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GD3 is a disialoganglioside overexpressed in several types of cancer cells. The synthetic cationic lipid DODAB has
been successfully employed as a vaccine adjuvant, and would be suitable to enhance GD3 immunogenicity. Here,
mixed dispersions of GD3 and DODAB were characterized by Differential Scanning Calorimetry (DSC) and
Electron Paramagnetic Resonance (EPR) spectroscopy. GD3 is miscible with DODAB, and decreases the DODAB
gel-fluid transition cooperativity. GD3 does not affect the temperature hysteresis between gel-fluid and fluid-gel

transitions. GD3 does not affect the formation of a subgel phase in DODAB bilayers cooled below 15 °C. GD3
decreases the acyl chain packing of the DODAB subgel phase, which could explain the broad and shallow
exothermic event between 5 °C and 20 °C that appears on thermograms of mixed dispersions. These results might
contribute to the development of novel GD3-based cancer immunotherapies, including at the low temperatures

involved in cold chain stability.

1. Introduction

Gangliosides are glycosphingolipids that contain at least one sialic
acid in their oligosaccharide headgroup [1]. They are involved in several
physiological processes, such as cell adhesion, signal transduction and
apoptosis [1,2], as well as in pathological processes such as inflamma-
tion, cancer and neurodegenerative disorders [1-4].

The pathophysiological roles of gangliosides derive from their ability
to form membrane domains [5], and the major brain gangliosides, GM1,
GD1a, GD1b and GT1b have been comprehensively investigated [5-7].

Albeit less studied, the disialoganglioside GD3 (Fig. 1) is also a very
interesting subject: it is the most abundant ganglioside in the human
colostrum [8], and it is important for early neurological development in
mice due to its abundance in neural stem cells [9]. GD3 is involved in the
control of apoptosis [10], being overexpressed in several aggressive
forms of cancer, such as melanoma, glioblastoma and neuroblastoma
[4]. It was also shown to induce immune responses by NKT cells [11,12],
what makes it a potential target for cancer immunotherapy [13].

The cationic lipid dioctadecyldimethylammonium bromide
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(DODAB) is a versatile carrier for nucleic acids [14], hydrophobic drugs
[15], and antigens [16,17]. It has also been successfully employed as a
vaccine adjuvant [18], because it induces potent humoral and cellular
immune responses [16]. Hence, DODAB could be a suitable carrier for
GD3 vis-a-vis developing new cancer immunotherapies.

Despite the intensive biophysical characterization of gangliosides
[5,19], no study has been made on mixtures of gangliosides and cationic
lipids so far. In the present work, Differential Scanning Calorimetry
(DSC) and Electron Paramagnetic Resonance (EPR) spectroscopy are
used to characterize mixed dispersions of cationic DODAB and anionic
GD3. These techniques have been chosen because DSC gives information
about the thermotropic behavior of lipids [20], and EPR spectroscopy
gives information about order and mobility of lipid dispersion carriers at
different depths [21,22]. In fact, EPR spectroscopy has been extensively
used to characterize DODAB dispersions [23].
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2. Experimental methods
2.1. Materials

Dioctadecyldimethylammonium bromide (DODAB, Lot #
BCBR1922V), and HEPES buffer were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). GD3 from bovine milk (Lot # 860060-01-010),
and paramagnetic probes 1-palmitoyl-2-stearoyl-(n-doxyl)-sn-glycero-3-
phosphocholine (n-PCSL, n = 5 or 16) were purchased from Avanti Polar
Lipids (Birmingham, AL, USA).

The chemical structures of lipids and spin labels are shown in Fig. 1.

2.2. Preparation of lipid dispersions

Chloroform/methanol 2:1 (v/v) solutions containing DODAB, GD3,
or DODAB and GD3, were dried under a nitrogen stream and left under
reduced pressure for 2 h. The resulting lipid films were then dispersed in
HEPES buffer (10 mM, pH 7.4) by heating for 20 min at 87 °C in a water
bath. Heating was accompanied by vortexing at every 5 min in order to
ensure a homogeneous dispersion.

