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ABSTRACT

This study explores the structural properties of lipid vesicles composed of dioctadecyldimethylammonium bromide (DODAB) and varying concentrations of the
oligonucleotide 5-~AAAAAAAAAA-3’ (ODN). The vesicles, in both gel and fluid phases, were characterized using dynamic light scattering (DLS), Zeta potential, small-
angle X-ray scattering (SAXS), differential scanning calorimetry (DSC), and fluorescence with the fluorescent probe Laurdan embedded into DODAB vesicles. The
DODAB-ODN interaction induces concentration-dependent structural changes on the lipoplex. At relatively low ODN concentrations ((ODN]/[DODAB] < 0.050), the
dispersion remains stable, with positively charged vesicles, though with an increase in vesicle size and sample turbidity, and SAXS indicates coalescence of vesicles
with multilamellar structure formation. DSC revealed the coexistence of ODN-free and ODN-rich regions, with the latter showing increased thermal stability. Laurdan
fluorescence indicates that the probe does not significantly partition into the lipoplex ODN-rich regions. At intermediate concentrations (0.050 < [ODN]/[DODAB]
< 0.075), colloidal stability is lost, and pure DODAB domains are no longer detected. At relatively high ODN concentrations (0.075 < [ODN]/[DODAB] < 0.200), the
dispersion is stable, showing a negative vesicle surface potential, and the presence of small multilamellar vesicles. Laurdan lifetimes are significantly increased,
suggesting that ODN induces lipid packing or dehydration at the surface of the vesicles in both the gel and fluid phases. These findings enhance our understanding of

the structure of lipid-ODN aggregates, paving the way for their application in gene therapy.

1. Introduction

Gene therapy involves the delivery of genetic material to target cells,
offering a modern strategy to correct genetic defects, restore normal
cellular function, or enhance the immune system [1]. Due to the highly
negatively charged nature of genes, they cannot readily cross the plasma
membrane, necessitating the use of carriers. While viral vectors are the
most commonly used carriers for genetic material, concerns about their
toxicity in humans have prompted the scientific community to search for
non-viral alternatives [2,3]. Different molecules have been proposed for
gene therapy, including peptides, proteins, inorganic and organic
nanoparticles, and lipids. Among these, lipid vesicles have emerged as
promising candidates and have been widely used for the delivery of
genetic material [2,4,5].

Particularly, lipid systems composed of the cationic lipid dio-
ctadecyldimethylammonium bromide (DODAB) have the ability to form
lipoplexes by binding nucleic acids and have been successfully used to
deliver genetic material to living cells [6-8].

Furthermore, DODAB (Fig. 1) was shown to induce a strong immune
response in mammals [9,10], to bind to drugs [11,12] and antigens [13],
and act against intracellular parasites [14]. As it interacts with mole-
cules that have potential therapeutic applications [15-17], DODAB is a
promising candidate for developing new immunotherapeutic strategies
[7,15,18,19].

It has been shown that the physicochemical properties of lipoplexes,
such as size, charge density, and colloidal stability, have significant
consequences for the efficiency of gene delivery to living cells [20].
Therefore, understanding the physicochemical properties of these sys-
tems is essential for engineering new carriers and optimizing existing
carrier systems [20].

Concerning the physical properties of DODAB lipoplexes, it has been
demonstrated that non-extruded DODAB-1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) (1:1 M ratio) dispersions undergo significant
changes upon binding calf thymus DNA (CT DNA). Dynamic light scat-
tering (DLS) measurements revealed that the initial vesicle size was
approximately 500 nm. As the CT DNA concentration increased up to 40
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Fig. 1. Chemical structures of DODAB and the fluorescent probe Laurdan.

pg/ml, the vesicle size expanded to around 3500 nm, while the initially
positive vesicle surface potential was neutralized. At higher CT DNA
concentrations, the surface potential became negative, and the vesicle
size decreased, eventually returning to the size of lipid vesicles without
CT DNA [21].

