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A B S T R A C T   

The saturated LPC18:0 and unsaturated LPC18:1 lysophosphatidylcholines have important roles in inflammation 
and immunity and are interesting targets for immunotherapy. The synthetic cationic lipid DODAB has been 
successfully employed in delivery systems, and would be a suitable carrier for those lysophosphatidylcholines. 
Here, assemblies of DODAB and LPC18:0 or LPC18:1 were characterized by Differential Scanning Calorimetry 
(DSC) and Electron Paramagnetic Resonance (EPR) spectroscopy. LPC18:0 increased the DODAB gel-fluid 
transition enthalpy and rigidified both phases. In contrast, LPC18:1 caused a decrease in the DODAB gel-fluid 
transition temperature and cooperativity, associated with two populations with distinct rigidities in the gel 
phase. In the fluid phase, LPC18:1 increased the surface order but, differently from LPC18:0, did not affect 
viscosity at the membrane core. The impact of the different acyl chains of LPC18:0 and 18:1 on structure and 
thermotropic behavior should be considered when developing applications using mixed DODAB membranes.   

1. Introduction 

Lysophosphatidylcolines (LPCs) are the most abundant type of 
lysolipids [1,2]. They are wedge-shaped surfactants formed by the 
enzymatic or oxidative hydrolysis of diacylphosphatidylcholines [2]. 
LPCs affect the curvature and elasticity of membranes, and are involved 
in membrane fusion processes [3]. They have also been used to prepare 
temperature sensitive liposomes [4]. 

Aside their surfactant activities, LPCs are important biological mes
sengers involved in apoptosis [5], inflammation and immune responses 
[6] related to several pathologies, such as Chagas Disease [7], dementia 
[8], and acute liver failure [9]. Indeed, LPCs have been extensively 
investigated as biomarkers [2]. 

Among the most abundant LPCs in the human blood are the 
18‑carbon chain LPC18:0 and LPC18:1 [6]. The saturated LPC18:0 
(Fig. 1) can protect against lethal experimental sepsis [10], possibly by 
inhibiting Caspase-11 activation [11]. Interestingly, LPC18:0 was 
recently shown to induce injury-associated pain [12]. Its unsaturated 
analog, LPC18:1, which has a cis-double bond (Fig. 1), was shown to 
stimulate the release of inflammatory cytokines by endothelial cells [5]. 
More importantly, LPC18:1 is able to activate NKT cells [13], and might 
help those cells monitor perturbations caused by oxidative stress [14]. 

Hence, these LPCs are interesting targets for developing novel immu
notherapeutic tools. 

Considering the multiple effects of LPCs, and the fact that their levels 
are regulated [2,6,14], the delivery of LPCs would be dependent on a 
suitable carrier. The synthetic cationic lipid dio
ctadecyldimethylammonium bromide (DODAB, Fig. 1) has been suc
cessfully used as a carrier and adjuvant for immunological applications 
[15,16]. Hence, DODAB membranes could be used to deliver LPCs. 

The delivery efficiency is highly dependent on physicochemical 
properties such as charge, size, rigidity and hydrophobicity of the de
livery system [17], therefore a structural characterization is required 
prior to biological application. Differential Scanning Calorimetry (DSC) 
provides information on how the organization of lipid systems is 
affected by temperature, and has been extensively employed to evaluate 
phase transitions in lipid membranes [18]. 

Electron Paramagnetic Resonance (EPR) spectroscopy is a technique 
that gives information about order and mobility of lipid membranes at 
different depths [19]. It is more sensitive than fluorescence spectroscopy 
to detect coexistence of different lipid phases and interdigitation [19], 
and has been widely used to characterize DODAB assemblies [19]. 

In this work, DSC and EPR spectroscopy were used to characterize 
the thermotropic behavior and structure of DODAB vesicles containing 
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LPC18:0 and LPC18:1. 