For EPR experiments, 0.8 mol% of 5-PCSL or 0.3 mol% of 16-PCSL
were added to the chloroform/methanol solutions prior to lipid film
formation. The lipid films were dispersed as described above. Final
DODAB concentration was 2 mM. Final GD3 concentration was 0.1 mM,
which corresponds to 4.8 mol% of the total lipid concentration.

2.3. Differential scanning calorimetry (DSC)

DSC thermograms were obtained in a Microcal VP-DSC Microcalo-
rimeter (Microcal Inc., Northampton, MA, USA). Heating and cooling
rates were 20 °C/h. Scans were performed with at least two samples
prepared in different days. A heating (annealing) scan of 90 °C/h was
performed prior to all experiments. Thermodynamic parameters such as
the phase transition temperature (Tm), the phase transition enthalpy
(AH), and the width at half-maximum (AT; /) were obtained from an-
alyses using the Microcal Origin software. Tm is the temperature at the
maximum value of heat capacity (ACp) [24]. AH values are obtained by
integrating the area under the thermograms. ATj/, is the temperature
range (width) at half peak height, and was obtained from the most
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intense peaks, either the gel-fluid or the fluid-gel transitions.

2.4. Electron paramagnetic resonance (EPR) spectroscopy

A Bruker EMX spectrometer equipped with the ER4119HS high
sensitivity cavity was used to obtain EPR spectra in the X band. The
microwave power was 13.4 mW, the modulation frequency was 100
kHz, and the modulation amplitude was 1 G. Sample temperatures were
kept within 0.1 °C using a Bruker BVT-2000 variable temperature
device.

The values of maximum (Amax) and minimum (Amin) hyperfine
splittings and those of the low (h, 1), central (hy) and high (h_;) field line
amplitudes were measured directly from the spectra (see Figs. 3 and 5).

The effective order parameter, S, was calculated from the expres-
sion [25].

S — A —-AL i;
T A — (1/2)(An + Ay) G

wherea, = (1/3)(Axx + Ay +Az), a6 = (1/3)(4) + 241),A,, (=
Amgy) is the maximum hyperfine splitting directly measured in the

Ay ~Anin

spectrum (see Fig. 5), A, = A |1 T Aa—(1/2)(AutAy)

I , Amin is the
min
measured inner hyperfine splitting (see Fig. 5) and Ay, Ayy and A,; are
the principal values of the hyperfine tensor for doxylpropane [26].

Each experiment was performed at least in duplicate with samples
prepared on different occasions, and standard deviations are shown as
error bars.

3. Results

3.1. GD3 affects the DODAB gel-fluid transition profile, but not the
transition hysteresis

The heating and cooling thermograms of DODAB and DODAB + GD3
dispersions are shown in Fig. 2.

When heated, 2 mM DODAB dispersions have a sharp endothermic
peak at 46.9 °C (Fig. 2), corresponding to the main gel-fluid phase
transition of unilamellar vesicles [27,28]. A smaller, broader
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Fig. 1. Chemical structures of GD3, 5-PCSL, 16-PCSL and DODAB. The arrow indicates the amide bond connecting the acyl chain to the sphingosine of the

GD3 ceramide.
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Fig. 2. Effect of 0.1 mM GD3 on the DSC thermograms of 2 mM DODAB ves-
icles. Scan rates for heating and cooling were 20 °C/h.

endothermic peak is also observed at 29.9 °C, which corresponds to the
subgel — gel transition observed for samples incubated below 15 °C
[29,30]. In the cooling scan, a single sharp exothermic peak is observed
at 41.4 °C, corresponding to the fluid-gel transition. The temperatures
for all the transitions observed in Fig. 2 are different from those
described for dispersions prepared in pure water [29-31], possibly
because the HEPES buffer is able to partially shield the electrostatic
repulsion between cationic DODAB headgroups. Accordingly, a gel-fluid
transition at 46.9 °C and a fluid-gel transition at 41.5 °C have been
previously described for samples prepared in HEPES [27,32].

