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ABSTRACT: C24:1 sulfatide (SF) is an endogenous activator of type II NKT cells. The thermotropic behavior and structure of SF
dispersions and its mixtures (4.8−16.6 mol %) with cationic dioctadecyldimethylammonium bromide (DODAB) bilayers were
investigated by differential scanning calorimetry and electron paramagnetic resonance spectroscopy. The non-interdigitated lamellar
structures formed by pure SF display broad thermal events around 27.5 °C when heated and cooled. These events disappear upon
mixing with DODAB, showing complete lipid miscibility. SF decreases the DODAB gel-phase packing, with a consequent decrease
in phase-transition temperatures and cooperativity upon heating. In contrast, SF increases the rigidity of the DODAB fluid phase,
resulting in a smaller decrease in transition temperatures upon cooling. The hysteresis between heating and cooling decreased as the
SF molar fraction increased. These effects on DODAB are similar to the ones described for other glycolipids, such as αGalCer and
βGlcCer. This might be due to the orientation of the rigid and planar amide bond that connects their sphingoid bases and acyl
chains, which result in a V-shaped conformation of the glycolipid molecules. The current results may be important to plan and
develop new immunotherapeutic tools based on SF.

1. INTRODUCTION
Sulfatides (SFs) are galactosylceramides with an anionic sulfate
group linked to the 3-O position of their sugar headgroup.1

Their many isoforms are present in the kidneys, gastro-
intestinal tract, pancreatic islets of Langerhans, and, more
abundantly, in the nervous system,1,2 where they comprise 4−
6% of myelin sheath lipids.1,3 They are important to stabilize
the myelin sheath,4 not only by reinforcing contacts between
apposed membranes5 but also by forming domains that control
protein traffic and organization.6,7 Consequently, SF is
associated with diseases such as multiple sclerosis,8

Alzheimer’s,7 and metachromatic leukodystrophy.9

In addition to their structural functions, SFs also have
immunoregulatory activity: it was recently shown that SFs with
short-chain fatty acids are ligands of the innate immune
receptor TLR4.10 Moreover, SFs are endogenous ligands for
type II NKT cells.11 This is the case for the long and
unsaturated C24:1 SF, which was shown to efficiently activate
type II NKT cells.12,13 Considering the possible therapeutic

applications of type II NKT cells,14,15 the development of
carriers for SF is very important.
The cationic lipid dioctadecyldimethylammonium bromide

(DODAB) has been employed to deliver nucleic acids16 and
hydrophobic drugs.17 It has also been used as a safe and
efficient antigen carrier,18,19 which makes it an interesting
candidate to deliver SF.
The structural characterization of delivery systems is

essential to understand their function and efficiency.20

Differential scanning calorimetry (DSC) provides important
information on how temperature affects the organization of
lipid dispersions and has been extensively employed to evaluate
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the energetics of phase transitions in lipid vesicles.21

Continuous wave electron paramagnetic resonance (CW-
EPR) spectroscopy is a powerful technique to investigate the
structure of proteins22 and lipid membranes.23 In the latter
case, CW-EPR is considered more sensitive than fluorescence
spectroscopy to detect lipid-phase coexistence and interdigita-
tion.23,24

In the present work, we use DSC and CW-EPR to
characterize the thermotropic behavior and the structure of
SF and DODAB + SF dispersions at different molar fractions.

2. EXPERIMENTAL METHODS
2.1. Materials. HEPES buffer, DODAB, (2S,3S,4R)-1-O-

(a-D-galactosyl)-N-hexacosanoyl-2-amino-1,3,4-octadecanetriol
(C24:1 SF), and spin label 1-palmitoyl-2-(n-doxylstearoyl)-sn-
glycero-3-phosphocholine (n-PCSL, n = 5 or 16) were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
The chemical structures of lipids and spin labels are shown in
Figure 1.

