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The phase diagram of
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state. Sucrose substitution for water in lamellar mesophases

M. Hentschel !, P. Miethe * and H.W. Meyer *

Zemralmmtm fuer Krebsforschung der Akademie der Wi der DDR. Robert-Roessle-Institut, Berlin-Buch,
? Martin-Luther-Universitaet Halle, Biotechnikum, Halle / S and * Friedrich-Schiller-Universitaet Jena,
Abrellung fuer Elekironenmikroskopie des Bereiches Medizin, Jena (G.D-R.)

(Received 12 September 1988)
(Revised manuseript received 3 January 1989)

Key words: Sugar-lipid interaction; Phase diagram; DSC

The phase diagram of the bimary system, 1,2.dij i holine (DPPC) /sucrose, was de-
termined by DSC. In contrast to dry DPPC, which exhibits cham melnng at 3425 K, the main feature of the
DPPC /sucrose system is eutectic melting at 320 K. This was supported earlier by Crowe, L.H., Crowe, LM. and
Chapman, D. (Science 223 (1984) 701-703), who reported a drastic d in the chai Iting of the
dry lipid in the presence of some mono- and di d Electron mi py suggests that the phase structures on
either side of the phase transition are of the lamellar type. Definite sugar saturation concentrations can be derived from
this phase diagram. Up to about 17 mol% sucraose, i.e., 1 mol of sucrese per 5 maol of lipid is adopted by DPPC in the
low-temperature phase L. In the high-temperature phnse L., the saturation concentration is well above 90 mol% sucrose

at 320K ic point) but d with i g The lower limit of 50 mol% sucrose is reached at

455 K. At this temperature, peritectic melting of sucrose occurs. Because of some similarities in the phase diagrams of

DPPC /sucrose and DPPC /walter, it is possible to the sucrase substitution for water in dry lamellar

mesophases.

Introduction DPPC /sugar system. The dry state as the final state in

water removal, especially, has not been well understood.

Sugar-lipid interactions are now of interest because Further, we will examine the hypothesis whether sugar

it has been shown that some mono- and disaccharides is able to substitute for water in lamellar mesophases.

are capable of stabilizing membranes during dehydra-

tion [1,2]. Some investigators have been able to demon- Materials and Methods

strate that even model systems like small and large
unilamellar vesicles maintain their size and encapsula-
tion after ion/ ion in the p! of
saccharides [2-%). Furthermore, it has been shown re-
cently that multilameltar liposomes can be formed in
pure water-free glycerol and ethylene glycol {6].

As the itution of water rep a problem of
fundamental and practical interest, the aim of the pre-
sent paper was to study the phase behaviour of the dry

DPPC was purchased {rom Ferak (West Berlin). The
lipid was pure as determined by TLC. The sucrose was
pure and obtained from VEB Laborchemie Apolda.

The DPPC/sucrose mixtures were prepared in the
following manner. Weighed amounts of dry DPPC and
sucrose at the desired molar ratio were codissolved in a
solvent mixture consisting of chloroform/ ethanol/
water (1:5:1, v/v/v). The DPPC/sucrose solution was
dried by blowing with pure nitrogen gas. The sample
was further dried carefully at high vacuum (under 1073

Abbreviations: DSC, di ial scanning calorimetry: DPPC., I-2-di- Pa) for 24 h. transferred to the DSC capsules, then

palmitoyl-sn-glycero-3 sealed and stored in a desiccator over PO, at high
_— vacuum until use.

C . Hentschel, fuer K .

der Akadeni de:Vl P der DDR. R: bect-Rocseto oot % The DSC measurements were made using a DSC_ 2

Lindenbergerweg 80, DDR-1115, Bertin-Buch, G.D.R. (Perkin Elmer, U.S.A). The heating rate was § K /min.
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The registered DSC scans are the first heating scans
after storing thc samples at 20°C. The approach of
constructing a binary phase diagram from the calori-
metric data is well-known from the literature dealing
with pseudobinary phospholipid systems [7-9]. Accord-
ing to this procedure, the onset and completion temper-
atures, ie., the temperatures at which the calorimetric
trace leaves and returns to the baseline, can be used
after correction as solidus and liquidus temperatures,
respectively. The error of this method was estimated to
be about 0.5 K. Further conclusions regarding the
miscibility state were drawn on the basis of the DSC
scan-line shape.