Similarly, different amounts of the 5-TTGACGTTCG-3' oligonucleo-
tide (CpG) affected DODAB bilayer fragments (DODAB BF) in pure water
previously mixed with ovalbumin leading to an increase in vesicle size
until the vesicle surface potential was neutralized. At higher CpG con-
centrations, smaller vesicles were formed, and the surface potential
became negative [7].

High concentrations of the 5-AAAAAAAAAA-3' oligonucleotide
(ODN) (0.4 mM) also altered the structure of non-extruded DODAB
dispersions (2 mM) in pure water [22]. Spin labels incorporated at
different depths of the DODAB-ODN system revealed that higher ODN
concentrations (0.4 mM) rigidified gel-phase DODAB (2 mM) disper-
sions, both near the DODAB surface and in the inner core of the lipid
bilayer. In the fluid phase, a decrease in bilayer order near the surface
was observed, along with lipid packing in the inner core of the bilayer
[22]. The authors suggested that the interaction with ODN also de-
hydrates the vesicle surface.

Considering a possible pharmacological use, in the present work,
inspired by the findings of Rozenfeld et al. [22], we characterize a more
controlled system: extruded DODAB dispersions (100 nm) in buffer so-
lution (10 mM HEPES, pH 7.4) with different concentrations of the
5-AAAAAAAAAA-3' ODN. The experiments were conducted with the
lipid system in two phases: a more organized and packed (gel) phase and
a looser (fluid) phase, both in the absence and presence of ODN. To
achieve this, we employed various techniques, including dynamic light
scattering (DLS) and Zeta-potential measurements to monitor the size
and surface potential of the vesicles. Small-angle X-ray scattering (SAXS)
was used to examine the multilamellar structures of the DODAB-ODN
complex, while differential scanning calorimetry (DSC) was applied to
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monitor changes in the thermotropic behavior of the DODAB dispersion
upon ODN binding. Lastly, the structure and dynamics of the vesicle
surface were investigated using steady-state and time-resolved fluores-
cence spectroscopy, with the fluorescent probe 2-dimethylamino-(6--
lauroyl)-naphthalene (Laurdan; Fig. 1) incorporated into gel and fluid
DODAB vesicles, as Laurdan was shown to monitor the surface of
DODAB vesicles [23]. The results obtained in this work may have
pharmacological relevance, contributing to a better understanding of
the interactions between lipid vehicles and genetic material, hence
helping the production of new carriers.

2. Material & methods
2.1. Chemicals and reagents

The cationic lipid, dioctadecyldimethylammonium bromide
(DODAB - Fig. 1) was purchased from Avanti Polar Lipids Inc. (Bir-
mingham, AL, USA). The fluorescent probe, 2-dimethylamino-
(6-lauroyl)-naphthalene (Laurdan) was acquired from Molecular Probes
Inc. (Eugene, OR, USA). The ten-base single-stranded oligonucleotide,
3-AAA AAA AAA A-5 (ODN) was purchased from Integrated DNA
Technologies IDT (Coralville, IA, USA). HEPES buffer (4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid), chloroform and sodium hy-
droxide were purchased from Merck (St. Louis, MO). Ultrapure water,
with resistivity above 18 MQ cm, was used throughout.

2.2. DODAB laurdan unilamellar vesicles preparation

The preparation of DODAB unilamellar vesicles consists of solubi-
lizing a desired amount of lipid powder in chloroform so as to obtain a
clear solution after stirring with the addition of 1 mol % of the fluo-
rescent probe Laurdan, relative to number of DODAB moles. To perform
the fluorescence measurements, it was necessary to add the Laurdan
fluorescent probe. Thus, all the samples in this work contain Laurdan (1
mol%). For the sake of simplicity, we will refer to the samples as DODAB
samples although they all contain Laurdan.