2.2. Preparation of Lipid Dispersions. Lipid dispersions
were prepared as previously described.25 Briefly, lipid films
were prepared by drying chloroform/methanol 2:1 (v/v)
solutions. The films were then hydrated in HEPES buffer (10
mM, pH 7.4) by vortexing and heating at 87 °C for 15 min to
produce the vesicles. Dispersions were then allowed to reach
room temperature prior to all experiments. For ESR experi-
ments, 0.8 mol % 5-PCSL or 0.3 mol % 16-PCSL were added
when preparing the lipid films. The final DODAB concen-
tration was 2 mM. The final SF concentrations were 0.1, 0.2, or
0.4 mM, which correspond, respectively, to 4.8, 9, and 16.6
mol % of the total lipid concentration. A concentration of 2
mM SF was used in ESR experiments with pure glycolipid, in
order to avoid spin−spin interactions.

2.3. Differential Scanning Calorimetry. Thermograms
were obtained in a Microcal VP-DSC Microcalorimeter
(Microcal Inc., Northampton, MA, USA). Heating and cooling

rates were 20 °C/h, the feedback gain was high, and a 10 s
filtering period was used. Scans were performed with at least
two samples prepared in different days. A single annealing
heating scan of 90 °C/h was performed prior to all
experiments. The scans of all DODAB dispersions started at
20 °C in order to avoid the formation of a subgel phase, whose
characteristic pre-transition peak at 36 °C could complicate the
thermogram analyses.26 The software MicroCal Origin was
used to treat data and obtain thermodynamic parameters such
as the phase-transition enthalpy (ΔH), the width at half-
maximum (T1/2), and the phase-transition temperature (Tm),
which was considered the highest ΔCp value.

2.4. EPR Spectroscopy. CW-EPR spectra at the X band
(9.44 GHz) were obtained with a Bruker EMX spectrometer
using a high-sensitivity ER4119HS cavity. The microwave
power was 13.4 mW, the modulation frequency was 100 kHz,
and the modulation amplitude was 1 G. The averaging number
of scans was 20 for the temperature range of the gel phase and
5 for the temperature range of the fluid phase. A Bruker BVT-
200 variable temperature device was used to control the
sample temperatures. Experiments were performed at least
twice, with samples prepared on different occasions. Empirical
data correspond to the means of experiments with different
samples, and standard deviations of these samples are shown as
error bars.
The values of the maximum (Amax) and minimum (Amin)

hyperfine splittings, as well as those of the low (h+1), central
(h0), and high (h−1) field line amplitudes were measured
directly from spectra (see Figures 3 and 5).
The effective order parameter, Seff, was calculated from the

expression27
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Figure 1. Chemical structures of DODAB (A), C24:1 SF (B), 5-PCSL (C), and 16-PCSL (D).
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ured inner hyperfine splitting (see Figure 5), and Axx, Ayy, and
Azz are the principal values of the hyperfine tensor for
doxylpropane.28 Each experiment was performed at least two
times. Error values account for standard deviations and are
presented as error bars when larger than the symbols.

3. RESULTS
3.1. SF Decreases the Transition Temperature of

DODAB Vesicles upon Heating and Cooling but
Decreases the Transition Cooperativity Only upon
Heating. The heating and cooling thermograms of SF,
DODAB, and DODAB + SF dispersions are shown in Figure 2.

Pure SF dispersions display broad endothermic and
exothermic events peaking around 27.5 °C; hence, no
hysteresis upon heating and cooling is observed (Figure
2A,B). Although these thermogram profiles are significantly
different from the ones previously described for C24:1 SF,29 a
direct comparison is difficult because the samples described
earlier were more concentrated (15−22 mM), were prepared
in a much higher ionic strength (2 M KCl), and were scanned
at much higher rates (slower rates were 75 °C/h).29 The scan

rate of 20 °C/h used in the present work is the highest
recommended for phospholipids30 since it allows the measure-
ment to be performed in thermodynamic equilibrium. Also, the
microcalorimeter is more sensitive and allows for more diluted
samples.
In contrast to SF, pure DODAB dispersions have a narrow

endothermic transition around 47 °C when heated (Figure 2A)
and a narrow exothermic peak around 41.5 °C when cooled
(Figure 2B). The narrow peaks indicate that these phase
transitions are cooperative, i.e., the conformational changes of
one molecule are transmitted to the other molecules of the
array, leading to a collective change of all molecules.30,31

