thermotropic phase
transition observed during heating. Field 2 (@): Lg —Hy ther-
motropic phase transition observed during heating. Field 3
(a): only the Hy phase exists in the temperature range
—100°C to 50°C. Field 4 (m): the L. — Hyp thermotropic phase
transition observed during heating. DOPE/sucrose mole ratio in
the studied mixtures is shown. The 2:1 DOPE/sucrose mixtures
were dehydrated at 0°C whereas the 1:1 and 1:2 mixtures were
dehydrated at 0°C and 30°C. The appearance of DSC curves of
the 1:1 and 1:2 mixtures dehydrated at 0°C and 30°C was simi-
lar.

Water contents of the DOPE/sucrose mixtures are
shown as a function of osmotic pressure in Fig. 15
and Fig. 16. The water content increased with in-
creasing sucrose content (Fig. 15). Fig. 16 compares
the water content of the 1:2 (Fig. 16A) and 1:1 (Fig.
16B) DOPE/sucrose mixtures dehydrated at 30°C
and 0°C. In addition, a theoretical hydration of the
1:1 and 1:2 mixtures assuming that sucrose and the
Hj; phase of DOPE in the DOPE/sucrose mixtures
dehydrate independently of each other is shown as a
dotted line. The hydration values of sucrose and the
Hy phase of DOPE that were used for the calcula-
tions are given in Table 1. For both mixtures dehy-
drated at osmotic pressures > 8 MPa, experiments at
0°C and 30°C gave similar results between each other
and the theoretical calculation. After dehydration at

a lower osmotic pressure (5 MPa), the water content
of both the 1:2 and 1:1 mixtures that were dehy-
drated at 0°C was higher than both the calculated
value and the experimental value determined for
the samples dehydrated at 30°C. It is possible that
hydration equilibrium was not achieved at osmotic
pressures of 5 MPa and 0°C due to insufficient equil-
ibration time. For all other dehydration conditions,
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Fig. 14. The Lg—>Hy phase transition temperature of DOPE
determined during heating (T*ﬁbh), the Hyy— Ly phase transition
temperature of DOPE determined during cooling (TEbh), and T,
of sucrose in DOPE/sucrose mixtures as a function of osmotic
pressure. [1,M, T‘ébh measured during cooling; O,®, T, measured
during cooling; A, a, Tgbh measured during warming; <, ¢,
T, measured during warming. Open symbols are for the mix-
tures dehydrated at 0°C, and closed symbols are for the mix-
tures dehydrated at 30°C. Scanning rate: 40°C/min. For 1:2
DOPE/sucrose mixtures, only the first 7, of sucrose is plotted.
Sucg and Sucp are for sucrose in the glassy and liquid state, re-
spectively. The solid vertical line represents the boundary be-
tween the Lg+Sucg and Hy+Sucg phase fields. Other lines are
linear regressions of the experimental data. Solid lines, linear fit
of Tﬁbh of DOPE and T, of sucrose measured during cooling;
dashed lines, linear fit of T}[;bh of DOPE and T, of sucrose mea-
sured during warming. Error bars are not shown because most
are smaller than the symbol size.
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Fig. 15. Desorption isotherms of DOPE, sucrose, and DOPE/
sucrose mixtures at (A) 30°C and (B) 0°C. @, sucrose; Vv,v,
DOPE/sucrose (1:2 mole ratio) (DOPE in the Hy and the L,
phase, respectively); 4,0, DOPE/sucrose (1:1 mole ratio)
(DOPE in the Hy and the L, phase, respectively); a,<«, A,
DOPE/sucrose (2:1 mole ratio) (DOPE in the Hy, the L., and
the L, phase, respectively); m,00, DOPE in the Hy; and the L,
phase, respectively. Lines are given as a visual aid. Error bars
are not shown; in the majority of cases, they are smaller than
symbol size.

the close correspondence between the water content
after dehydration at 30°C and 0°C and the calculated
values indicates that hydration equilibrium was
achieved in the experiments.

4. Discussion

4.1. Effect of sucrose on formation of the ordered and
partially ordered phases of DOPE

It has been shown for PC/sugar mixtures com-
posed of various PC species (DPPC, DMPC,