The chloroform lipid solution was dried under a stream of ultra-pure
nitrogen gas till a thin film of lipids was formed at the bottom of the glass
tube. Then, the lipid film was kept under low pressure conditions for a
minimum of 3 h to eliminate any trace of chloroform. DODAB disper-
sions were obtained by the addition of buffer (10 mM HEPES, pH 7.4) to
the lipid film. The dispersions were maintained at temperatures above
DODARB gel-fluid phase transition (>60 °C) for 30 min, and every 10 min
they were vigorously stirred. Finally, lipid dispersions were extruded
through polycarbonate filters (mini-extruder by Avanti Polar Lipids, 19
mm membranes with 100 nm pores, 31 times) above the lipid gel—fluid
transition temperature (>60 °C), for the formation of Large Unilamellar
Vesicles (LUVs).

2.3. DODAB-ODN vesicles preparation

A stock ODN solution was prepared solubilizing the oligonucleotide
in buffer. The ODN concentration was determined by using a molar
extinction coefficient at 260 nm equals to 123,400 M~ cm ™, provided
by the Integrated DNA Technologies IDT (Coralville, IA, USA). Aliquots
of the stock solution were added to DODAB dispersion to achieve the
desired concentration. The samples were incubated at room temperature
for at least 30 min just prior to the experiments. In this work, we
investigated DODAB dispersions in the absence and in the presence of
defined concentrations of ODN.

2.4. Hydrodynamic diameter and zeta-potential determination

Measurements were performed using a ZetaSizer, model Nano — ZS*°
(Malvern Instruments Ltd., Worcestershire, UK), equipped with a 530
nm laser and a temperature controller.
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Particle hydrodynamic diameter (D,) of 1 mM DODAB dispersions, in
the absence and presence of ODN, was determined by dynamic light
scattering (DLS). Samples were placed in quartz cuvette (1.0 x 1.0 cm, 1
mL), the temperature was kept at 20 °C and the light scattering angle at
90°.

Zeta-potential, {, was determined from electrophoretic mobility, y,
measurements, using the Helmholtz - Smoluchowski’ mobility equation,
(¢ = un/¢e), where n and ¢ are the viscosity and dielectric constant of the
medium, respectively [24]. Around 0.6 mL of samples were placed in an
appropriate Malvern capillary cell (DTS-1060) with electrodes. The
temperature was kept at 20 °C and the light scattering angle at 17 °. It is
important to point out that Laurdan, present in the samples, does not
have any absorption band around 530 nm.

2.5. Differential scanning calorimetry (DSC)

DSC thermograms were obtained with a Microcal VP-DSC Micro-
calorimeter (Microcal Inc., Northampton, MA, USA) equipped with 0.5
mL twin total-fill cells. Endothermic and exothermic scans were per-
formed for 1 mM DODAB dispersions in the absence and presence of
ODN, at a scan rate of 20 °C/h, from 20 to 60 °C. Scans were performed
at least in duplicate. Baseline corrections and peak analysis were done
using the Microcal Origin software. The thermodynamic parameters,
enthalpy of the transition, AH, main gel-fluid phase transition temper-
ature, Tp,, and width at half maximum, AT;,/,, were obtained.

2.6. Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) measurements were performed
using a Xenocs equipment (Grenoble, France), model Xeuss™, located at
the Laboratory of Complex Fluid Group at the Institute of Physics of the
University of Sao Paulo. The X-ray wavelength used corresponds to the
CuKaline (A =1.54 10\). The effective interval of the scattering vector (=
415in 0 , where 20 is the scattering angle) was from 0.5 up to 4.0 nmL,
Samples were placed in a capillary sample holder with 1.5 mm diameter.
Measurements were carried out at 30 °C (the lipid gel phase) and 60 °C
(fluid phase). Data were corrected by the background scattering ob-
tained by the buffer sample transmission and normalized for the
acquisition time.