Mixed dispersions of 2 mM DODAB and 0.1 mM GD3 have a broader,
less intense endothermic peak at 45.8 °C in the heating scan (Fig. 2),
corresponding to the mixed bilayer gel-fluid transition. The endothermic
subgel-gel peak is observed at 29.3 °C, and it is more intense than the
one observed for pure DODAB vesicles (Fig. 2). A broad exothermic
event spanning the 5 °C to 20 °C range and peaking at 12 °C is also
observed in the heating scan (Fig. 2). This event will be discussed in the
next Sections. However it is noteworthy that a very similar heating
thermogram profile is observed for dispersions of 2 mM DODAB and
0.05 mM GD3 (Supplementary Fig. S1).

When the mixed DODAB + GD3 dispersions are cooled, a single
sharp exothermic peak corresponding to the fluid-gel transition is
observed at 40.6 °C (Fig. 2).

Table 1 summarizes the thermodynamic parameters obtained from
the thermograms shown in Fig. 2. These parameters are the transition
temperature (Tm), the transition enthalpy (AH), and the width (tem-
perature range) at half-maximum peak (AT 2). Tm is the temperature at
the highest ACp value [24]. AH is obtained by integrating the curves and
represent the enthalpy changes per molecule of lipid [24]. AT;,» is a
measure of phase transition cooperativity: if a transition is less cooper-
ative, it takes a larger AT;/, value to be completed [24,33]. In order to
facilitate the discussion of the thermal events observed in the

Table 1
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thermograms (Fig. 2), the analyses were performed in separate tem-
perature ranges.

In the temperature range of 5 °C to 20 °C, a single exothermic event is
observed in the heating scan of DODAB + GD3 mixtures (Fig. 2). This
event peaks at 12 °C and has the smallest AH value of all events listed in
Table 1. It is also the least cooperative event, displaying the highest AT;,
5 value (Table 1).

In the temperature range of 20 °C to 35 °C, the subgel-gel pre-tran-
sition peak at 29.9 °C for heating scans of pure DODAB vesicles is within
the range of experimental error of the 29.3 °C peak that is observed in
presence of GD3 (Table 1). GD3 does not affect the cooperativity of the
pre-transition, with a AT; /5 value of about 4 °C. However, the AH value
increases in presence of GD3 (Table 1). Hence, GD3 increases the energy
necessary to complete the subgel-gel pre-transition.

In the temperature range of 35 °C to 90 °C, data from the heating
scans show that the gel-fluid Tm is decreased by 1 °C in presence of GD3
(Table 1). The transition cooperativity is significantly decreased in
presence of GD3, since the AT, /» value more than doubles. The AH value
is decreased within the experimental error range in presence of GD3
(Table 1). Hence, although GD3 affects the gel-fluid cooperativity, it
does not affect the transition energy.

From the cooling scans, it is possible to observe that GD3 does not
affect the AH value of the fluid-gel transition, which remains at about
—11 kcal/mol (Table 1). The AT;/, value is increased to 1.3 °C, but
within the experimental error range (Table 1), implying that no change
of cooperativity is observed for the fluid-gel transition in presence of
GD3. Similarly to what is observed in the heating scans of the 35 °C to
90 °C range, the fluid-gel Tm is also decreased by 1 °C in presence of
GD3 (Table 1).

In Fig. 2, it is possible to observe that the gel-fluid and fluid-gel
transitions do not occur at the same temperature. This temperature
hysteresis can be quantified from the difference in Tm values of heating
and cooling shown in Table 1. For pure DODAB vesicles, this hysteresis is
of 5.5 °C. Since GD3 decreases by 1 °C both Tm values of heating and
cooling at the 35 °C to 90 °C range (Table 1), the hysteresis is not
changed when GD3 is mixed with DODAB.

3.2. Below the gel-fluid transition temperature, GD3 increases the
superficial rigidity but decreases the packing of the DODAB bilayers core

The structures of pure DODAB and mixed DODAB + GD3 aggregates
were compared using the paramagnetic probes 5-PCLS and 16-PCSL,
which give information about microviscosity and packing near the
interface and the core of lipid bilayers, respectively [23]. Fig. 3 shows
the spectra of these probes embedded in pure 2 mM DODAB and mixed
2 mM DODAB +0.1 mM GD3 dispersions below the gel-fluid transition
temperature.