Similar thermograms, with narrow peaks and a hysteresis of 5.4
°C between heating and cooling, have been described for
diluted DODAB dispersions in water.32,33 These samples
prepared in water have transition peaks upon heating and
cooling around 44 and 39 °C, respectively.32,33 A narrow peak
around 47 °C has been described upon heating buffered
samples,25,34 suggesting that the increase in transition temper-
ature results from the electrostatic shielding of the cationic
DODAB headgroups.
In dispersions of DODAB + SF, the broad peaks around

27.5 °C disappear, suggesting a complete mixing of SF within
the DODAB vesicles at all SF molar fractions tested (Figure
2A,B). Similar analyses of DSC thermograms have been
previously used to access lipid miscibility.35

In the heating scans, the mixed DODAB + SF dispersions
show broader peaks than pure DODAB, and these peaks are
shifted to lower temperatures (Figure 2A), indicating that SF
reduces the transition cooperativity and destabilize the gel
phase of DODAB vesicles.
On the other hand, narrow peaks are observed for mixed

DODAB + SF dispersions in the cooling scans (Figure 2B),
indicating that the thermal transition is still rather cooperative
when the samples are cooled. These narrow peaks are shifted
to lower temperatures, and hysteresis is reduced as the SF
molar fraction is increased. In fact, the hysteresis apparently
disappears when 0.4 mM SF is mixed with 2 mM DODAB
since the peaks upon heating and cooling occur at the same
transition temperature (Tm), around 38.7 °C (Figures 2A,B).
Tm and other thermodynamic parameters obtained from the
thermograms are summarized in Table 1.
In Table 1, it is possible to observe that SF does not

significantly alter the transition enthalpies (ΔH) of DODAB
vesicles upon heating or cooling. SF also does not significantly
change the transition cooperativity upon cooling as can be seen
from the width at half-maximum of peaks (T1/2), but it does
decrease the transition cooperativity of DODAB upon heating
since T1/2 values increase with increasing SF concentration
(Table 1 and Figure 2A).

Figure 2. Typical heating (A) and cooling (B) thermograms of SF,
DODAB, and DODAB + SF dispersions. The scan rate was 20 °C/h.

Table 1. Thermodynamic Parameters of SF, DODAB, and DODAB + SF Dispersions

heating cooling

dispersion Tm
a(± s.d.) ΔH(± s.d.) T1/2(± s.d.) Tm

a(± s.d.) ΔH(± s.d.) T1/2(± s.d.)

0.4 mM SF 27.6 ± 0.0 6.2 ± 0.7 4.9 ± 0.4 27.4 ± 0.0 −4.6 ± 3.0 4.2 ± 0.4
2 mM DODAB 46.9 ± 0.0 10.3 ± 0.2 0.6 ± 0.0 41.5 ± 0.0 −9.9 ± 0.2 0.8 ± 0.0
+0.1 mM SF 45.1 ± 0.1 11.8 ± 0.2 2.3 ± 0.0 39.7 ± 0.1 −11.8 ± 0.1 1.0 ± 0.1
+0.2 mM SF 43.6 ± 0.3 11.8 ± 0.0 6.7 ± 0.0 38.7 ± 0.0 −11 ± 0.1 0.4 ± 0.0
+0.4 mM SF 38.8 ± 0.0 10.9 ± 0.5 4.6 ± 1.6 38.6 ± 0.2 −10.4 ± 0.7 1.2 ± 0.6

aTm was considered as the highest ΔCp value.
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3.2. DODAB Gel-Phase Packing Decreases in the
Presence of SF. The structures of DODAB and DODAB +
SF dispersions were compared by means of CW-EPR
spectroscopy. This technique allows examining the micro-
viscosity and packing of the membrane at different depths
because it employs phospholipid probes labeled with a
paramagnetic moiety at different positions.23 For instance,
the paramagnetic nitroxide group is located near the
headgroup of 5-PCSL and at the end of the acyl chain in
16-PCSL (Figure 1). Hence, 5-PCSL gives information about
the bilayer region closer to the aqueous interface and 16-PCSL
gives information about the bilayer core. Figure 3 shows the
spectra of 5-PCSL and 16-PCSL embedded in DODAB and
DODAB + SF dispersions at temperatures below the gel−fluid
transition.

