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ARTICLE INFO ABSTRACT

The effect of 5mol%, 9 mol%, and 16 mol% of C24:1 B-glucosylceramide (BGlcCer) on the structure of cationic
DODAB bilayers was investigated by means of differential scanning calorimetry (DSC), electron spin resonance
(ESR) spectroscopy and fluorescence microscopy. fGlcCer is completely miscible with DODAB at all fractions
tested, since no domains were observed in fluorescence microscopy or ESR spectra. The latter showed that
BGlcCer destabilized the gel phase of DODAB bilayers by decreasing the gel phase packing. As a consequence,
BGlcCer induced a decrease in the phase transition temperature and cooperativity of DODAB bilayers, as seen in
DSC thermograms. ESR spectra also showed that 3GlcCer induced an increase in DODAB fluid phase order and/
or rigidity. Despite their different structures, a similar effect of loosening the gel phase packing and turning the
fluid phase more rigid/organized has also been observed when low molar fractions of cholesterol were in-
corporated in DODAB bilayers. The structural characterization of mixed membranes made of cationic lipids and
glucosylceramides may be important for developing novel immunotherapeutic tools such as vaccine adjuvants.
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1. Introduction

Glucosylceramides are widely distributed components of cell
membranes that serve as precursors for the synthesis of complex gly-
cosphingolipids and as key intracellular messengers [1,2]. They are
involved in several physiological processes such as embryogenesis,
energy homeostasis and apoptosis [1], as well as in pathological pro-
cesses such as cancer and sphingolipidosis [3,4]. They also play a sig-
nificant role in the regulation of immune responses [5,6]. It was shown,
for instance, that the C24:1 B-glucosylceramide (BGlcCer; Fig. 1), which
is abundant in detergent-insoluble membrane domains of multidrug
resistant cancer cells [7], is able to activate macrophages in response to
cell damage [8].

The structural characterization of membranes containing gluco-
sylceramides has focused mainly on natural mixtures from plant [9],
bovine brain [10] and tissue samples from Gaucher's disease patients
[11,12], or in mixtures of synthetic glucosylceramides and phospholi-
pids or sphingomyelin [13,14]. The use of pure samples has been re-
stricted to synthetic short chain saturated glucosylceramides [14-16].
However, the diversity of experimental conditions and molecules em-
ployed, which complicates comparison of literature data [17], did not
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contemplate the structural characterization of glucosylceramides em-
bedded in cationic membranes.

Cationic membranes have been initially developed as nucleic acid
carriers [18], but they were also shown to induce immune responses
[19]. This is the case for dioctadecyldimethylammonium bromide
(DODAB, Fig. 1) [20], a versatile lipid that has been successfully used as
a vaccine adjuvant [21,22]. The combination of DODAB with other
molecules that are able to stimulate immune responses, such as
BGlcCer, could lead to the development of novel immunotherapeutic
tools [23,24]. Indeed, mixtures of DODAB and trehalose 6,6’-dibehe-
nate (TDB), a glycolipid derived from Mycobacterium cord factor, re-
sulted in strong immune responses [25].

Hence, in the present work, cationic DODAB membranes prepared
with 5mol%, 9 mol%, and 16 mol% of C24:1 [-glucosylceramide were
for the first time characterized by means of differential scanning ca-
lorimetry (DSC), electron spin resonance (ESR) spectroscopy and
fluorescence microscopy.
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Fig. 1. Chemical structures of DODAB (A), fGlcCer (B), 5-PCSL (C) and 16-
PCSL (D).

2. Materials and methods
2.1. Materials

Dioctadecyldimethylammonium bromide (DODAB), HEPES buffer,
sucrose and glucose were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). D-glucosyl-f1-1’-N-nervonoyl-D-erythro-sphingosine
(BGlcCer), spin labels 1-palmitoyl-2-(n-doxylstearoyl)-sn-glycero-3-
phosphocholine (n-PCSL, n = 5 or 16) and the fluorescent probe 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine =~ rhoda-
mine B sulfonyl) (ammonium salt) (PE-Rh) were supplied by Avanti
Polar Lipids (Birmingham, AL, USA). Ultrapure water was used
throughout. The chemical structures of DODAB, BGlcCer, 5- and 16-
PCSL are shown in Fig. 1.