The spectra of 5-PCSL and 16-PCSL embedded in pure DODAB ves-
icles are very different at all temperatures shown in Fig. 3. The spectra of
5-PCSL are characteristic of a more anisotropic microenvironment, in
which the movement of the probe is more restricted due to increased

Thermodynamic parameters of 2 mM DODAB and 2 mM DODAB +0.1 mM GD3 dispersions.

Temperature range Temperature range

Temperature range

5-20 °C 20-35°C 35-90 °C

Dispersion Tm AH (kcal/mol) ATy /2 Tm AH (kcal/mol) ATy /2 Tm AH (kcal/mol) ATy 5
(9] (] (] (§®] (((®] QO
Heating cycle

DODAB - - - 29.9 + 0.3 3.4+ 0.9 4+1 46.9 + 0.1 14 +2 0.7 + 0.1

+ GD3 12+1 —2.4+£0.2 7+1 29.3+0.3 5.2+ 0.6 41+0.1 45.8 £ 0.1 12.5 + 0.3 1.7 £ 0.1
Cooling cycle

DODAB - - - - - - 41.4 £0.1 -11.7 £ 0.7 0.8+0.1

+ GD3 - - - - - - 40.6 £ 0.1 -11.3 + 0.4 1.3+0.6
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Fig. 3. EPR spectra of 5-PCSL and 16-PCSL embedded in 2 mM DODAB vesi-
cles, with or without 0.1 mM GD3, at temperatures below the gel-fluid transi-
tion. The maximum hyperfine splitting (Amax) and the amplitudes of low (h +
1) and central (h0) field lines are indicated. The total spectra width is 100 G.
Arrows indicate the features of a more isotropic component which coexists with
the typical gel phase signal at 35 °C.

molecular packing. In comparison, the spectra of 16-PCSL are typical of
a more isotropic microenvironment, where the probe has a higher
mobility, and lower order, due to a decreased molecular packing
(Fig. 3).

This gradient of increasing flexibility from the surface to the core of
the bilayer is typical of non-interdigitated lamellar structures [26], and
has been extensively described for DODAB bilayers in the gel phase
[23,34]. This flexibility gradient is not affected by the presence of GD3
(Fig. 3), indicating that GD3 does not induce bilayer interdigitation.

At 5 °C and 20 °C, the spectra display features of a single EPR signal
(Fig. 3). These spectra are similar in presence or absence of GD3 (Fig. 3).
On the other hand, at 35 °C, more isotropic features are present, and
indicate that a less rigid population coexists with the typical DODAB gel
phase (Fig. 3). The coexistence of two phases has been described for pure
DODAB vesicles at temperatures around Tm [35]. This coexistence of
phases is also observed in presence of GD3 (Fig. 3).

Up to 30 °C, the spectra of both probes display features of a single
EPR signal (Fig. 3, Supplementary Fig. S2). Hence, some empirical pa-
rameters that can be obtained from the spectra can be used to compare
the structures of these aggregates [23].

For instance, the maximum hyperfine splitting (Amax) can be
directly obtained from the spectra of 5-PCSL (Fig. 3). It is a useful
parameter because it is sensitive to the packing and viscosity of the
probe microenvironment: decreasing of packing or viscosity results in
smaller Amax values [23]. In the 16-PCSL spectra the Amax values
cannot be accurately determined because of increased isotropy (Fig. 3).
Therefore, information about the structure around this probe can be
obtained from the ratio of the low and central field line amplitudes (h +
1/h0) (Fig. 3). The values of this ratio increase as the bilayers become
less packed [23].

Fig. 4 shows the values of Amax and h + 1/h0 for DODAB and
DODAB + GD3 dispersions at temperatures below the gel-fluid
transition.

The increase in temperature results in a decrease in molecular
packing, so the Amax values for both dispersions decrease with
increasing temperature (Fig. 4A). However, Amax values are higher for
dispersions of DODAB + GD3 at all temperatures tested, indicating that
GD3 increases the superficial packing of DODAB bilayers (Fig. 4A).

The decrease in molecular packing caused by temperature increase is
also observed by the increase in h + 1/h0 values for both dispersions
(Fig. 4B). The increase in h + 1/h0 values is higher for the DODAB +
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Fig. 4. Effect of 0.1 mM GD3 on the maximum hyperfine splitting (Amax) of 5-
PCSL (A) and on the ratio of the low and central field line amplitudes (h + 1/
h0) of 16-PCSL (B) embedded in 2 mM DODAB vesicles at temperatures below
the gel-fluid transition. Error bars indicate standard deviations.