2. Materials and methods 

2.1. Materials 

Dioctadecyldimethylammonium bromide (DODAB) (catalog number 
D2779), 1-Stearoyl-2-Hydroxy-sn-Glycero-3-Phosphocholine (LPC18:0) 
(catalog number 855775P), 1-Oleoyl-2-Hydroxy-sn-Glycero-3-Phospho
choline (LPC18:1) (catalog number 845875P), paramagnetic probes 1- 
Palmitoyl-2-Stearoyl-(n-doxyl)-sn-Glycero-3-Phosphocholine (n-PCSL, 
n = 5 or 16) and HEPES buffer were purchased from Sigma Chemical Co. 
(St. Louis, MO, USA). Ultrapure water was used throughout. 

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

2.2. Vesicles preparation 

The vesicles were prepared by hydrating lipid films above the phase 
transition temperature of DODAB. Briefly, chloroform solutions con
taining DODAB, LPC18:0, LPC18:1, or DODAB plus one of the LPCs 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 70 ◦C in a water bath. Heating was 
accompanied by vortexing at every 5 min in order to produce large 
vesicles [20]. 

For EPR experiments, 0.8 mol% of 5-PCSL or 0.3 mol% of 16-PCSL 
were added to the chloroform solutions. Final DODAB concentration 
was 2 mM. Final LPCs concentration were 0.1 mM or 0.2 mM, which 
correspond, respectively, to 5 mol% and 9 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 rates were 
20 ◦C/h. Scans were performed with at least two samples prepared in 
different days. An 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 (ΔH), and the width at 
half-maximum (ΔT1/2) were obtained from analyses using the Microcal 

Origin software. Tm is the temperature at the maximum value of heat 
capacity (ΔCp) [21]. ΔH values are obtained by integrating the area 
under the thermograms, and represent the enthalpy changes per mole
cule of lipid [21]. ΔT1/2 is the temperature range (width) at half peak 
height, and is related to the phase transition cooperativity: if the tran
sition is more cooperative, it takes a lower ΔT1/2 value to be completed 
[21,22]. 

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 (h0) and high (h− 1) field line 
amplitudes were measured directly from the spectra (see Figs. 3 and 5). 

The effective order parameter, Seff, was calculated from the expres
sion [23] 

Seff =
A‖ − A⊥

Azz − (1/2)
(
Axx + Ayy

)
a′

o

ao  

where a′
o = (1/3)

(
Axx + Ayy + Azz

)
, ao = (1/3)(A‖ + 2A⊥), A‖ ( = Amax)

is the maximum hyperfine splitting directly measured in the spectrum 

Fig. 1. Chemical structures of DODAB, LPC18:0, LPC18:1, 5-PCSl and 16-PCSL.  

Fig. 2. Effect of LPC18:0 (A) and LPC18:1 (B) on the thermograms of 2 mM 
DODAB bilayers. Scan rate was 20 ◦C/h. 
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(see Fig 5), 

A⊥ = Amin + 1.4
[

1 −
A‖− Amin

Azz − (1/2)(Axx+Ayy)

]

, Amin is the measured inner 

hyperfine splitting (see Fig. 5) and Axx, Ayy and Azz are the principal 
values of the hyperfine tensor for doxylpropane [24]. 

Each experiment was performed at least in duplicate and error values 
correspond to standard deviations. 

3. Results 

3.1. LPC18:1 decreases the gel-fluid transition temperature and 
cooperativity of DODAB membranes, whereas LPC18:0 increases the gel- 
fluid transition enthalpy 

Thermograms of DODAB, LPC18:0, LPC18:1, and DODAB + LPCs 
dispersions are shown in Fig. 2. 

Thermograms of 2 mM DODAB vesicles show a narrow endothermic 
peak around 47 ◦C (Fig. 2A,B). This narrow peak is characteristic of a 
cooperative gel-fluid transition, where conformational changes are 
transmitted between molecules resulting in a collective change of the 
molecular array [21], and has been described for diluted DODAB dis
persions prepared in HEPES buffer [25–27]. 

In contrast, the thermograms of 0.2 mM LPC18:0 (Fig. 2A) and 0.2 

mM LPC18:1 (Fig. 2B) do not show thermal events. Although the LPC 
concentrations tested are well above the critical micelle concentrations 
(CMCs) of both LPC18:0 (0.4 μM) [28] and LPC18:1 (3 μM - 5 μM) [29], 
they are still in a diluted regime where only micelles are present. At 
higher LPC concentrations, other phases and phase transitions have been 
described [30]. For instance, it was shown that LPC18:0 can present a 
lamellar to micellar transition for samples above 6 mM [31]. In this case, 
an endothermic peak around 27 ◦C is observed when samples are heated 
after incubation at 0 ◦C for long periods of time [31]. 