2.2. Liposome preparation

Lipid films of DODAB, (GlcCer, or DODAB plus (GlcCer were
formed from a 2:1 (v/v) chloroform/methanol solution, dried under a
stream of N,, and left under reduced pressure for 2h to remove all
traces of organic solvent. Liposomes (large unilamellar vesicles) were
prepared by adding HEPES buffer (10 mM, pH7.4) to the films and
heating them for 20 min at 80 °C. Heating was accompanied by vigorous
vortexing at every 5min in order to ensure a homogenous dispersion.
For ESR experiments, 0.8 mol% 5-PCSL or 0.3mol% 16-PCSL were
added to the chloroform/methanol solutions when preparing the lipid
films. No spin-spin interaction was observed at such small label con-
centrations. For fluorescence microscopy assays, 0.5 mol% PE-Rh were
added to the chloroform/methanol solutions when preparing the lipid
films and liposomes were made in HEPES buffer containing 200 mM
sucrose. Final DODAB concentration was 2mM. Final BGlcCer con-
centrations were 0.1 mM, 0.2mM or 0.4 mM, which correspond, re-
spectively, to 5mol%, 9mol%, and 16 mol% of the total lipid con-
centration.

2.3. Differential scanning calorimetry (DSC)

DSC scans were performed in a Microcal VP-DSC Microcalorimeter
(Microcal Inc., Northampton, MA, USA) equipped with 0.5mL twin
total-fill cells. Heating rates were 5 °C/h. Scans were performed at least
in duplicate. Thermograms correspond to second upscan.
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2.4. ESR spectroscopy

ESR spectra were obtained with an X band Bruker EMX spectro-
meter using a high sensitivity ER4119HS cavity. The sample tempera-
tures were controlled within 0.1°C by a Bruker BVT-2000 variable
temperature device. Empirical data correspond to the means of at least
two experiments with standard deviations.

The effective order parameter, S, was calculated from the ex-

pression [26,27].
A/ —AL ay
Azz — (1/2)(Axx +Ayy) ao

where a, = (1/3)(Axx + Ayy + Az, @0 = (1/3)A,, + 2A)), A/, (=
Amax) is the maximum hyperfine splitting directly measured in the

Aj/ — Amin .
]; Amin is

Seff =

spectrum (see Fig. 6), A| = Apin + 1.4 |1 — Ao~ (L 2D )

the measured inner hyperfine splitting (see Fig. 6) and A, A,y and A,,
are the principal values of the hyperfine tensor for doxylpropane [28].
The central field linewidth (AH,) and the ratio between the high and
central field line amplitudes (h_;/ho) were also taken directly from
spectra (see Figs. 3 and 6).

2.5. Fluorescence microscopy

Liposomes prepared in 200 mM sucrose (item 2.2) were diluted 1:1
(v/v) in equiosmolar HEPES buffer containing 200 mM glucose to a
final volume of 80 pL. After dilution, samples were centrifuged (2 min/
13,000 rpm), giant liposomes were pelleted and 40 pL of supernatant
were replaced by fresh buffer containing glucose. After supernatant
replacement, giant liposomes (~10 pm) were carefully resuspended by
pipetting. The centrifugation, supernatant replacement and liposome
resuspension steps were repeated two more times in order to decrease
fluorescence background effects by removing small liposomes.
Additionally, this ensured a sugar asymmetry in the vesicles, which
deposited on the coverslip due to the difference in density and in-
creased the optical contrast in phase contrast mode. Liposomes were
then transferred into an observation chamber connected to a water
circulating bath that allowed temperature control [29]. The liposomes
were observed with a Ph2 63 X objective in an inverted Zeiss Axiovert
200 (Jena, Germany) equipped with a digital camera PCO.edge 4.2
(Kelheim, Germany) [29]. [lumination was achieved with an HBO
103 W mercury lamp and filters with excitation at 540-552 nm and
emission band at 575-640 nm.

3. Results

3.1. BGlcCer decreases the transition temperature and cooperativity of
DODAB bilayers

Thermograms of 2mM DODAB, 0.2mM BGlcCer and mixtures of
2mM DODAB + [GlcCer are shown in Fig. 2. A very slow scan rate
(5°C/h) was employed in order to make sure that samples were in
thermodynamic equilibrium.