GD3 dispersions, showing that GD3 decreases the molecular packing of
the DODAB bilayers’ core (Fig. 4B). Hence, GD3 has different effects on
the molecular packing near the surface and core of DODAB bilayers at
temperatures below the gel-fluid transition.

3.3. Above the gel-fluid transition temperature, GD3 increases the
molecular packing both near the surface and at the core of DODAB
bilayers

Fig. 5 shows the spectra of 5-PCSL and 16-PCSL embedded in pure
DODAB and mixed DODAB + GD3 dispersions above the gel-fluid
transition temperature.

The spectra of 5-PCSL shown in Fig. 5 have thinner features when
compared to the ones at the lower temperatures shown in Fig. 3. These
thinner features indicate that the probes have fast movement along their
long axis [26], which is typical of a fluid yet microscopically ordered
structure close to the bilayer interface.

The spectra of 16-PCSL display sharp peaks (Fig. 5), indicating a fast
and nearly isotropic movement of the nitroxide label, which is typical of
the fast motional regime observed in fluid bilayers [26].

Again, the spectra of both paramagnetic probes are similar in DODAB
and DODAB + GD3 dispersions at all temperatures tested, and the
empirical parameters can be more useful for the structural analysis.

As shown in Fig. 5, the maximum and minimum hyperfine splittings
(Amax and Amin) can be accurately measured in the 5-PCSL spectra.
These hyperfine splittings are used to calculate the effective order
parameter (Seff, see Section 2.4), which gives information about the acyl



J.B. Ejarque et al.

16-PCSL

20 Gauss

2Amin

Fig. 5. Effect of 0.1 mM GD3 on the EPR spectra of 5-PCSL and 16-PCSL
embedded in 2 mM DODARB vesicles at temperatures above the gel-fluid tran-
sition. The maximum and minimum hyperfine splittings (Amax and Amin), and
the amplitudes of central (h0) and high (h-1) field lines are indicated. The total
spectra width is 100 G.

chain order [36,37].

The hyperfine splittings are not clearly defined in the 16-PCSL
spectra (Fig. 5), which sense a less ordered environment. On the other
hand, the amplitudes of the high (h-1) and central (hO) field lines can be
accurately measured (Fig. 5), and the ratio of these amplitudes (h-1/h0)
can be used to evaluate viscosity and packing in a similar way to the one
previously described for the h + 1/h0 ratio in the previous Section: the
values of h-1/h0 increase as the bilayer viscosity decreases [23].

Fig. 6 shows the values of Seff and h-1/h0 for DODAB and DODAB +
GD3 dispersions at temperatures above the gel-fluid transition.

The Seff values are higher for DODAB + GD3 than for pure DODAB
dispersions at all temperatures tested (Fig. 6A), indicating that GD3
increases the superficial order of DODAB bilayers. A similar trend is
observed for h-1/h0: their values are smaller for DODAB + GD3 than for
pure DODARB dispersions at all temperatures tested (Fig. 6B), indicating
that GD3 increases the rigidity of the core of DODAB bilayers. In sum-
mary, GD3 increases the molecular packing and ordering of the DODAB
bilayers in the fluid phase.

4. Discussion

When dispersed in HEPES 10 mM pH 7.4, DODARB self assembles into
vesicles [28,38], while GD3 forms micelles that are able to embed the
paramagnetic labels 5-PCSL and 16-PCSL [39]. The spectra of these
probes in GD3 micelles show features of a relatively fluid environment in
temperatures as low as 5 °C [39].

In the temperature range of 5 °C to 30 °C, these fluid features
disappear when GD3 is mixed with DODAB (Fig. 3 and Supplementary
Fig. S2), and the mixture of DODAB and GD3 result in EPR spectra of a
single signal, indicative of a single population of spin labeled lipids
(Fig. 3 and Supplementary Fig. S2). This suggests that DODAB and GD3
are miscible, because if more than one EPR signal was present in these
spectra, it would indicate that either GD3 is not embedded in the DODAB
bilayers (remaining as micelles), or that it forms domains within the
bilayer by lateral phase separation. Similarly, monolayer experiments
show that GD3 is miscible with DPPC in a wide range of molar fractions
[40].