When LPC18:0 is mixed with DODAB, the membrane endothermic 
peak around 47 ◦C becomes more intense (Fig. 2A). On the other hand, 
when LPC18:1 is mixed, the DODAB gel-fluid transition peak is less 
intense, shifted to lower temperatures and broader (Fig. 2B). These 
changes in thermogram features result in changes of the thermodynamic 
parameters such as transition enthalpies (ΔH), phase transition tem
peratures (Tm) and widths at half-maximum of peaks (ΔT1/2), which are 
listed in Table 1. 

Mixtures of DODAB and LPC18:0 present a slight decrease (less than 
0.5 ◦C) in Tm value when compared to pure DODAB vesicles, and the 
ΔT1/2 values are very similar in these mixtures and pure DODAB vesicles 
(Table 1). The ΔH value is significantly increased when LPC18:0 is 
mixed with DODAB: the highest LPC18:0 concentration tested (0.2 mM) 
resulted in roughly a 30% increase in the transition enthalpy when 
compared to pure DODAB (Table 1). 

On the other hand, the Tm value decreases as LPC18:1 concentration 
is increased in mixtures with DODAB, and the highest LPC18:1 con
centration tested (0.2 mM) resulted in a 1.5 ◦C decrease in Tm (Table 1). 
The ΔT1/2 value has more than doubled when LPC18:1 is mixed with 
DODAB, indicating an important decrease in DODAB gel-fluid transition 
cooperativity (Table 1). The ΔH value does not significantly change 
when LPC18:1 is mixed with DODAB (Table 1). 

Table 1 
Thermodynamic parameters of 2 mM DODAB bilayers and their mixtures with 
LPC18:0 or LPC18:1.   

Tma (± s.d.) ΔH (± s.d.) ΔT1/2 (± s.d.)  

(◦C) (kcal/mol) (◦C) 

2 mM DODAB 47.1 ± 0.0 12.2 ± 0.3 0.7 ± 0.0 
+ 0.1 mM LPC 18:0 46.7 ± 0.0 17.8 ± 0.1 0.8 ± 0.1 
+ 0.2 mM LPC 18:0 46.8 ± 0.0 15.8 ± 0.1 0.7 ± 0.0 
+ 0.1 mM LPC 18:1 46.3 ± 0.0 12.9 ± 0.1 1.6 ± 0.1 
+ 0.2 mM LPC 18:1 45.6 ± 0.1 11.7 ± 0.2 2.3 ± 0.0  

a Tm was considered as the highest ΔCp value. 

h0

h+1

Fig. 3. Effect of LPC18:0 and LPC18:1 on the ESR spectra of 5-PCSL and 16-PCSL embedded in 2 mM DODAB bilayers in the gel phase. 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 features of a more 
isotropic component and dotted lines indicate those typical of pure DODAB gel phase. 
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3.2. LPC18:0 increases the rigidity of the DODAB gel phase, while two 
populations with different rigidities are observed in mixtures of LPC18:1 
and DODAB in the gel phase 

EPR spectroscopy was used to compared the structures of pure 2 mM 
DODAB vesicles and mixed vesicles containing 0.2 mM LPCs. This 
technique gives information on viscosity and packing at different depths 
of the membrane, depending on the paramagnetic probes employed 
[19]. For instance, 5-PCSL gives information about the region closer to 
the water interface, while 16-PCSL gives information about the mem
brane core (Fig. 1). 

Fig. 3 shows the spectra of 5-PCSL and 16-PCSL embedded in pure 
and mixed vesicles at temperatures below the DODAB gel-fluid 
transition. 