In HEPES buffer, diluted DODAB dispersions show a single co-
operative gel-fluid phase transition peaking at 47.1°C, as previously
described [30] (Fig. 2). On the other hand, fGlcCer displays an exo-
thermic peak at 36 °C, a discrete endothermic peak at 45°C and two
more intense endothermic peaks at 57 °C and 66 °C (Fig. 2). A very si-
milar thermogram profile was obtained for fGlcCer dispersions in water
[31].

The mixed DODAB + (GlcCer bilayers show broader transitions
that are shifted to smaller temperatures: the mixture with 0.1 mM
BGlcCer has a peak at 45.7 °C and a shoulder at 41 °C; similarly, the
mixture with 0.2 mM has a peak at 45.3 °C and shoulder at 41 °C. The
mixture with 0.4 mM BGlcCer has several peaks, the most intense being
at 39.3°C (Fig. 2).
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Fig. 2. Effect of BGlcCer on the DSC thermogram of 2 mM DODAB bilayers.
Scan rate was 5 °C/h.

3.2. BGlcCer decreases the DODAB gel phase packing

The structure of pure DODAB and mixed DODAB + (GlcCer bi-
layers were compared by means of ESR spectroscopy, which probes the
environment around the paramagnetic label attached to the phospho-
lipid acyl chain [27,32]. For instance, 5-PCSL probes the bilayer close
to the water interface, whereas 16-PCSL gives information about the
bilayer core (Fig. 1). Spectra of 5- and 16-PCSL in pure and mixed
membranes are shown for the temperature range of 20°C-30°C in
Fig. 3.

In pure and mixed membranes, the spectra of both probes are ty-
pical of nitroxides in a tightly packed environment such as the gel phase
(Fig. 3). However, the spectra of 5-PCSL are more anisotropic than the
ones of 16-PCSL, showing that the membranes are less packed in the
core than close to the surface, i.e., they exhibit a flexibility gradient
toward the core [28].

The spectra of 5-PCSL in pure DODAB and mixed DODAB + pGlcCer
membranes are similar. The same is observed for the spectra of 16-PCSL
(Fig. 3). Empirical parameters obtained from ESR spectra can provide
more details on membrane structure. In the gel phase an important
parameter is the maximum hyperfine splitting (A;,,x), which is sensitive
to the viscosity and packing of the environment surrounding the label
[27]. In the cases where the A,,,x cannot be accurately measured, such
as the 16-PCSL spectra shown in Fig. 3, the central field linewidth (AH,)
can be similarly employed. AH, becomes larger as the probe movement
gets slower [28]. Fig. 4 shows the empirical parameters measured in the
spectra of 5- and 16-PCSL embedded in the gel phase of pure and mixed
bilayers.

The membrane packing decreases as temperature increases, SO Apax
and AH, values also decrease with temperature. A, and AH, values
are smaller for mixed DODAB + BGlcCer membranes than for pure
DODAB membranes, showing that mixed vesicles are less packed at the
core and near the surface than pure vesicles (Fig. 4).

3.3. BGlcCer affects DODAB bilayer organization around the gel-fluid
transition

Spectra of 5- and 16-PCSL in a temperature range spanning the gel-
fluid transition of pure and mixed membranes are shown in Fig. 5.

At 35 °C, the spectra of 5- and 16-PCSL in pure DODAB bilayers and
in mixtures with 0.1 mM and 0.2 mM BGlcCer are typical of a tightly
packed environment such as the gel phase (Fig. 5). On the other hand,
in the mixture containing 0.4 mM BGlcCer it is possible to observe two
signals in the same spectrum, which are characteristic of the
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Fig. 3. Effect of BGlcCer on ESR spectra of 5-PCSL and 16-PCSL embedded in
2mM DODAB bilayers at temperatures below the gel-fluid transition. The
maximum hyperfine splitting (A;q,) and the central field linewidth (4Hp) are
indicated. Total spectra width is 100 G.

coexistence of rigid and fluid domains within the membranes [27,33]
(Fig. 5).