Since GD3 forms micelles and DODAB forms vesicles, it would be
possible to assume that the mixed DODAB + GD3 dispersions could form
an intermediary structure such as a bicelle [41,42]. It was shown that
EPR spectra of pure DODAB bicelles display two signals corresponding
to the coexistence of a gel planar domain and of a highly curved fluid rim
domain at temperatures below the gel-fluid transition [23]. This phase
coexistence is not observed at temperatures below the gel-fluid
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Fig. 6. Effect of 0.1 mM GD3 on the effective order parameter (Seff) of 5-PCSL
(A) and on the ratio of the central and high field line amplitudes (h-1/h0) of 16-
PCSL (B) embedded in 2 mM DODAB vesicles at temperatures above the gel-
fluid transition. Error bars indicate standard deviations.

transition when GD3 is mixed with DODAB (Fig. 3 and Supplementary
Fig. S2), suggesting that DODAB and GD3 do not form bicelles.

The appearance and DLS size distributions of the samples with and
without GD3 are shown in Supplementary Fig. S3. GD3 does not change
the appearance of the DODAB vesicle dispersion and, although a small
decrease in the mean hydrodynamic diameter is observed in presence of
GD3, the DLS size distribution suggests these polydisperse samples have
a global structure of vesicles (Supplementary Fig. S3). If bicelles of
DODAB and GD3 were present, a significant decrease in the mean hy-
drodynamic diameter would be expected [41]. Taken together, the EPR
and DLS data suggest that the most likely scenario is that DODAB and
GD3 form vesicles, not bicelles.

Pure DODAB vesicles have a thermotropic behavior that is strongly
dependent on sample history, such as method of dispersion, lipid con-
centration, type and concentration of counterions, presence of additives
and incubation temperature [28,43]. In the diluted regime of the present
work, it is possible to observe two endothermic peaks in the heating
scans: the smaller at 29.8 °C corresponds to a subgel-gel transition, and
the more intense peak at 46.9 °C corresponds to the main gel-fluid
transition (Fig. 2), as previously described [31]. Upon cooling, a single
exothermic peak corresponding to the fluid-gel transition is observed at
41.5 °C (Fig. 2).

The temperature hysteresis between the gel-fluid and fluid-gel
transitions has been previously described for DODAB dispersions
[29,31], and is common in charged lipids [33]. It happens because the
transition paths are different upon heating and cooling: near the tran-
sition temperature, domains of one phase are present within the matrix
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of the other, resulting in strain energy differences [33]. The fact that
GD3 does not change the hysteresis (Table 1) suggests that it does not
affect the formation of these domains near the transition temperature.
Accordingly, the presence of fluid domains within a gel phase matrix is
clearly observed at 35 °C for pure and mixed bilayers (Fig. 3).

It is worth noting that 0.1 mM sulfatide (an anionic sulfated gal-
actosylceramide) also did not affect DODAB hysteresis, but higher
concentrations, such as 0.2 mM and 0.4 mM, decreased it, possibly by
expanding domain areas and reducing strain tension [32,33]. Hence, the
effect of glycosphingolipids on DODAB thermal hysteresis might be
concentration-dependent.

As mentioned in Section 3.1, GD3 decreases the cooperativity of the
DODAB gel-fluid transition in the temperature range of 35 °C to 90 °C
(Fig. 2, Table 1). This would be expected for a bulky lipid embedding in
the DODAB gel phase, and a similar effect has been observed for mix-
tures of DODAB with other less complex glycosphingolipids [32,38,44].
However, GD3 does not have the same effect of these lipids in the or-
ganization of the surface and core of the gel phase (Fig. 4).

For samples that were not cooled below 20 °C, it was shown that
B-glucosylceramide (a precursor to GD3) [44], a-galactosylceramide
[34], and sulfatide [32], decrease the rigidity near the surface and the
core of DODAB bilayers in the temperature range of 20 °C to 30 °C.
However, GD3 increases the rigidity near the surface (Fig. 4A) and de-
creases the rigidity in the core (Fig. 4B) of DODAB bilayers in the same
temperature range.