DOPC) and various sugars (trehalose, sucrose, glu-
cose, fructose) that the Lg — L, phase transition tem-
perature, Ty, is depressed below the T, of the fully
hydrated lipid if the PC is in the L, phase when the
sugar phase forms a glass as a result of dehydration
[18]. In the present study, we observed that a glass
transformation of sucrose also affected the Hy-to-Lg
thermotropic phase transition of PE species. Depend-
ing on how close the T of sucrose was to the T, of
DOPE, the Hy-to-Lg thermotropic phase transition
in the DOPE/sucrose mixtures either (i) occurred
during cooling or (ii) started during cooling and
was completed during warming or (iii) did not occur
at all. Indeed, in the mixtures dehydrated at osmotic
pressures =35 MPa, when 7, was much lower than
Ty (T/ T = 0.91 as determined from Fig. 14), the
Hy— Ly phase transition occurred during cooling.
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Fig. 16. Comparison of the experimental water desorption data
and calculated water content for 1:2 (A) and 1:1 (B) DOPE/su-
crose mixtures. Open symbols, experimental data obtained at
0°C; filled symbols, data obtained at 30°C. Dashed line, calcu-
lated values assuming that DOPE and sucrose hydrated inde-
pendently of each other. Error bars are not shown; in the ma-
jority of cases, they are smaller than the symbol size.
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As T, approached the Tpp, with dehydration (7%/
TEbh =0.96 at 41 MPa), the Hy; — L phase transition
was not completed during cooling, i.e., it started dur-
ing cooling and was completed during warming (see
results above for 1:2 mixtures dehydrated at 41 MPa,
Figs. 5 and 6). With further dehydration at osmotic
pressures =57 MPa, when FﬁbhzTg, the Hy—Lg
phase transition did not occur during either cooling
or warming. We estimated the viscosity of the su-
crose matrix at the Ty at different hydrations using
the relationships between viscosity and 7,/T given in
[43], and correlated the viscosity of the sucrose ma-
trix with changes in the Hyy —> Lg phase behavior as
follows. The Hyy — L phase transition occurred dur-
ing cooling when the viscosity was <10* Pa s (7,/
T=0.91); however it was not completed during cool-
ing when the viscosity at the T, was 10’-10% Pa s
(To/T=0.96), and did not occur at all when viscosity
was >10!° Pa s (7,/T=0.99). Therefore, we submit
that viscosity of sucrose plays a major role in pre-
venting formation of the Lg phase of DOPE, i.e., the
Hy—Lg thermotropic phase transition in dehy-
drated mixtures of DOPE/sucrose. Recently, Wolfe
and Bryant also suggested that solution viscosity
may hinder dynamic phase transitions in phospholip-
id/sugar mixtures [21].

We suggest that the highly viscous sucrose solution
created a rigid immobile matrix around the Hy
phase, such that the Hp-to-Lg phase transition
(which requires rearrangement of the phospholipid
molecules from a nonbilayer to a bilayer structure)
was greatly impeded. This ‘viscosity’ mechanism was
first proposed by Zhang and Steponkus [18] to ex-
plain depression of the 7T, in PC/sugar mixtures.
However, there is a difference between the effect of
sucrose on the phase behavior of PC and PE species.
In PC species, the Ty, was depressed but formation
of the Lg phase was not precluded by transformation
of sucrose into a glassy state and the L, —Lg phase
transition ultimately occurred. We suggest that pre-
vention of the Hy-to-Lg phase transition by sucrose
is a kinetic rather than a thermodynamic phenomen-
on, in large part because of the observation that in
the DOPE/sucrose mixtures dehydrated at 41 MPa,
the transition started during cooling and was not
completed until the subsequent warming scan.

Furthermore, we observed that sucrose affected
formation of two other ordered phases, namely the

L. phase and the Ps phase. Formation of the L.
phase of DOPE occurred after equilibration at 35
and 57 MPa at 0°C for 2 or more days [30]. The
L. phase, however, was not observed in either 1:2
or 1:1 DOPE/sucrose mixtures in the present study.
At the lower sucrose content, i.e., the 2:1 DOPE/
sucrose mixture, the L, phase formed after dehydra-
tion at 57 MPa but not at 35 MPa (Fig. 7). The
Hy; — Py lyotropic phase transition occurred in pure
DOPE that was dehydrated at high osmotic pres-
sures (> 140 MPa) [30,32] but was not observed in
the DOPE/sucrose mixtures in this study. The viscos-
ity mechanism, which plays a major role in the effect
of sucrose on the Hyy — L phase transition, may be
involved in the Hyy— L, and Hy — P phase transi-
tions as well; however, additional studies are re-
quired to consider other possible mechanisms (see
[21] for a review of effects of solutes on phase tran-
sitions of phospholipids).

The analysis of the water content vs. osmotic pres-
sure data suggest (Fig. 16) that DOPE and sucrose
hydrate independently of each other. The independ-
ent hydration of the lipid and sucrose phases was
reported also for dioleoylphosphatidylcholine/su-
crose mixtures [44]. Nevertheless, sucrose has a dra-
matic impact on the phase behavior of DOPE in the
Hy phase. Thus, we suggest that although sucrose
and DOPE hydrate independently of each other, su-
crose influences the phase behavior of DOPE in an
indirect manner, i.e., by the viscosity mechanism.