At 40 °C, the spectra of 5- and 16-PCSL in pure DODAB membranes
and in mixtures with 0.1 mM and 0.2 mM BGlcCer display two signals in
the same spectrum, while the spectra for the mixture containing 0.4 mM
BGlcCer are more isotropic and characteristic of a fluid phase (Fig. 5).

At 45 °C, the spectra of both probes still display two signals in pure
DODAB bilayers, while in all mixed bilayers the spectra are char-
acteristic of a fluid phase, indicating that the phase transition has been
completed for all these mixed samples (Fig. 5). At 48 °C, the spectra of
5- and 16-PCSL are characteristic of the fluid phase for all membranes
tested, indicating that the phase transition has also been completed for
the pure DODAB bilayers (Fig. 5).

3.4. BGlcCer increases the DODAB fluid phase order and rigidity

Spectra of 5- and 16-PCSL in pure and mixed membranes are shown
for the temperature range of 50 °C-60 °C in Fig. 6.

At this temperature range, the spectra of probes are typical of the
fluid phase: 5-PCSL is in a fluid and ordered location (Fig. 6), close to
the bilayer interface, where the labels have fast movement along their
long axis [28]; 16-PCSL spectra indicate fast and nearly isotropic
movement for the nitroxide radical at the bilayer core (Fig. 6), typical
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Fig. 4. Effect of BGlcCer on the maximum hyperfine splitting (Aqx) of 5-PCSL
(A) and on the central field linewidth (4Hy) of 16-PCSL (B) embedded in 2 mM
DODAB bilayers at the gel phase.

of the motional narrowing region [28]. No obvious difference is ob-
served on the spectra profile for both probes in the pure and mixed
membranes (Fig. 6).

However, for the fluid phase, distinct parameters can be used to
analyze the spectra of each spin label (Fig. 7). The effective order
parameter (S is useful to evaluate acyl chain order with 5-PCSL
(Fig. 7A). In this case, the position of the nitroxide group in an ordered
environment, close to the bilayer surface, results in anisotropic ESR
spectra with clearly defined maximum and minimum hyperfine split-
tings (Amax and A, respectively). These hyperfine splittings can be
directly measured on the ESR spectra (Fig. 6) and are used to calculate
the values of S.s [34], as described in Section 2.4.

Mixed DODAB + BGlcCer membranes exhibit higher S, values than
pure DODAB membranes (Fig. 7A), indicating that $GlcCer increases
the bilayer order near the bilayer surface in the fluid phase.

Spin labels located deeper into the bilayer, such as 16-PCSL, sense a
less ordered environment and yield more isotropic spectra, from which
Amax and Ap;, cannot be measured. In this case, the ratio of the am-
plitudes of the high and central field lines (h_; and hy, as indicated in
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Fig. 5. ESR spectra of 5-PCSL and 16-PCSL embedded in 2mM DODAB or 2 mM
DODAB + BGlcCer bilayers around the gel-fluid transition. Arrows indicate
features of a more isotropic component which coexists with the typical gel
phase signal.

|

Fig. 6) can be evaluated accurately. The h_;/h, ratio decreases as the
membrane viscosity increases [32].

The h_,/h, values are smaller for mixed DODAB + BGlcCer mem-
branes than for pure DODAB membranes (Fig. 7B), indicating that
BGlcCer rigidifies the core of DODAB bilayers in the fluid phase.

3.5. No microscopic domains are observed in mixed DODAB + BGlcCer
bilayers

DODAB bicelles have been used to solubilize hydrophobic drugs in
their hydrophobic edges [27,35]. However, lipid miscibility in DODAB
vesicles is dependent on molar fraction: DPPC below 30 mol%, for in-
stance, was shown to demix from the cationic gel phase [36]. Since
DODAB can spontaneously form giant vesicles (~10 um) upon heating
in aqueous solution [27], fluorescence microscopy was used to visualize
if BGlcCer affects microscopic membrane homogeneity (Fig. 8).