The samples for electron microscopy were prepared
in different ways. For fracturing without freezing, the
dry material was placed between freshly cleaved mica
plates, rubbed with a glass rod and fractured by sep-
aration of the mica plates. Surface replication was done
with the BALZERS apparatus BAF 400 D without
cooling of the specimen desk (preparation at about 295
K) and using the highest possible heating of the speci-
men desk (323 K).

For freeze fracturing, samples of the material were
either directly placed, or were suspended a short time
before in paraffin oil then placed between copper speci-
men holders for the sandwich technique of Balzers, then
equilibrated at the different temperatures for 30 min
and quick-frozen by plunging into liquefied propane
cooled to 88 K by liquid nitrogen. The specimens were
fractured in a Balzers 400 D unit at 123 K using the
double-replica device.

The replicas were cleaned successively with benzene,
acetone and distilled water and examined in a JEM 100
B (JEOLCO, Tokyo) or BS 500 (Tesla, Brno) electron
microscopes.

Results

The first heating scans of different dry DPPC/sucrose
mixtures are shown in Fig. 1. It is well-known that pure
DPPC-monohydrate exhibits at least three transition
peaks (10-12], which we also observed. Only the first
3425 K indicates the chain-melting process, ie., the
transition of DPPC from the crystalline phase L to the
rhombohedral liquid crystalline phase R, [13,14] (see
Fig. 1). The subsequent peaks were not considered for
pure DPPC and were not detected for sucrose-contain-
ing samples. The DSC thermograms of the first two
samples with sugar mo} fractions of x = 0.07 and 0.17
show simple but broadened peaks compared to pure
DPPC. The transition peak temperature for x =0.07
sucrose (Fig. 1) is higher than for pure DPPC. This is an
indication of nonideal miscibility. For the same reason,
the transition temperatures of sucrose for x = 0.49 are
also higher than for pure sucrose (see below). As is
typical of eutectic melting, a decrease of the liquidus
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Fig. 1. Calarimetric scans of the DPPC/sucrose system as 2 function
of sucrose mole fraction x; scanning rate 5 K /min.

temperatures with i
observed.

A further transition at about 455 K was observed at
sucrose concentrations above a mole fraction of 0.49.
The i ity of the transiti with sugar
concentration. We propose that this transition is due to
the melting of excess sucrose, which is not miscible with
DFPC in the ‘molten’ state L,. Normally, the DSC
scans were taken to only about 350 K to avoid chemical
decomposition of the sample. The transition at about
455 K was obtained from the final heating scan. At this
temperature, the sample decomposes and was not used
for further experiments. However, the transitions at 455
K were obtained repeatedly, The melting temperature of
pure sucrose is 452 K.

Restricted miscibility was also observed for the
molten sugar and the ‘motten’ state DPPC. This is
supported by the nearly horizontal coexistence line at
455 K indicating peritectic melting for sugar concentra-
tions of x larger than 0.49. The results of the DSC
measurements are summarized in the phase diagram in
Fig. 2. The broken lines in the figure were drawn in
accordance with the Gibbs phase rule. Nonhomogenei-
ties in the baseline were observed for the sugar con-
centration of x=0.68 al about 430 K (not shown in
Fig. 1). We consider this to be an indication of the

ing sugar ation was
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Fig. 2. Phase diagram of the DPPC,/sucrose system. L. lamellar

crystalline phase; L., lamellar phase of DPPC /sucrose mixture in the

molten state; 5, solid sucrose; §), liquid sucrose; R, thombohedral
liquid crystalline phase [13.14].

broken drawn coexistence line L, /L + S, in Fig. 2.
In order to separate the R, region of DPPC-monohy-
drate known from the literature [13,24] and the L
region (see below), a small miscibility gap was supposed
in the low-sucrose region x less than 0.07.