2.7. Ultraviolet-visible (UV-vis) absorption measurements

UV-vis absorption spectra were acquired using a Varian Cary 50
spectrophotometer (Santa Clara, CA, USA). Measurements were con-
ducted in quartz cuvettes (0.2 x 1.0 cm, 400 pL) with a 0.2 cm optical
path length. Temperature was controlled throughout the experiments
using a Cary Peltier temperature controller.

The samples consisted of 250 pM DODAB extruded vesicle disper-
sions labeled with 2.5 pM Laurdan, with or without a defined concen-
tration of oligonucleotide (ODN). Prior to data collection, samples were
equilibrated at 30 °C, corresponding to the gel phase of DODAB-ODN
systems. To ensure thermal equilibration, the cuvettes were held inside
the spectrophotometer for 20 min before initiating measurements. The
experimental sequence—UV-vis absorption, steady-state fluorescence,
and time-resolved fluorescence—was performed at 30 °C, following the
approach described in Ref. [25]. Subsequently, the temperature was
raised to 60 °C to investigate the systems under fluid-phase conditions.

2.8. Steady-state fluorescence measurements

Steady-state fluorescence spectra were recorded using a Varian
Eclipse spectrofluorometer (Santa Clara, CA, USA), with temperature
control provided by a Cary Peltier system. Excitation was performed at
340 nm using a 0.2 cm path length in a quartz cuvette (0.2 x 1.0 cm,
400 pL). Both excitation and emission slits were set to 5 nm.
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To correct for inner filter effects, all emission spectra were processed
using Equation (1):

Feorr(2) = Fops (4)101Aexe tdens () 1) Eq. 1
In this equation, Feorr(4), Fops (1) are the corrected and raw fluorescence
intensities, respectively. Aexc, Aems (4) correspond to the absorbance per
unit optical path at the excitation and emission wavelengths, respec-
tively. The excitation and emission path lengths were 0.1 cm and 0.5 cm,
respectively, calculated from the center of the cuvette. This correction
model does not account for the spatial dimensions of the excitation
volume, assuming instead that all emitting molecules are located at the
cuvette center. Prior studies have demonstrated that Equation (1) is
appropriate for the absorbance levels used in this work [26].

2.9. Time-resolved fluorescence measurements

Time-resolved fluorescence data were acquired using the time-
correlated single photon counting (TCSPC) method. The excitation
source was a titanium-sapphire laser (Tsunami 3950, Spectra Physics,
Newport Corporation, Irvine, CA, USA), pumped by a Millenia Pro J80
solid-state laser (Spectra Physics). The pulse picker (model 3980-25,
Spectra Physics) operated at 8 MHz. The Tsunami laser emitted at 852
nm, and a BBO crystal (GWN-23PL, Spectra Physics) was used to
generate the third harmonic, resulting in excitation at 284 nm.

Although 284 nm does not correspond to the excitation wavelength
employed in steady-state fluorescence measurements (340 nm), it is
nonetheless encompassed within an absorption band of Laurdan.
Notably, Laurdan’s fluorescence relaxation dynamics are well-
documented to be independent of the excitation wavelength [23], and
the use of 284 nm significantly enhanced the signal-to-noise ratio, as
previously implemented in Ref. [25]. Fluorescence emission at 480 nm
was collected at a 90° angle with respect to the excitation beam and
selected through a monochromator. Decay curves were fitted using the
FAST software provided by Edinburgh Photonics, employing a
multi-exponential decay model as given in Equation (2):

Eq. 2

Here, F(4,t) represents the fluorescence intensity at a given wave-
length and time, ¢; is the pre-exponential factor, and 7; is the lifetime of
the i-th component. The quality of the fits was assessed using the
reduced chi-square statistic, with acceptable values ranging from 0.80 to
1.33. All experiments were performed at least twice. Uncertainties
correspond to standard deviations and are presented as error bars when
larger than the data point symbols.