DODAB and DODAB + 0.2mM fGlcCer vesicles exhibit a typical
faceted aspect in the gel phase (~25 °C) (Fig. 8 A and B), and a typical
round shape in the fluid phase (~50 °C) (Fig. 8 C and D). The homo-
geneous surface fluorescence of pure and mixed liposomes suggests that
there are no macroscopic domains (of size bigger than the optical re-
solution of about 0.4 pm) being formed by fGlcCer within the DODAB
bilayers in both gel and fluid phases (Fig. 8 B and D). Since
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Fig. 6. Effect of BGlcCer on ESR spectra of 5-PCSL and 16-PCSL embedded in
2 mM DODAB bilayers at temperatures above the gel-fluid transition. Maximum
and minimum hyperfine splittings (Amq., and A,;,) are indicated, as well as the
positions of central (hy) and high (h_ ) field lines. Total spectra width is 100 G.

photobleaching affects fluorescence images after long time observation
(e.g. Fig. 8C), additional images of a large field of view are shown as
Supplementary Material (Fig. S2). In addition, phase contrast images of
the vesicles in Fig. 8 are shown along the heating process (Fig. S3).

4. Discussion

Pure C24:1 BGlcCer exhibits a complex thermotropic behavior, with
peaks at 36 °C, 45 °C, 57 °C and 66 °C (Fig. 2). Such behavior was pre-
viously described for BGlcCer dispersions in water [31], and the small
differences in peak positions are probably due to the much faster scan
rate (30 °C/h) employed in the previous work. Following Bjorkvist and
colleagues' interpretation [31], the most intense endothermic peak at
66 °C corresponds to the main gel-fluid phase transition, whereas the
preceding peaks correspond to conversions between metastable gel
phases that might differ in hydrocarbon packing organization, chain
tilt, hydration of the headgroup or presence of interdigitation [37,38].
It is of note that ESR spectra of pure BGlcCer are characteristic of a non-
interdigitated bilayer organization that undergoes a gel-to-fluid phase
transition as temperature increases from 25°C to 70°C (see Supple-
mentary Fig. S1).

The peaks observed in pure PBGlcCer thermograms disappear in
mixed bilayers, suggesting that BGlcCer is able to mix with DODAB at
all fractions tested (Fig. 2). Moreover, the thermograms of all
DODAB + BGlcCer bilayers present broad transitions shifted to smaller
temperatures, indicating that GlcCer induces a decrease in both the
transition temperature and the cooperativity of the cationic bilayers
(Fig. 2).

This is an unexpected result: since the gel-fluid temperature of
BGlcCer is much higher than the one of DODAB, it would be likely that
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Fig. 7. Effect of mM PGlcCer on the effective order parameter (S,4) from 5-PCSL
spectra (A) and on h_ ;/hy ratios from 16-PCSL spectra (B) embedded in 2 mM
DODAB bilayers at the fluid phase.

this glucosylceramide would promote an increase in membrane order
with a consequent increase in the melting temperature, as seen for
mixtures of galactosylceramide and dimyristoylphosphatidylcholine
[39]. On the other hand, it has been shown that monoolein (1-mono-
oleoyl-rac-glycerol), a neutral unsaturated lysolipid, also decreases the
transition temperature and cooperativity of DODAB bilayers [40]. This
illustrates the dependence of phase transition thermodynamics on the
structures of the lipids involved, and emphasizes the need of additional
techniques to fully understand such complex phenomena.

Consistently, BGlcCer is able to destabilize the DODAB gel phase as
seen from the decrease in bilayer packing at the core and near the
surface represented by smaller A,,,x and AH, values (Fig. 4A and B). It
is a consequence of the structural features of BGlcCer, which is com-
posed of a glucosyl moiety and a ceramide moiety (Fig. 1).

The glucosyl moiety is bulky and able to make extensive hydrogen
bonding through its hydroxyl groups (Fig. 1). Molecular simulations
suggest that the glucosyl headgroup is more hydrated than its galactosyl
isomer [41], implying that the glucosyl headgroup size would be fur-
ther increased due to hydrogen bonding to water and that
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DODAB

~25 °C

~50 °C

intermolecular interactions between the glycolipids would be de-
creased. This is in line with observations that although glucosyl head-
groups have lower thermotropic stability than galactosyl groups, they
increase the number of intermediate structures that the lipid can adopt
[42]. The bulky and very hydrated glucosyl headgroup would have a
larger space requirement than the small and poorly hydrated qua-
ternary ammonium headgroup of DODAB [43], which would explain
the superficial decrease in bilayer packing of the DODAB gel phase
induced by BGlcCer (Fig. 4A). It is important to note that, despite being
a cationic lipid, the repulsion between the DODAB quaternary ammo-
nium headgroups is shielded by the HEPES buffer. Indeed, the phase
transition temperature for DODAB bilayers in pure water is about 3 °C
smaller than the ones in buffer [44], as expected from the larger elec-
trostatic repulsion between charged headgroups in pure water.