Electron microscopy of replicas from fractured
DPPC/sucrose below and above the phase transition
temperature (345 K) for the system with a sucrose mole
fractivn of 0.49 is shown in Fig. 3. The repllcas always
show the basic of lamellar multibilayers. Be-
low the phase transition temperature, the layers are flat
with sharp fracture steps from layer to layer. This was
observed using the preparation without freezing at 295
K (Fig. 3a) and a1 323 K (Fig. 3b), as well as using the
paraffin oil suspension technique after freezing from
295 K (Fig. 3c). 310 K (not shown) and 330 K (Fig. 3d).
In the unfrozen fractured samples the formation of
curved fracture steps is striking, often resulting in cir-
cular pieces of lamellae (Fig. 3a, b), whereas, with the
paraffin oit ique, the lamellae are char-
acterized more by an irregular tilting, especially after
freezing from 310 K and 330 K (Fig. 3d).

In the preparation frozen without paraffin oil from
above the phase transition temperature at 353 K, the
steps between the fractured lamellae are mostly more or
less ‘molten’ (Fig. 3e and the right-hand side of Fig. 3f),

m

but there are also areas with distinct edges of the steps
(Fig. 3f). In the preparations with the paraffin oil and
those frozen from 350 K. no ‘molten’ fracture steps of
the lamellae were found. The lamellae are only partially
flat and smooth, and a subdivision of the lamellae in
smooth areas with rough features was mainly observed
(Fig. 3g, h).

Discussion

The phase diagram of DPPC/sucrose constructed on
the basis of the first DSC heating scans reveals a
complex miscibility behaviour. In the low-temperature
phase L., 5 mol of DPPC arc able to adopt about 1 mol
of sucrose. At higher sucrose concentrations a drastic
decrease of the main phase transition temperature was
observed. The addition of solid sucrose at x higher than
0.17 is accompanied by the formation of a miscibility
gap. i.e., DPPC containing about 0.2 mol of sucrose per
mol coexists with a nearly pure sucrose phase.

DPPC in the molten phase, L. adopts much more
solid sucrose than in the low-temperature state, L. Qur
phase diagram (Fig. 2) suggests that *molten’ DPPC
adopts sucrose up to about x =095 at the eutectic
temperature. This amount decreases with increasing
temperature (indicated by the broken inclined line in
Fig. 2) up t0 a sucrose mole fraction of 0.5, i.e. 1 mol
per mol DPPC, This is also the limiting concentration
of molten sucrose which is adopted by the ‘molten’
DPPC at about 455 K.

It should be mentioned that the second and subse-
quent heating traces differ from those in Fig. 1 {(data
not shown). They are most likely to represent thermody-
namically unstable states of the DPPC/sucrose system.
A lack of stability was also found in the DPPC/water
system at very low water content [15]. Reversibility in
the DPPC /sucrose system can be achieved by annealing
the samples at 20° C for about 1 week. These results are
in accordance with DSC on dry DPPC /trehalose mix-
tures [16]. Lee and co-workers termed the transition
‘conditionally’ reversible. Nevertheless, the reported
DSC scans of the DPPC /trehalose system (see also Ref.
1) exhibit single broadensd peaks but no demixing
phenomena were described. This, however, may be a
problem of DSC sensitivity. Furthermare, the influence
of the initial kind of solution or dispersion from which
the lipid / sugar mixture was dried should also be taken
into account [17].

DSC measurements do not reveal the phase struc-
ture. This is why we undertook some additional investi-
gations. At the temperatures indicated, the electron
microscopy replicas of the dry DPPC/sucrose system
show features typical of lamellar multibilayers of hy-
drated lecithin/water dispersions. The bilayer arrange-
ment m the dry sl.ne is also known from analyses of

i ly hydrated p holipid crystals {18,19).
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Fig. 3. Electron micrographs of fractured DPPC/sucrose, mole fraction of sucrose 0.49, below (a-d) and above (e-h) the phase transition

(emperature of this system. Replicas of unfrozen material at 295 K (a) and at 323 K (b), of material frozen after heating to 353 K (e, fy and of

material suspended in paraffin oil and frozen from 295 K (c), 330 K (d) and 350 K (g, h). Orientation of the micrographs with the direction of
shadowing from bottom to top. Magnifications: 50000 % (a, b, g, h), 3V000X (c-Ff).