3. Results and discussions
3.1. Colloidal stability

The presence of ODN changes the turbidity of DODAB dispersions, in
a concentration dependent manner. That effect is evident and can be
observed with naked eyes (Fig. SM1). At [ODN]/[DODAB] relative
molar concentrations up to 0.050, there is an increase in the turbidity of
colloidal dispersions, suggesting a coalescence of DODAB vesicles. At
[ODN]/[DODAB] relative concentrations from around 0.050 to 0.075
the colloidal stability is lost with a clear colloidal precipitation.

Interestingly, by further increasing the amount of ODN, with [ODN]/
[DODAB] relative concentrations ranging from 0.100 to 0.200, the lipid
dispersion becomes clearer, showing turbidity levels similar to those
obtained for samples at low oligonucleotide concentrations, thus
restoring colloidal stability (Fig. SM1). Consequently, there are two re-
gimes of ODN concentration where colloidal stability occurs: a low
concentration region, where [ODN]/[DODAB] is below 0.050, and a
high concentration regime, above 0.075.
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Fig. 2. Zeta-potential ¢ (a) and hydrodynamic diameter D, (b) of 1 mM DODAB
liposomes in the absence and in the presence of different concentrations of
ODN. The temperature was kept at 20 °C, corresponding to the gel phase of
DODARB. The hatched area represents the colloidal unstable region dividing the
low and high ODN concentration regimes. Dotted lines are only guides for
the eyes.

An important parameter for analyzing the lipid-oligonucleotide
interaction is the Zeta potential ({), which is widely used to determine
the stability of particles in solution, as it is a measurement of the
effective particle surface potential when in movement, hence reflects the
degree of repulsion between particles. This parameter can be either
positive or negative, depending on the electric charges at the particle
surface. Colloidal stability occurs when the magnitude of the surface
electric potential is sufficiently high, promoting a strong degree of
repulsion between particles, regardless of the nature of the charge. On
the other hand, dispersions with a Zeta potential close to neutrality (~0
mV) exhibit a low degree of repulsion between particles, favoring coa-
lescence and colloidal precipitation [27]. Complementary to the Zeta
potential data, the hydrodynamic diameter (Dz) and the polydispersity
index (PI), obtained through dynamic light scattering (DLS), provide
insight into the size of the particles and the polydispersity of the
colloidal dispersion. The results in Fig. 2 clearly show the effect of
increasing the ODN concentration in DODAB dispersions, using surface
charge, size, and size distribution parameters at 20 °C (DODAB gel
phase). Measurements at 60 °C, DODAB fluid phase, were found difficult
to be reproduced, possibly due to bubbles formation at this temperature,
so only data at 20 °C are presented.

Zeta potential ({) results obtained from dispersions of 1 mM DODAB
in the absence and presence of different concentrations of ODN at 20 °C
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are shown in Fig. 2a. Data are divided into two ODN concentration re-
gimes where the dispersions are quite stable, separated by a hatched
region corresponding to the region where there is no colloidal stability.
In the absence of ODN, DODAB dispersions present { values of +50 + 2
mV. As the [ODN]/[DODAB] relative molar concentration increases
within the low ODN concentration regime, { decreases to around +38 +
1 mV, strongly indicating that the highly anionic ODN molecules are
being incorporated into DODAB vesicles. In contrast, in the high ODN
concentration regime, the vesicle surface charge becomes negative,
driven by the excess of ODN in the DODAB vesicles, with { values around
—44 + 2 mV.

Fig. 2b shows the hydrodynamic diameter (Dz) results from the same
samples studied for Zeta potential, as a function of the [ODN]/[DODAB]
relative concentration. It is interesting to observe that even at very low
ODN concentrations, up to [ODN]/[DODAB] = 0.025, Dz increases
significantly while the zeta potential does not change much. That par-
allels an increase in the data standard deviations, as shown in Fig. 2.
That can be understood considering an increase in polydispersion, and
how small amounts of larger particles strongly affects Dz measurements
[28], since dynamic light scattering is highly sensitive to the presence of
even a small fraction of larger aggregates due to the intensity of scat-
tered light scaling with the sixth power of the particle radius.