The ceramide moiety of BGlcCer is made of a sphingoside base with
a C4-trans double bond and a much larger C24 N-linked acyl chain with
a 15-cis double bond (Fig. 1). The C4-trans bond promotes a vertical
sphingoside chain orientation that facilitates a compact packing of
ceramide chains [45,46], whereas the 15-cis bond disturbs acyl chain
packing by increasing lateral space requirements, and decreasing chain
order and interactions between polar groups [45,47]. In fact, the pre-
sence of the cis double bond lowers the transition temperature and af-
fects the kinetics of formation of various metastable and stable gel
phases of galactosylceramides [48] by precluding the formation of in-
termolecular hydrogen bonds [49]. This hindrance might affect not
only the hydrogen bonding by the sugar moiety, but also by the amide-
linked carbonyl group and the hydroxyl group of the ceramide moiety.

Monolayers of pure C24:1 ceramide or galactosylceramide at 22 °C
were shown to have an axial displacement between the sphingoside and
N-acyl chains, which places the kink caused by the 15-cis double bond
above the end of the sphingoside chain [45,50]. In that case, the car-
bons placed above the end of the sphingoside chain would be able to
penetrate the other monolayer and form transbilayer interdigitated gel

+ BGlcCer

.
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Fig. 8. Fluorescence microscopy (0.5mol% PE-Rh)
images of vesicles of 2mM DODAB (A and C) and 2 mM
DODAB + 0.2 mM fGlcCer (B and D) in the gel (A and B)
and fluid (C and D) phases. The scale bar represents 4 pum.
The image in C was obtained after long exposure of the
vesicle to the illumination, which caused significant
fluorescence photobleaching. The contrast of the snap-
shots was enhanced.

phases with an increased packing and a decreased degree of motion.
However, the flexibility gradient toward the membrane core is not af-
fected by BGlcCer (Fig. 3), as would be expected from an interdigitated
gel phase [51,52], and the bilayer packing effectively decreases in
presence of this glycolipid (Fig. 4A and B). Accordingly, it has been
suggested that cis double bonds inhibit transbilayer lipid interdigitation
under physiological conditions [48]. Hence, the evidence in the present
work does not support the idea of an axial displacement of 3GlcCer in
the gel phase.

Although no significant differences in spectra profiles between pure
and mixed bilayers are observed in the gel phase (Fig. 3), ESR spectra in
some temperatures around the phase transition are the sum of aniso-
tropic and isotropic signals, showing the coexistence of rigid and fluid
lipid populations within the membranes in both pure and mixed bi-
layers (Fig. 5).

In pure DODAB bilayers, it is possible to observe the coexistence of
rigid and fluid lipids at 40 °C, as previously described [33,53], and at
45°C. At 48°C, the pure bilayers display typical fluid phase spectra
(Fig. 5). In presence of 0.1 mM and 0.2 mM (GlcCer, the coexistence of
phases is even more evident at 40 °C, while the spectra for these mixed
bilayers is already typical of fluid phases at 45 °C (Fig. 5). The earlier
onset of phase transition is even more pronounced in presence of
0.4 mM [GlcCer: the coexistence of two phases is already observable at
35°C, and at 40 °C the bilayer is already at the fluid phase (Fig. 5). This
is consistent with the decrease in transition temperature induced by
BGlcCer observed by DSC (Fig. 2).

In contrast to the decrease in bilayer packing of the gel phase,
BGlcCer increases surface bilayer order and rigidifies the bilayer core of
the DODAB fluid phase, as observed from higher S, and smaller h_,/
ho values (Fig. 7A and B). S, includes contributions from chain order
and rate of motion, but the main contribution is the amplitude of acyl
chains segmental motion [34]. The increase in surface bilayer order
could be ascribed to an increase in hydration of the glucosyl headgroup
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in the fluid phase, which would limit the amplitude of acyl chains
segmental motion from neighboring DODAB molecules. Indeed, the
number of water molecules associated with glycolipid headgroups in
the fluid phase was shown to double when compared to the gel phase
[54].