In pure DODAB bilayers, the spectrum of 5-PCSL is more
anisotropic than the spectrum of 16-PCSL (Figure 3), showing
that these bilayers are more packed near the surface than in the
core. This flexibility gradient toward the core is typical of
DODAB bilayers in the gel phase25,26 and is not changed by
the presence of SF (Figure 3).

Since the spectrum profiles of both paramagnetic labels seem
to be similar in pure DODAB and mixed DODAB + SF
dispersions, empirical parameters obtained from the spectra
can give more information about these structures (Figure 3).
The maximum hyperfine splitting (Amax) is a useful parameter
obtained from 5-PCSL spectra to evaluate the structure of
bilayers in the gel phase (Figure 3) because it is sensitive to the
viscosity and packing of the environment surrounding the
label.23 For instance, Amax values decrease as the viscosity or
packing decreases.
The Amax values cannot be accurately measured in the

spectra of 16-PCSL because they are more isotropic than the
spectra of 5-PCSL (Figure 3). Hence, information about the
structure of the bilayer core can be obtained from the ratio of
the low and central field line amplitudes (h+1/h0) (Figure 3).
The h+1/h0 values increase as the bilayers become less
packed.23

Figure 4 shows the empirical parameters obtained from the
spectra of 5-PCSL and 16-PCSL probing gel-phase dispersions.

As expected, Figure 4A shows that the Amax values decrease
as the temperature increases since membrane packing
decreases as the temperature increases. Amax values also
decrease as the SF fractions increase (Figure 4A), showing
that SF decreases the superficial packing of DODAB bilayers.
Again as expected, Figure 4B shows that the h+1/h0 values

increase when the temperature is increased and the membrane
core packing is decreased. The h+1/h0 values also increase as
the SF fraction increases (Figure 4B), suggesting that SF also
decreases the packing at the DODAB bilayer core. The results
in Figure 4A,B show that the DODAB gel-phase packing is
decreased both at the surface and in the core in the presence of
SF.

Figure 3. Effect of SF on the EPR spectra of 5-PCSL and 16-PCSL
embedded in 2 mM DODAB bilayers at temperatures below the gel−
fluid transition. The maximum hyperfine splitting (Amax) and the
amplitudes of low (h+1) and central (h0) field lines are indicated. The
total spectral width is 100 G.

Figure 4. Effect of SF on the maximum hyperfine splitting (Amax) of 5-
PCSL (A) and on the ratio of the low and the central field line
amplitudes (h+1/h0) of 16-PCSL (B) embedded in 2 mM DODAB
bilayers at the gel phase. Error bars indicate standard deviations of at
least two experiments with different samples.
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3.3. DODAB Fluid-Phase Packing Increases in the
Presence of SF. Figure 5 shows the spectra of 5-PCSL and
16-PCSL embedded in DODAB and DODAB + SF dispersions
at temperatures above the gel−fluid transition.

The spectra of 5-PCSL shown in Figure 5 have thinner
features than the ones observed at lower temperatures (Figure
3). The thinner features observed in Figure 5 indicate that the
probes experience a fast movement on their long axis,28 which
is characteristic of a fluid yet organized structure near the
membrane surface.
The spectra of 16-PCSL shown in Figure 5 have sharper

peaks when compared to the ones at lower temperatures
(Figure 3). The sharp peaks seen in Figure 5 indicate a fast and
nearly isotropic movement of the nitroxide group at the bilayer
core, which is typical of a spin label at the motional narrowing
regime at the fluid phase of a membrane.28

The spectra of both 5-PCSL and 16-PCSL seem to be
similar in the absence or presence of SF. Again, empirical
parameters can be useful to compare the structures of DODAB
and DODAB + SF dispersions (Figure 6).