This decrease in rigidity of the bilayer core could be explained by a V-
shape configuration adopted by the ceramide group of GD3 and the
other glycosphingolipids: the rigid amide bond connecting the acyl to
the sphingosine chains (Fig. 1) adopts a perpendicular orientation to-
wards the axes of these chains that results in a V-shape configuration
[45]. This configuration could be further stabilized by the bulky oligo-
saccharide headgroup of GD3 [46]. The V-shape configuration requires a
large lateral area inside the bilayer, resulting in decreased packing of the
DODAB gel phase at the bilayer core (Fig. 4B). This suggests that the
decrease in gel-fluid cooperativity observed with all these glyco-
sphingolipids is more dependent on hydrophobic chains interactions
than on headgroup interactions.

The increase in rigidity near the surface of DODAB bilayers induced
by GD3 in the temperature range of 20 °C to 30 °C (Fig. 4A) could be
explained by a condensing effect described for other gangliosides such as
GM1 [47,48]. Monolayer assays show that GD3 and DPPC can interact
with tighter than ideal molecular packing areas, and with polar head-
groups in close proximity [40,49]. This condensing effect could also take
place with DODAB, which has a smaller headgroup than DPPC [43]. The
cationic charge of DODAB could further enhance the condensing effect
by favorable dipolar matching of the oppositely charged headgroups
[40,49].

The increase in molecular packing and ordering of the DODAB fluid
phase both near the surface and the core in presence of GD3 (Fig. 6)
could also be explained by the condensing effect and the V-shape
configuration. The large lateral area requirement of this configuration
would result in less freedom of movement inside the bilayer (Fig. 6B).
Accordingly, an increase in fluid phase rigidity has been extensively
described for mixtures of gangliosides with fluid phase phospholipids
[50-52]. It is important to note that the increase in fluid phase rigidity is
not related to formation of domains by lateral phase separation, since a
single fluid signal is observed in the EPR spectra of 5-PCSL and 16-PCSL
for mixtures of DODAB and GD3 (Fig. 5).

The small endothermic peak at 29.9 °C observed on heating ther-
mograms has been attributed to a subgel-gel transition (Fig. 2). The
DODAB subgel phase is formed when DODAB bilayers are cooled below
15 °C [30,31]. The cooling would allow the DODAB molecules to reor-
ganize from a close-to-hexagonal to a more compact close-to-triclinic 2D
lattice [30,31]. This reorganization would result in a more tightly
packing of the DODAB acyl chains, with a consequent freezing of the
individual acyl chains motion and their further stretching [30,31]. The
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endothermic peak at 29.9 °C appears as a reflex of the energy necessary
to complete the order-disorder transition upon subgel heating.

GD3 intensifies the subgel-gel endothermic peak (Fig. 2), even at
smaller concentration (Supplementary Fig. S1). The resulting increase in
AH value (Table 1) could be explained by the increase in superficial
packing when GD3 is mixed with the DODAB bilayers in the temperature
range of 5 °C to 20 °C, which corresponds to the subgel phase (Fig. 4A).
Taken together, the DSC and EPR results suggest that GD3 does not
affect the formation of the subgel phase, i.e., it does not interfere with
the overall reorganization of the DODAB 2D lattice, but that it does
increase the superficial packing of the subgel lattice.

In contrast, GD3 induces a decrease in the molecular packing of the
bilayers’ core in the temperature range of 5 °C to 20 °C that corresponds
to the DODAB subgel phase (Fig. 4B). The reason for this decrease is
probably the same as for the decrease observed in the 20 °C to 35 °C
range corresponding to the gel phase (Fig. 4B): the V-shaped configu-
ration of GD3 that occupies a large lateral area inside the bilayer. This
need for a larger lateral area probably affects more the more tightly
packed acyl chains of DODAB in the subgel phase, and might explain
why the packing decrease is more intense in the temperature range
corresponding to the subgel phase as compared to the range of the gel
phase (Fig. 4B).