The decrease in h_;/hq values in presence of BGlcCer (Fig. 7B) re-
present an increase in the viscosity of the bilayer core probed by 16-
PCSL [32], possibly resulting from a more limited motion of DODAB
acyl chains caused by the large and kinked acyl chain of 3GlcCer. The
increase in ordering and rigidity of the fluid phase could also arise from
a movement of the spin label up, so that it would be probing a more
ordered region. Although a vertical movement has been described for
single chained spin labels [33], it is very unlikely that double tailed spin
labels such as the ones employed in the present work would suffer from
such an effect due to their stronger van der Waals and hydrophobic
interactions. In fact, galactosylceramides that were themselves spin
labeled also showed the capacity to increase rigidity in fluid lipid
membranes [55].

It is noteworthy that a decrease in gel phase bilayer packing and an
increase in fluid phase ordering were also observed for DODAB bilayers
in the presence of cholesterol at fractions lower than 15mol% [53].
Moreover, cholesterol has a low miscibility in DODAB [53], just as
BGlcCer and other glycosphingolipids and ceramides have low misc-
ibilities in fluid phase phospholipid membranes and tend to segregate
into gel domains, macro ripple phases or even tubular structures [56].

This would suggest that lateral phase separation or the formation of
domains could explain the similar effects of BGlcCer and cholesterol in
DODAB bilayers. However, no microscopic domain or three-dimen-
sional structure is observed in fluorescence microscopy images of
DODAB bilayers containing fGlcCer (Fig. 8), which is in agreement
with the disappearance of the peaks of pure fGlcCer in the thermogram
of mixed bilayers (Fig. 2). Consistently, no nanoscopic domains are
detected by ESR in mixed bilayers, because a single population is ob-
served in the spectra of gel and fluid phases (Figs. 3 and 6). Since the
spin labels can partition into pure BGlcCer bilayers (as seen in Sup-
plementary Fig. S1), the absence of two populations is not an artifact
due to probe exclusion from BGlcCer domains as previously observed
with polymerizable lipids [57].

The physicochemical properties of liposomes play an important role
in the development of novel immunotherapeutic tools: for instance,
liposomes of greater rigidity and higher gel-fluid transition temperature
elicit higher antibody and cell-mediated responses to antigens [58].
Hence, from the data presented in this paper, it is possible to assume
that the formulation with the smallest fraction of BGlcCer (2 mM
DODAB + 0.1 mM (BGlcCer) would be the most efficient adjuvant in
biological assays, since it has affected much less the phase transition of
DODAB than the other fractions tested (Fig. 2). As a next step, it would
be interesting to investigate the biological properties of these for-
mulations.

To the best of our knowledge, this work is the first to characterize
the structure of a glycosphingolipid embedded into a cationic bilayer,
both in the gel and fluid phases. Mixed membranes employing these
lipids may find important biological applications in developing areas
such as immunotherapy [23,24].

5. Conclusions

The structure of cationic DODAB bilayers containing different
amounts of unsaturated C24:1 -glucosylceramide ($GlcCer) was in-
vestigated by means of DSC, ESR spectroscopy and fluorescence mi-
croscopy. BGlcCer is completely miscible within the DODAB bilayers at
all fractions tested, since no domains were observed in fluorescence
microscopy and ESR spectra. BGlcCer destabilized the gel phase of
DODAB bilayers by decreasing the gel phase packing. As a consequence,
it induced a decrease in the phase transition temperature and co-
operativity of DODAB bilayers. fGlcCer also induced an increase in
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DODARB fluid phase order and rigidity. A similar effect of loosening the
gel phase packing and turning the fluid phase more rigid has been
observed when low molar fractions of cholesterol were incorporated in
DODAB bilayers. The structural characterization of mixed membranes
made of cationic lipids and glucosylceramides may be important for
planning novel biotechnology tools aimed at harnessing the biological
effects of these lipids, as is the case of vaccine adjuvants.
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