As the ODN concentration increases, Dz also increases, reaching a
maximum of ~420 + 50 nm with the addition of 0.050 mM ODN.
Considering the DLS data (Fig. 2), the increase in turbidity can be
interpreted as vesicle coalescence or aggregation due to the shielding (or
neutralization) of positive charges on the external surface of the DODAB
vesicles. In the high ODN concentrations regime, Dz decreases to a value
similar to that of DODAB dispersion in the absence of oligonucleotide,
Dz ~115 + 5 nm, in the same region where the charge polarity inversion
occurs from the Zeta potential values (Fig. 2a). This result demonstrates
that in the high ODN concentration regime, there is an arrangement with
excess negative charges at the DODAB vesicle surface, hence a repulsive
potential between vesicles. Rozenfeld et al. [29] investigated the inter-
action of ODN with DODAB bilayer fragments in pure water and re-
ported a behavior similar to ours: at a [ODN]/[DODAB] ratio of 0.050,
Dz values increased, indicating the neutralization of DODAB-ODN par-
ticles. Higher ODN concentrations induced a polarity inversion, result-
ing in Dz values comparable to those of pure DODAB dispersions. A
similar behavior was observed (as seen for low and high ODN contents)
in lipid dispersions containing DODAB and varying amounts of CT DNA
[21].

It is worth mentioning that all results presented here were obtained
with an incubation time of ~30 min after the addition of ODN into
DODARB dispersions. To test a longer period of stability for these samples,
having in mind their possible use in pharmacology, new ¢ and DLS
measurements were performed after 7 days of incubation at 20 °C.
Interestingly, the dispersions, with the exception of the 0.075 mM ODN
sample, showed high stability, as demonstrated by the surface potential
and vesicle size (Dz) (Fig. SM2).

3.2. ODN induces coalescence in DODAB extruded vesicles

DLS measurements show a substantial increase in vesicle size
(Fig. 2b), as previously reported for the interaction between cationic
lipid systems and genetic material [21,22,29], which could be due to
vesicle aggregation or coalescence. Consequently, we performed
Small-angle X-ray scattering (SAXS) experiments to investigate the
lipid-ODN system. SAXS is a powerful tool for studying liposome
structure. For instance, multilamellar vesicles can be identified from the
SAXS curve by the appearance of Bragg peaks (or interference peaks)
[30,31]. Furthermore, the repetition distance between the multi-
lamellae, that is, the thickness of the lipid bilayer plus the water layer, d,

can be calculated using the expression d :qi—’zk , where Qpeax is the

e

scattering vector (see section 2.6) [32]
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Fig. 3. SAXS diffractograms of extruded DODAB dispersions in the absence and
in the presence of low (0.012 mM) and high (0.100 mM) ODN concentration at:
(a) 30 °C and (b) 60 °C. Interference peaks are indicated by the arrows. Graphs
have the same intensity scale, and the curves are shifted for better visualization.

In this work, we present SAXS diffractograms obtained for the
extruded lipid dispersions of DODAB in the absence and presence of
ODN. We selected samples at [ODN]/[DODAB] concentrations of 0.012,
representing the low ODN concentration regime, and samples at [ODN]/
[DODAB] = 0.100, representing the high ODN concentration regime
(according to Fig. 2), to perform SAXS experiments. The measurements
were conducted at temperatures of 30 °C (Fig. 3a) and 60 °C (Fig. 3b),
corresponding to the DODAB gel and fluid phases, respectively.