In pure DODAB vesicles at the same temperature, it is possible to 
observe that the EPR spectra of 5-PCSL and 16-PCSL are very different 
(Fig. 3). These differences are due to the fact that 5-PCSL is in a more 
packed environment than 16-PCSL, i.e., the spectrum of 5-PCSL indicate 

a more anisotropic microregion than that of 16-PCSL. It is known that 
gel phase DODAB vesicles have a flexibility gradient towards the bilayer 
core in the gel phase [26,27]. This flexibility gradient is also observed in 
presence of LPC18:0 or LPC18:1 (Fig. 3). 

The spectra of pure DODAB vesicles and of mixtures of DODAB and 
LPC18:0 are very similar, so empirical parameters obtained from the 
spectra (Fig. 3) can give more information about their structure (Fig. 4). 
For instance, the maximum hyperfine splitting (Amax) is a useful 
parameter to evaluate viscosity and packing of gel phase bilayers, 
because the Amax values decrease as viscosity or packing decreases 
[19]. As expected, Amax values decrease as temperature increases, but 
the Amax values of mixed DODAB + LPC18:0 vesicles decrease less than 
the ones of pure DODAB (Fig. 4A). This suggests that LPC18:0 rigidifies 
the surface of DODAB vesicles. 

The Amax values cannot be accurately determined from the spectra 
of 16-PCSL (Fig. 3), because they are more isotropic. Hence, the ratio of 
the low and central field line amplitudes (h+1/h0) provide more infor
mation on the bilayer structure, because h+1/h0 values increase as the 
membrane becomes less packed [19]. Fig. 4B shows that h+1/h0 values 
are higher for pure DODAB vesicles than for mixed DODAB + LPC18:0. 
This indicates that LPC18:0 also rigidifies the core of DODAB 
membranes. 

In contrast to the spectra of DODAB + LPC18:0, the spectra of 
DODAB + LPC18:1 are different form the ones of pure DODAB vesicles 
(Fig. 3). In the spectra of mixed DODAB + LPC18:1, there are features of 
a more isotropic component which coexists with the typical DODAB gel 
phase signal (Fig. 3). This more isotropic component corresponds to a 
less rigid population detected by both paramagnetic probes, more 
evidently by 16-PCSL (Fig. 3). The presence of two components that 
cannot be separated hinders the empirical analyses of the spectra, 
because the values of empirical parameters represent an average of the 
environment that is being sensed by the paramagnetic probes in the 
dispersions. 

3.3. LPC18:0 increases the rigidity of the core and the surface of DODAB 
fluid vesicles, while LPC18:1 increases only the order of their surface 

Fig. 5 shows the spectra of 5-PCSL and 16-PCSL embedded in pure 
and mixed vesicles at temperatures above the DODAB gel-fluid 
transition. 

As expected, the spectra features of 5-PCSL shown in Fig. 5 are 
thinner than the ones observed in the gel phase (Fig. 3), indicating a fast 
movement on the long axis of the probes that is characteristic of a fluid 
yet organized structure near the interfacial region [24]. Similarly, the 
spectra profiles of 16-PCSL in the fluid phase (Fig. 5) have sharper peaks 
than the ones observed in the gel phase (Fig. 3), indicating a nearly 
isotropic movement of the nitroxide group in the interior of the mem
brane, which is typical of the motional narrowing regime [24]. 

When comparing the EPR spectra in pure DODAB and mixed DODAB 
+ LPC vesicles at the fluid phase, it is possible to recognize some dif
ferences such as the more anisotropic features of 5-PCSL in presence of 
LPC18:0 when compared to pure DODAB vesicles (Fig. 5). However, the 
overall spectra profiles of 5-PCSL and 16-PCSL in presence of LPCs are 
similar to the ones in pure DODAB vesicles, and the use of empirical 
parameters can be more informative (Fig. 6). 

As shown in Fig. 5, the maximum and minimum hyperfine splittings 
(Amax and Amin) can be accurately determined in the 5-PCSL spectra. 
The values of these hyperfine splittings can be used to calculate the 
effective order parameter (Seff), as detailed in Section 2.4. This param
eter is used to evaluate the acyl chain order, although it also has con
tributions from the paramagnetic label mobility [32]. Seff values 
decrease as the membrane becomes less ordered [19], which is the case 
when temperature is increased. (Fig. 6A). 