4.2. Glass transition of DOPE

We submit that the 7'y, thermal event observed at
—90°C in the DOPE/sucrose mixtures dehydrated at
=57 MPa is the glass transition of DOPE. The as-
signment of the Ty, to the glass transition was con-
firmed in annealing experiments when enthalpy re-
covery was observed in samples annealed at
temperatures below T, (Figs. 9 and 10). The glass
transition of DOPE was observed when DOPE was
in a liquid crystalline state (most likely the Hy
phase), and was not observed when DOPE was in
either the Lg or the L. phase (Figs. 6 and 7, insets).
This may be the reason why the Ty was observed
only in the presence of sucrose because sucrose pre-
vented formation of the ordered Lg and the L.
phases. The glassy state is of major importance in
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different fields of applied science, i.e., food science,
pharmaceutical science, cryobiology and anhydrobi-
ology (see [45-49] for examples). However, to the
best of our knowledge, there are no reports of a glass
transition in phospholipids, even though membrane
vitrification was predicted theoretically [50], and
glass transitions in other classes of liquid crystalline
materials have been studied extensively (see [51] for
example). The properties of a glass transition occur-
ring in typical amorphous materials and more or-
dered materials, such as liquid crystals, are qualita-
tively similar. In particular, the glass transition is
accompanied by a stepwise change in the specific
heat capacity, and physical aging behavior is similar
in both amorphous and liquid crystalline materials.
On the other hand, there is a difference in the type of
motion that is responsible for the liquid/glass transi-
tion: in regular amorphous materials, the liquid/glass
transition is associated with the isotropic translation-
al motion of molecules whereas the glass transition in
some of the liquid crystalline materials is due to
highly anisotropic rotational motion [52,53]. It is
possible that the glass transition in DOPE is associ-
ated with a rotational motion of DOPE molecules
along the hydrocarbon chain axis rather than with
a translational diffusion of the molecules as expected
in regular glass-forming materials.

Although the T, of DOPE observed in this study is
very low (approx. —90°C), the T, may be different in
other phospholipid species or classes. Indeed, in a
subsequent study of DOPE and several other PE
and PC species as well as lipid extracts from plant
membranes, we observed the phospholipid glass tran-
sition at much higher temperatures. For example, T,
of DMPC with 3 wt% water was detected at approx.
20°C (in preparation). The observation of a glass
transition in synthetic phospholipids and lipid ex-
tracts of plant membranes suggests that the glass
transition may be a general phenomenon in biologi-
cal membranes. The transformation of a biological
membrane to a glassy state during cooling or desic-
cation may be of significant practical importance.
The storage of biological membranes in a glassy state
(i.e., below Ty) would be expected to increase the
chemical and physical stability because of a dramatic
decrease in molecular mobility. For example, both
lipid/protein and lipid/lipid demixing would be im-
peded in the glassy state. Alternatively, it is possible

that a glass transformation in a biological membrane
at ultra-low temperatures may have detrimental ef-
fects. It is well known that when either the cooling or
warming rate is relatively rapid in the temperature
range around T, fracturing of the glass often occurs.
Such fracturing of the membrane (i.e., the plasma
membrane, which plays a central role during
freeze—thaw cycle [6]), may be an additional factor
to consider in the freeze-induced destabilization of
cellular membranes — especially in cryopreservation
protocols that involve quenching of the samples in
liquid nitrogen.

5. Conclusions

It has been shown that the dehydration-induced
formation of the ordered (L.) and partially ordered
(Ps) phases of DOPE as well as the thermotropic
Hy— Lg phase transition at moderate and low hy-
drations are prevented in DOPE/sucrose mixtures. A
‘viscosity hypothesis’ is invoked to explain the role of
sucrose in precluding formation of the Lg, and pos-
sibly the L, and P4 phases. Specifically, we suggest
that at low hydrations, the extremely viscous sucrose
matrix kinetically traps DOPE in the Hy; phase pre-
cluding the thermotropic Hyy— Ly phase transition
and the lyotropic Hy;— L. and Hyy — Py phase tran-
sitions. It should be stressed, however, that addition-
al studies with other solutes having different 7,5 and
viscosity profiles need to be performed to confirm the
suggested mechanism.

Finally, DOPE underwent a glass transition at
—90°C when it was in a liquid crystalline phase —
most likely the Hyy phase. In our more recent studies,
we observed a glass transition in other synthetic
phospholipids as well as in lipid extracts of plant
membranes. The results suggest that biological mem-
branes may enter the glassy state at low tempera-
tures, which might have important practical implica-
tions.
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