The values of the maximum and minimum hyperfine
splittings (Amax and Amin) can be accurately measured from
the anisotropic spectra of 5-PCSL in fluid-phase dispersions
(Figure 5). These hyperfine splittings can then be used to
calculate the effective order parameter (Seff), as described in
Section 2.4. Seff is useful to evaluate the acyl chain order,
although it is known to have contributions from the
paramagnetic label mobility.23,36 As expected, Seff values
decrease as the temperature increases (Figure 6A), indicating
that the surface of the membrane becomes less ordered as the
temperature increases. However, Seff values increase with
increasing SF fractions (Figure 6A), showing that SF increases
the order near the surface of DODAB bilayers in the fluid
phase.
The spectra of 16-PCSL are more isotropic and hinder the

measurement of the hyperfine splittings, but the amplitudes of
the high (h−1) and central (h0) field lines can be accurately
measured (Figure 5). The ratio of these amplitudes (h−1/h0)
can be used to evaluate the membrane viscosity or packing
because the h−1/h0 ratio has an inverse relation with membrane
viscosity: h−1/h0 values decrease as the membrane viscosity
increases, for instance.23,37

As expected, it is possible to observe in Figure 6B that an
increase in temperature results in an increase in the h−1/h0
ratio since the membrane viscosity decreases with temperature.
In contrast, h−1/h0 values decrease with increasing SF fraction
(Figure 6B), showing that SF increases the membrane core
viscosity in the fluid phase. The results in Figure 6A,B show
that the DODAB fluid-phase packing is increased both at the
surface and in the core in the presence of SF.

3.4. Pure SF Forms Non-interdigitated Lamellar
Structures. The EPR spectra of 5-PCSL and 16-PCSL in
pure SF dispersions are shown in Figure 7. A concentration of
2 mM SF was used in order to avoid spin−spin interactions
and to improve the signal-to-noise ratio.

Figure 5. Effect of SF on the EPR spectra of 5-PCSL and 16-PCSL
embedded in 2 mM DODAB bilayers at temperatures above the gel−
fluid transition. The maximum hyperfine splitting (Amax) and the
amplitudes of high (h−1) and central (h0) field lines are indicated. The
total spectral width is 100 G.

Figure 6. Effect of SF on the effective order parameter (Seff) from 5-
PCSL spectra (A) and on h−1/h0 ratios from 16-PCSL spectra (B)
embedded in 2 mM DODAB bilayers at the fluid phase.
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The spectra of 5-PCSL are more anisotropic than the ones
of 16-PCSL, suggesting the presence of a flexibility gradient at
all temperatures tested (Figure 7). This gradient is very similar
to the ones observed for DODAB and DODAB + SF (Figures
3 and 5) and indicates that SF self-assembles in non-
interdigitated lamellar structures.38

As the temperature increases, the SF lamellae become more
fluid, as the spectra of both probes become more isotropic
(Figure 7). Indeed, a steep increase in fluidity can be observed
between 25 and 30 °C, which is consistent with the broad
thermal event around 27.5 °C observed in Figure 2. No
coexistence of phases is observed in the 25−30 °C temperature
range (Figure 7), which contrasts with the coexistence of rigid
and fluid EPR signals around the gel−fluid transition of
DODAB39,40 (see the Supporting Information).
Figures 8 and 9 show the empirical parameters obtained

from the EPR spectra of 5-PCSL and 16-PCSL at temperatures
below and above the 25−30 °C range.
Figure 8 shows that the Amax values decrease and the h+1/h0

values increase when the temperature is increased, indicating a
decrease in SF lamellar packing. The value of Amax at 20 °C is
very similar to the one of pure DODAB at the same
temperature (Figure 4A), but the value of h+1/h0 is much
higher than the one of DODAB at this temperature (Figure
4B). This suggests that, while pure DODAB and pure SF have
a similar packing near the surface, the SF lipid tails have more
mobility than the ones of DODAB near the lamellar core at 20
°C.
Figure 9 shows that the Seff values decrease and the h−1/h0

values increase when the temperature is increased, indicating a
decrease in SF lamellar packing. The values of Seff at the
temperatures of 50, 55, and 60 °C are between 0.52 and 0.44,
being much higher than the ones for pure DODAB (which
range from 0.42 to 0.38) at the same temperatures (Figure

6A). Also, the values of h−1/h0 for SF (between 0.26 and 0.32)
are much lower than the ones of pure DODAB (between 0.52
and 0.64) at the temperature range of 50−60 °C (Figure 4B).
This suggests that the fluid lamellae of pure SF are more

Figure 7. Effect of temperature on the ESR spectra of 5-PCSL and 16-
PCSL embedded in dispersions of 2 mM SF. The total spectral width
is 100 G.