Fig. 6A shows that in presence of LPC18:0 or LPC18:1 the Seff values 
are higher than the ones for pure DODAB vesicles, showing that both 
LPCs increase the order near the membrane surface in the fluid phase. 

B

2 mMDODAB
+0.2 mMLPC18:0

A

Fig. 4. Effect of LPC18:0 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 bilayers at the gel phase. Error bars 
indicate standard deviations of at least two experiments with different samples. 
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The nitroxide probe in16-PCSL is located deeper in the membrane 
(Fig. 1), and shows more isotropic spectrum that reflects a less ordered 
environment in the membrane core (Fig. 5). Hence, it is not possible to 
measure the hyperfine splittings from 16-PCSL spectra. In this case, the 
membrane viscosity or packing can be evaluated from the ratio of the 
amplitudes of the high (h− 1) and central (h0) field lines (Fig. 5). 
Differently from Seff, the h− 1/h0 ratio increases as the membrane vis
cosity decreases [33], and this is the case for temperature increases 
(Fig. 6B). 

In Fig. 6B, it is possible to observe that LPC18:0 decreases the h− 1/h0 
ratio at all temperatures, showing that it increases the DODAB mem
brane core viscosity at the fluid phase. In contrast, LPC18:1 does not 
affect the h− 1/h0 ratio, suggesting that it does not affect the DODAB 
membrane core organization in the fluid phase (Fig. 6B). 

In summary, Fig. 6 shows that LPC18:0 rigidifies the DODAB fluid 
phase both at the surface and in the core, whereas LPC18:1 only in
creases the surface order of the DODAB vesicles at the fluid phase. 

4. Discussion 

LPC18:0 does not alter the transition temperature and cooperativity 
of the DODAB gel-fluid transition, but significantly increases its ΔH 
values (Fig. 2 and Table 1). Increases in ΔH values have been described 
for alcohols [34] and anesthetics [35] that induce membrane interdig
itation through interfacial effects. It was shown that pure LPC18:0 can 
form lamellar interdigitated structures at concentrations much higher 
than the ones tested here [31], as mentioned in Section 3.1. However, 
LPC18:0-induced interdigitation of DODAB bilayers can be outright 
discarded by the EPR spectra shown in Figs. 3 and 5, because the flex
ibility gradient of DODAB bilayers is maintained in presence of this LPC 
[36]. 

On the other hand, the empirical parameters obtained from these 
EPR spectra (Fig. 3) show that LPC18:0 increases the rigidity at the 
surface and core of the DODAB gel phase (Fig. 4). A similar effect is 
observed analyzing the empirical parameters of the fluid phase (Fig. 6). 
This increase in rigidity could explain the increase in ΔH values, which 
are dependent on headgroup interactions and hydration, as well as on 
acyl chains trans-gauche isomerism and Van der Waals interactions [37]. 

In agreement with that, LPC18:0 has a phosphatidylcholine head
group that is polar and bulkier than the one of DODAB (Fig. 1), allowing 

a screening of the electrostatic repulsion between the cationic DODAB 
headgroups. 

LPC18:0 also has a saturated 18‑carbon acyl chain that perfectly 
matches the ones of DODAB, allowing an enhancement of Van der Waals 
interactions between the lipid chains (Fig. 1). 

It was shown that the cone-shaped geometry of saturated LPCs en
ables their action as molecular harpoons that are able to sense and fit 
into hydrophobic defects of membranes [38]. DODAB membranes have 
many hydrophobic defects [39], that can even be observed by micro
scopy in the faceted aspect of gel phase giant unilamellar vesicles [40]. 
Hence, it is likely that LPC18:0 fits into these defects and increases both 
the gel (Fig. 4) and fluid (Fig. 6) phases packing. 

In contrast to LPC18:0, LPC18:1 does not alter the ΔH values of the 
DODAB gel-fluid transition, but it decreases the transition temperature 
and cooperativity (Fig. 2, Table 1). A similar thermotropic behavior has 
been described for lipids that are completely miscible with DODAB, and 
was attributed to a destabilization of the DODAB gel phase by these 
lipids [26,27,40]. 