For both temperatures, in the absence of ODN, the scattering curves
do not show diffraction peaks, indicating that DODAB LUV dispersions
are composed of unilamellar vesicles with sufficient charge to ensure the
presence of vesicles with just one lamella and colloidal stability. Even
non extruded DODAB dispersions were shown to be composed of stable
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Fig. 4. Typical excess heat capacity (ACp) profiles of 1 mM DODAB in the
absence (black lines) and in the presence of ODN divided into two regimes: (a)
low ODN concentrations, from 0.006 up to 0.050 mM and (b) high ODN con-
centrations, from 0.075 up to 0.200 mM, as indicated in the figures. The dashed
line indicates the position of the gel-to-fluid transition of pure DODAB vesicles.

unilamellar vesicles, due to the high charge at the vesicle surface [22,
33]. The addition of 0.012 mM ODN reveals a low-intensity diffraction
peak at 30 °C (indicated by the arrow in Fig. 3a) at gpeax = 1.4 nm?,
corresponding to a repetition distance d = 4.5 nm. As the temperature
increases to 60 °C (Fig. 3b) the interfering signal becomes more evident,
with the maximum diffraction peak at gpeqx = 1.3 nm ™, corresponding
to a repetition distance d = 4.8 nm. This increase in bilayer width is
typical during the transition from the gel to the fluid phase in most
lipids. It results from enhanced thermal motion of the lipid molecules,
leading to greater disorder in the acyl chains and a reduction in lateral
packing density, which in turn causes a slight swelling of the bilayer [33,
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Fig. 5. Typical fluorescence spectra of 2.5 pM Laurdan incorporated into 250 uM DODAB vesicles in the absence and in the presence of: (a and c¢) low relative [ODN]/
[DODAB] concentrations (0.006 and 0.012), and (b and d) high [ODN]/[DODAB] concentrations (0.150 and 0.200), in the gel phase at 30 °C (a and b) and fluid
phase at 60 °C (c and d). Dotted lines indicate the maximum emission wavelength of pure DODAB. Excitation at 340 nm.

34]. The formation of multilamellar structures arises from the associa-
tion between the cationic DODAB vesicles and the oligonucleotide
(ODN), and not from the DODAB dispersion alone.

In the regime of high ODN concentrations, [ODN] = 0.100 mM, the
Bragg peak is clearly present at both temperatures (Fig. 3a and b), with
the same repetition observed for the dispersion at low concentration of
ODN, with d = 4.5 nm at 30 °C and 4.8 nm at 60 °C. The repetition
distances observed here are similar to those reported for non-extruded
DODAB water dispersions with high ODN concentrations ([ODN]/
[DODAB] = 0.2) [22].

Interestingly, the intensity of the Bragg peak increases with high
ODN concentrations (Fig. 3). On the other hand, DLS data show that the
average size of the gel-phase liposomes remains almost unchanged for
this ODN concentration regime (Fig. 2). This suggests that the number of
lamellae per DODAB-ODN gel liposome is similar at both high and low
ODN concentrations. Therefore, the increase in Bragg peak intensity can
be interpreted as an increase in the relative number of multilamellar gel
liposomes, rather than an increase in the number of lamellae per lipo-
some as the ODN concentration rises.

3.3. Thermal effect induced by ODN in DODAB vesicles

Differential scanning calorimetry (DSC) is a valuable technique to
investigate lipid systems, as it reveals thermal events associated with
phase transitions. The thermotropic behavior of lipids can be influenced
by exogenous molecules that disrupt lipid packing or the order of acyl
chains, given that the gel-fluid lipid transition depends on lipid-lipid
interactions [35]. Consequently, DSC is well-suited for studying the

interaction between lipid systems and membrane-active molecules.
Fig. 4 presents the DSC thermograms of DODAB dispersions with and
without specific ODN concentrations.