Figure 8. Values of the maximum hyperfine splitting (Amax) of 5-
PCSL (A) and of the ratio of the low and the central field line
amplitudes (h+1/h0) of 16-PCSL (B) embedded in 2 mM SF
dispersions below the phase transition. Error bars indicate standard
deviations of at least two experiments with different samples.

Figure 9. Values of the effective order parameter (Seff) of 5-PCSL (A)
and of ratios of the high and the central field line amplitudes (h−1/h0)
of 16-PCSL (B) embedded in 2 mM SF dispersions above the phase
transition. Error bars indicate standard deviations of at least two
experiments with different samples.
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ordered and packed both at the surface and the core than the
bilayers of pure DODAB at this high-temperature range.

4. DISCUSSION
The single heating and cooling peaks at approximately 27.5 °C
observed for pure C24:1 SF (Figure 2) contrast with the
complex thermotropic behavior of C24:1 beta-glucosylcer-
amide (βGlcCer), which presents several peaks upon heating
and a single hysteretic peak upon cooling.41 Considering that
SF and βGlcCer have the same C24:1 ceramide moiety, the
differences in thermotropic behavior could be attributed to the
negative charge of the SF headgroup, whose electrostatic
repulsion might hinder the formation of metastable phases and
of high-temperature melting events observed for the neutral
βGlcCer, which has a main phase-transition temperature
around 66 °C when heated.40,41 Electrostatic repulsion is an
important factor in lipid-phase organization42 and was shown
to weaken intermolecular hydrogen bonding in SFs when
compared to neutral cerebrosides.29

Despite their different thermotropic behaviors, pure SF and
βGlcCer show similar structural organization in EPR spectros-
copy assays: both form lamellar structures that are not
interdigitated since a flexibility gradient is present at all
temperatures (Figure 7).40 Even though the C4-trans bond of
the sphingosine base would facilitate the compact packing of
the ceramide chains,43,44 the 15-cis bond of the C24:1 acyl
chain would increase the lateral space requirements (Figure 1),
resulting in a decreased ceramide chain packing.43,45

Accordingly, EPR experiments with 16-doxylstearate show
that this cis double bond prevents any form of interdigitation in
SFs.46

SF is miscible with DODAB at all fractions tested since the
heating and cooling peaks at 27.5 °C disappear in the DODAB
+ SF dispersions (Figure 2). In agreement with that, SF does
not significantly change the transition enthalpies (ΔH) of
DODAB bilayers (Table1). On the other hand, SF has
different effects on the phase-transition cooperativity of
DODAB upon heating and cooling (Figure 2). Whereas ΔH
is a measure of enthalpy change per molecule, cooperativity
represents how the energy is distributed between the molecules
in an array during a phase transition.30

SF decreases the transition temperature and cooperativity of
DODAB bilayers upon heating but does not affect coopera-
tivity upon cooling (Figure 2 and Table 1). The former effect
could be attributed to the decrease in DODAB gel-phase
packing induced by SF (Figures 3 and 4), while the latter could
be attributed to the increase in DODAB fluid-phase rigidity by
SF (Figures 5 and 6). Moreover, an increase in SF molar
fraction induces a larger reduction of Tm values upon heating
than upon cooling (Table 1). This might explain the decrease
in hysteresis with the increase in SF molar fraction, as
mentioned in Section 3.1 (Table 1).
Hysteresis is common in charged lipids such as

DODAB.32,33,47 It occurs when the transition paths upon
heating and cooling are not the same, usually because domains
of one phase are present within the matrix of another phase
and the energy differences between the domains and the matrix
result in strain tension.47 It is possible that SF might be
affecting the formation of these domains. For instance, it was
shown that while the presence of two signals (representing two
populations with different rigidities) are observed in the EPR
spectra of 5-PCSL and 16-PCSL embedded in pure DODAB
bilayers at 40 °C,26,40 the presence of these two signals is

already observed at 35 °C in mixtures with 0.4 mM βGlcCer.40
Likewise, the Figure S1 (Supporting Information) shows that
the two signals (two populations) are already visible at 35 °C
in mixtures of DODAB with 0.2 and 0.4 mM SF. The negative
charge of SF might enhance this effect when compared to the
neutral βGlcCer, allowing the presence of two populations to
be observed at the lower 0.2 mM SF fraction.
It is noteworthy that the decrease in phase-transition