The EPR spectra of DODAB + LPC18:1 show two components, 
indicating the coexistence of a less rigid lipid population with the typical 
DODAB gel phase (Fig. 3). The presence of two signals that cannot be 
separated precludes the analysis of the empirical parameters, as 
explained in Section 3.2. 

In order to test if the signals corresponding to the less rigid popula
tion could be due to the presence of LPC micelles, coexisting with 
DODAB + LPC vesicles, the spectra of 5-PCSL (Fig. S1) and 16-PCSL 
(Fig. S2) in pure LPCs were obtained at 30 ◦C, temperature in which 
the more isotropic signals are evident for both paramagnetic probes in 
Fig. 3. The spectra of spin labels incorporated in the micelles show broad 
and poorly defined peaks, and a baseline typical of the presence of spin- 
spin exchange [41] (Figs. S1 and S2). They confirm that 0.2 mM LPCs 
form micelles that are able to solubilize 5-PCSL and 16-PCSL, since these 
paramagnetic probes only exhibit an EPR signal when solubilized. 

It is important to note, however, that the peaks corresponding to the 
LPC18:1 micelles are not in the same positions regarding the magnetic 
field intensity as the more isotropic components of DODAB + LPC18:1 
mixtures (Fig. S3). This means that the signals of pure LPC18:1 micelles 
cannot be subtracted from the spectra of DODAB + LPC18:1 in order to 
obtain the spectra of pure DODAB, as previously described [42,43]. 
Consequently, the more isotropic signals observed for DODAB +

h-1

h0

Fig. 5. Effect of LPC18:0 and LPC18:1 on the ESR spectra of 5-PCSL and 16-PCSL embedded in 2 mM DODAB bilayers in the fluid phase. The maximum (Amax) and 
minimum (Amin) hyperfine splittings and the amplitudes of high (h− 1) and central (h0) field lines are indicated. The total spectra width is 100 G. 
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LPC18:1 mixtures in Fig. 3 are not from pure LPC18:1 micelles. 
It would also be possible that instead of pure LPC18:1 micelles, the 

more isotropic signals could be due to the presence of mixed DODAB +
LPC18:1 micelles or bicelles. In this case, it would be expected a sub
stantial decrease in ΔH values, as observed for DODAB bilayer fragments 
(bicelles) [44]. Considering that ΔH values remain unaltered in presence 
of LPC18:1 (Table 1), it is possible to discard the presence of mixed 
micelles or bicelles coexisting with LPC mixed DODAB vesicles. 

From the discussion above, it is possible to conclude that the two 
populations observed in the EPR spectra of mixed DODAB membranes 
(Fig. 3) are a consequence of LPC18:1 molecules embedded in the 
DODAB gel phase. So far, only two works in the literature explore the 
interaction of LPC18:1 with gel phase membranes; they used NMR an
alyses to suggest that LPC18:1 is immiscible with DPPC in the gel phase, 
resulting in lateral phase segregation [45,46]. However, the decrease of 
the DODAB gel-fluid transition temperature, and the broadening of the 
transition (Fig. 2) are clear indications of the presence of LPC18:1 in 

DODAB gel phase. 
Although lateral phase segregation could explain the presence of two 

populations in the EPR spectra (Fig. 3), it would also be expected to 
cause changes in the DSC thermograms. For instance, it was shown that 
the single endothermic peak of DSPC is split in two in presence of the 
immiscible lysolecithin [47]. Additionally, the anionic fatty acid oleic 
acid (OA) and the neutral glycerolipid monoolein (MO), which share the 
same 18‑carbon unsaturated chain with LPC18:1, are completely 
miscible with DODAB vesicles well above 20 mol% [48,49], as shown by 
DSC and microscopy. 

In any case, the presence of two populations detected by EPR would 
be consistent with a destabilization of the DODAB gel phase induced by 
LPC18:1. It is well known that cis-double bonds introduce a bend in the 
acyl chains that disturbs Van der Waals interactions and reduces tran
sition temperatures and cooperativity [50]. Indeed, a similar gel phase 
destabilization was observed in mixtures of DODAB with MO [49] and 
with glycosphingolipids containing cis-double bonds in their ceramides 
[27,40]. 