For the molten state of dry DPPC/sucrose a real
‘molten’ appearance was found after freeze fracturing
without suspending the sample in paraffin oil (Fig, 3e).
It seems that the sample was fractured accidentally
before freezing. The freezing thereby preserved the melt-
ing of the fracture steps. This explanation is supported
by the contamination of the revealed faces with small
particles. Where the specimen was really fractured in
the frozen state, a transformation into a crystal-like
state becomes visible. This is clearly demonstrated by
the occurrence of screw dislocations (Fig. 3f). Unfor-

tunately, at high temperatures, paraffin oil affects the
host material because penetration into lipidic structures
takes place, Freere-fracture images corresponding to
those in Figs. 3g and 3h were presented by Mclntosh
{20] for DPPC liposomes containing hexane.
Previously, we have done experiments on the stability
and drug lation of small unilamellar vesicles
during dehydratior: [4). At the end of the dehydration
process the vesicles contain almost no water but sugar,
Sucrose at concentrations higher than 1 mol of sugar
per mol of egg phosphatidylcholine must be present on




both sides of the vesicle bilayers to maintain an existing
concentration gradient, ie., to maintain the bilayer
structure in the dry state. In agreement with previously
published results [2,5], these experiments show that
vesicles may retain their bilayer arrangement in the dry
state.

Based on the above arguments, we assume that the
DPPC /sucrose phases are indeed lamellar phases. Fur-
thermore, the first solid-state NMR experiments on a
similar system, dry DPPC /trehalose, demonstrated that
lamellar phases exist below and above the phase transi-
tion [16). However, the motional properties of these
lamellar phases differ from those in hydrated DPPC.

Tsvetkov et al. [17] have performed X-ray diffraction
on DPPC-dihydrate/ trehalose. They found that at room
temperature the gel phase, Lg, prevails and, above the
transition, the L, phase prevails.

To summarize, at the ransition temperature, T, the
DPPC/sucrose system crosses from the crystalline
phase, L, to the lamellar ‘molten’ phase, L.

On the basis of our experimental findings, we pro-
pose that the phase diagrams of DPPC/sucrose and
DPPC /water exhibit some similarities. Fig. 4a is a

mole sucrose

mole DPPC

[T

mole H,0
‘mole DFPC
Fig. 4. Schematic phase diagram of (a} the DPPC/suciose system and
(b) the DPPC/water system. Concentrations ace expressed in mol per
mol. xLg, xFy and xL, denote the amount of water adopted by
DPPC in Ly, Py and L, phases. xL. and xL,, denote the amount
of solid sucrose adopted by DPPC in crystalline and *molten” states,
respectively.
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section of the phase diagram of Fig. 2 omilting the low-
and high-sucrose-containing regions. Fig. 4b shows a
section of a schematic DPPC/water phase diagram
{based on Refs. 15 and 21). The laiter diagram is more
complex because of the presence of an additional low-
temperature phase, the ripple phase PT, and of ad-
ditional liquid-crystalline phases at lower water content
influencing the course of the coexistence lines in this
concentration range (not shown in Fig. 4b, see Refs.
10-12). Despite the differences between DPPC /water
and DPPC/sugar phase diagrams, neglected in our
schematic representation, some similarities are obvious.

Firstly, the interaction of DPPC with water or sugar
results in a drastic decrease of the main phase transition
temperature (eutectic melting). Secondly. in both phase
diagrams one finds different saturation concentraticus
for the low- and high-temperature phases. The respec-
tive saturalion points are denoted by xLg-, xL,, for the
DPPC/water system and are well-known [22,23]. The
saturation points for the DPPC/sucrose system are
denoted by xL. and xL . respectively. Thirdly, in both
diagrams, DPPC adopts more of the second component,
H,0 or sucrose, in the high-temperature phase L_ or
Lo

We believe that these similarities in the phase di-
agrams of DPPC/water and DPPC/sucrose yield the
thermodynamic explanation why sucrose or some mono-
and disaccharides in general substitute for water in
lamellar phases and biological systems in the dry state.
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