The decrease in molecular packing of the DODAB bilayers’ core
induced by GD3 in the temperature range corresponding to the subgel
phase (Fig. 4B), might explain the broad exothermic event in the 5 °C to
20 °C range that appears when GD3 is added to the DODAB bilayer
(Fig. 2). The fact that this event is also observed at a lower GD3 con-
centration and at a lower heating scan (Supplementary Fig. S1) indicates
that this event depends on DODAB and GD3 mixing, and is not an arti-
fact due to problems in the thermodynamic equilibrium of these mix-
tures. Moreover, pure GD3 micelles display a single weak and broad
endothermic peak around 20 °C upon heating [39]. This endothermic
peak probably reflects changes in the surface area occupied by the
oligosaccharide headgroup due to water removal or conformational
changes [53], and would not explain the exothermic event observed
when GD3 is mixed with DODAB (Fig. 2).

A shallow exothermic peak has also been observed for DODAB and
DPPC mixtures, where DPPC chains rearrange into a tilted configuration
that does not affect the hexagonal lattice of the gel phase [54]. Similarly,
it is possible that the V-shape configuration of the GD3 ceramide dis-
rupts the closely packed DODAB subgel acyl chains (Fig. 4B), while the
overall triclinic subgel lattice is maintained by superficial condensation
with the bulky GD3 headgroup (Fig. 4A). In other words, the broad
exothermic event below 20 °C could be attributed to the effect of GD3
hydrophobic chains, while the enhanced endothermic peak character-
istic of the subgel-gel transition at 29.9 °C could be attributed to a
condensation effect of the bulky and charged GD3 headgroup (Fig. 2).
This is in agreement with the idea that different parts of amphiphilic
molecules can undergo stepwise changes that reflect regional (head/
tail) differences in molecular interactions [55,56].

GD3 is an attractive target for cancer immunotherapy because it is
overexpressed in melanoma, glioma, neuroblastoma, and some types of
lung cancer, while it has a low and restricted expression in adult extra
neural tissues [57]. Although GD3 has been explored in several clinical
trials, so far no major impact on patient outcome has been achieved
[57]. This might be related to one of the major obstacles in anti-cancer
vaccine development: the use of adequate adjuvants, especially those
that promote strong cellular responses [58].

DODAB might be an interesting anti-cancer vaccine adjuvant due to
its ability to induce the formation of both cellular and humoral re-
sponses [16,17]. The present work might contribute to the development
of novel GD3-based immunotherapies, and special attention was given
to the structure of DODAB and GD3 assemblies at low temperatures,
since cold chain stability is an important issue for immunotherapies and
vaccines distribution logistics [59].
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5. Conclusions

Mixed dispersions of disialoganglioside GD3 and cationic lipid
DODAB were characterized by DSC and EPR spectroscopy. EPR spectra
show that 4.8 mol% GD3 is miscible with DODAB bilayers. DSC ther-
mograms show that GD3 does not affect the temperature hysteresis be-
tween the gel-fluid and fluid-gel transitions of DODAB bilayers. The
thermograms also show that GD3 decreases the DODAB gel-fluid tran-
sition cooperativity, probably by decreasing gel phase acyl chain
packing.

Empirical analysis of EPR spectra shows that GD3 increases the
overall rigidity of the DODAB fluid phase and the superficial packing of
the gel phase. Although an increase in fluid phase rigidity and a decrease
in the gel-fluid transition cooperativity has been described for mixtures
of DODAB with other less complex glycosphingolipids, the effect of GD3
on the gel phase superficial organization is very different and is probably
due to a condensing effect on the headgroup region. This effect might
also contribute to the maintenance of a subgel phase in mixtures of
DODAB and GD3 cooled below 15 °C. DSC data show that the subgel-gel
transition enthalpy is increased in presence of GD3.

EPR empirical analysis shows that GD3 decreases the acyl chain
packing of the DODAB subgel phase, which could explain the broad and
shallow exothermic event between 5 °C and 20 °C that appears on
thermograms of mixed dispersions.

These results might contribute to the development of more effective
GD3-based cancer immunotherapies and vaccines. The characterization
of these assemblies at low temperatures might also be important for cold
chain logistics stability.
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Appendix A. Supplementary data
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