Differently from the EPR spectra in the gel phase (Fig. 3), the spectra 
of DODAB + LPC18:1 in the fluid phase display a single population 
(Fig. 5), permitting empirical parameters to be obtained and analyzed 
(Fig. 6). 

Similarly to LPC18:0, LPC18:1 increases the fluid DODAB membrane 
superficial order (Fig. 6A). The similar effect of both LPCs reinforces the 
idea that the membrane superficial order could be increased by the 
shielding of electrostatic repulsion between the small cationic DODAB 
headgroups by the polar and bulky phosphatidylcholine headgroup of 
LPCs. 

On the other hand, LPC18:1 does not affect the viscosity at the 
membrane core (Fig. 6B), indicating that its cis-double bond does not 
disturb acyl chain mobility of fluid DODAB molecules, which have more 
freedom to wobble along the axis of the bilayer. 

LPC18:0 and LPC18:1 have a single difference in their structure, 
which is the cis-double bond of the latter (Fig. 1). The present work 
shows that this difference has a significant impact on the effects these 
LPCs exert on the thermotropic behavior and structure of DODAB bi
layers. It could also have a substantial impact on the use of these mixed 
bilayers in biotechnological applications. 

It is possible that the rigidifying effect of LPC18:0 could be a disad
vantage for the use of DODAB in delivery systems, because hydrophobic 
interactions facilitate the binding of many molecules, such as micona
zole [51], gramicidin [52], DNA [53], and proteins [54], to DODAB 
membranes. Conversely, the apparent destabilization of the DODAB gel 
phase by LPC18:1 could be useful for applications in drug delivery for 
the reasons just mentioned. Indeed, MO, which has a cis-double bond 
like LPC18:1, was shown to improve the efficiency of DODAB as a DNA 
delivery system [55–57]. 

The immunological activity of LPC18:0 and LPC18:1 could also be 
affected or modulated by DODAB: it is known that liposomes of greater 
rigidity elicit higher antibody and cell-mediated immune responses 
[58]. Hence, the physicochemical characterization presented in this 
work could be important to develop new applications based on mixtures 
between DODAB and LPC18:0 or LPC18:1. 

5. Conclusions 

The thermotropic behavior and the structure of DODAB membranes 
containing LPC18:0 or LPC18:1 were characterized by DSC and EPR 
spectroscopy. LPC18:0 increased the DODAB gel-fluid transition 
enthalpy and rigidified both phases. This might be due to the screening 
of electrostatic repulsion of DODAB cationic headgroup by the phos
phatidylcholine headgroup of LPC18:0, and by the enhancement of Van 
der Waals interactions between saturated acyl chains of DODAB and this 
lysolipid. 

On the other hand, LPC18:1 caused a decrease in the DODAB gel- 
fluid transition temperature and cooperativity. This decrease is 

B

2mMDODAB
+0.2mMLPC18:0
+0.2mMLPC18:1

A

Fig. 6. Effect of LPC18:0 and LPC18:1 on the effective order parameter (Seff) 
from 5-PCSL spectra (A) and on the ratio of the high and central field line 
amplitudes (h− 1 / h0) from16-PCSL spectra (B) embedded in 2 mM DODAB 
bilayers at the fluid phase. Error bars indicate standard deviations of at least 
two experiments with different samples. 
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consistent with a destabilization of the DODAB gel phase, which pre
sents two populations with distinct rigidities in presence of LPC18:1. 
These effects are probably due to the cis-double bond of LPC18:1, which 
decreases the Van der Waals interactions between DODAB acyl chains. 
In the fluid phase, an increase in surface order was observed in presence 
of LPC18:1, possibly due to the electrostatic shielding of DODAB head
groups, as observed for LPC18:0. Interestingly, LPC18:1 did not affect 
viscosity at the DODAB fluid membrane core. 

The difference in a single double bond between LPC18:0 and 
LPC18:1 resulted in a significant impact on how these lysolipids affect 
the thermotropic behavior and structure of DODAB membranes. These 
differences should be considered for the development of novel 
biotechnological applications using these mixed membranes. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bpc.2023.107075. 
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