temperature and cooperativity, the decrease in the gel-phase
packing, and the increase in fluid-phase rigidity of DODAB
were observed not only in presence of the structurally similar
SF and βGlcCer but also in the presence of alpha-
galactosylceramide (αGalCer).25 αGalCer is structurally very
different from SF, not only because it lacks the sulfate group at
the galactoside residue but also because this residue is α-linked
to a ceramide that is made of a phytosphingosine base linked
to a large saturated acyl chain.25 However, SF and αGalCer
share an important structural feature: an amide bond that
connects the sphingoid base (sphingosine in SF, phytosphin-
gosine in αGalCer) to the acyl chain (Figure 1).25

The amide bond has a planar and rigid trans configuration
and adopts a perpendicular orientation toward the axes of the
sphingoid and acyl chains.48 In order to accommodate the
polar headgroup into this rigid perpendicular orientation, the
torsion angles spread out the sphingoid and acyl chains,
resulting in a V-shaped molecular conformation.48 This V-
shaped conformation would result in a large lateral area
requirement that would decrease the packing of the DODAB
gel phase, as observed in Figure 4. The V-shaped conformation
would also explain the increase in DODAB fluid-phase rigidity:
the larger Seff and smaller h−1/h0 values in Figure 6 indicate
that the acyl chains of DODAB are more ordered and have less
freedom of movement in the presence of SF, as they do in the
presence of βGlcCer and αGalCer.25,40 Paramagnetic-labeled
galactosylceramides were also shown to increase the rigidity of
membranes in the fluid phase.49

The SF ability to activate type II NKT cells12 has been
explored to modulate immune responses in autoimmune
disease,50 ischemic injury,51 hepatitis,52 sepsis,53 and cancer.15

SF has also been tested as an adjuvant for oral vaccine,54 and as
a component to improve drug delivery systems.55 Despite its
broad applications, no studies have so far focused on using
carriers to improve the efficiency of delivery of SF to antigen
presenting cells or to harness its immunological activity. This
contrasts with the extensive research on carriers for αGalCer,
which is a strong activator of type I NKT cells.56

DODAB could be a suitable carrier for SF, not only because
it has been successfully employed as a vaccine adjuvant with
other glycolipids57 but also because it might facilitate the SF
delivery to endosomes.58 Endosomal delivery is very important
for SF immune activity since its loading to CD1 presenting
molecules occurs at this site.59

It was shown that less rigid liposomes tend to remain more
time in the endosomes, and increase the efficiency of αGalCer
presentation by antigen presenting cells.60 Hence, the decrease
in DODAB gel-phase packing by SF (Figures 3 and 4) might
enhance its in vivo efficiency as well. Although that remains to
be tested, the present work might contribute to the planning
and development of efficient immunotherapeutic tools employ-
ing SF.
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5. CONCLUSIONS
The thermotropic behavior and the structure of C24:1 SF
dispersions and its mixtures with cationic DODAB bilayers
were investigated through DSC and EPR spectroscopy. Non-
interdigitated lamellar structures were formed when SF films
were hydrated above 80 °C. These lamellar structures
displayed broad thermal events peaking around 27.5 °C
when heated and cooled. These peaks disappeared when SF
was mixed with DODAB, suggesting a complete miscibility of
up to 16 mol % SF in DODAB bilayers.
SF decreased the DODAB gel-phase packing, resulting in a

decrease in transition temperatures and cooperativity upon
heating. On the other hand, SF did not significantly affect the
cooperativity and produced a smaller decrease in transition
temperatures upon cooling because it increased the DODAB
fluid-phase rigidity. The hysteresis between the heating and
cooling of DODAB bilayers decreased as the SF molar fraction
was increased.
The effects of SF on the molecular organization of DODAB

bilayers are similar to the ones described for other glycolipids,
such as αGalCer and βGlcCer. This might be due to the
orientation of the rigid and planar amide bond that connects
their sphingoid bases and acyl chains, which result in a V-
shaped conformation of the glycolipid molecules. The results
shown here may be important to plan and develop new
immunotherapeutic tools based on SF.
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