DODAB dispersions display a peculiar thermal transition, with a
significant hysteresis under endothermic and exothermic processes
[36-38]. Accordingly, we observed Ty, at (46.5 + 0.1) °C and (41.0 +
0.1) °C, for endothermic and exothermic processes (Table SM1 e
Fig. SM3), respectively. Furthermore, DODAB dispersions without ODN
display a AH equals to (9 + 2) kcal/mol and (-10 + 2) kcal/mol
(endothermic and exothermic, respectively, Table SM1). All samples
used in this study contain 1 mol% Laurdan, and the thermodynamic
parameters (T, and AH) are, within experimental error, consistent with
those reported for pure DODAB [23,37]. In addition, the DSC thermo-
grams of pure DODAB and DODAB containing 1 mol% Laurdan are very
similar (Fig. SM4), reinforcing that this Laurdan concentration does not
significantly affect the thermotropic behavior of DODAB membranes.

Low [ODN]/[DODAB] relative concentrations, specifically 0.006,
0.012, and 0.025, induce a new thermal event at a higher temperature
(~49 °C) that coexists with the gel-fluid transition peak of pure DODAB
(~46 °C), which decreases in intensity as the ODN concentration in-
creases. This coexistence of thermal events has been associated with the
formation of molecule-bound and molecule-free regions in membrane
[25,39,40]. This effect has also been correlated with a strong electro-
static interaction between an exogenous molecule and an ionic bilayer
surface.

At a relative [ODN]/[DODAB] concentration of 0.050, only one
thermal peak is observed at 49 + 1 °C. This is in accord with the
decrease of the vesicle surface potential and the beginning of the
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colloidal unstable region (Fig. 2a), where vesicle surface charge is
neutralized, hence no thermal transition associated with pure DODAB
gel-fluid transition is expected. Moreover, the interaction with ODN
yields thermograms wider than that observed for pure DODAB disper-
sion indicating that ODN molecules are disrupting the interactions
among DODAB molecules.

In the high ODN region, with negatively charged vesicles, as indi-
cated by the Zeta-potential (see Fig. 2a), the gel-fluid transition tem-
perature occurs at a much higher temperature value, around 53°C,
indicating that ODN does stabilize the gel phase of the mixed vesicle. It is
also a complex thermal event, with at least two main picks, but none of
them corresponding to pure DODAB bilayer. Similar thermal profiles
were obtained before [22,29] for the interaction of high ODN content
with non-extruded DODAB and DODAB bilayer fragments.

3.4. High ODN content leads to packing and/or dehydration at the
DODAD-ODN liposome surface

Laurdan is a very useful fluorescent probe to investigate dynamics/
structure of amphiphilic aggregates, and changes induced on them by
exogenous molecules [25,41-43], as Laurdan acyl tail ensures that this
probe stays into the lipid bilayer, not partitioning in the aqueous envi-
ronment [44,45]. In phospholipid bilayers, it has been proposed that the
Laurdan fluorescent moiety resides within the membrane near the polar
headgroups of the lipid bilayers, thereby probing that region [42,46].

Laurdan was reported to be very sensitive to changes in membrane
polarity and/or packing [45,47]. Accordingly, when Laurdan vicinity
becomes more hydrated, Laurdan emission is shifted to higher wave-
lengths (smaller energies), as the dipolar relaxation increases consid-
erably [44]. Particularly, when incorporated into phospholipid bilayers,
Laurdan emission displays a significant red shift (~50 nm) along the
gel-fluid transition of phospholipid membranes [48]. Aside from that, it
has been shown that Laurdan is sensitive to changes in phospholipid
bilayer structure due to temperature variations, and changes induced in
a fluid phospholipid bilayer structure by exogeneous molecules [46,49].

Interestingly, Laurdan emission in DODAB vesicles does not present a
significant redshift when DODAB membranes go through gel-fluid
transition [23]. Hence, it has been proposed that when incorporated
into DODAB bilayers, the Laurdan fluorescent moiety is positioned at the
surface of the bilayer, probing the polarity, structure and dynamics of
the vesicle surface [23]. As it has been suggested that ODN can change
the hydration of the DODAB surface [22], we considered it important to
investigate the DODAB-ODN vesicle by using Laurdan, a probe located
at the DODAB surface.

Fig. 5 shows Laurdan emission within gel (Fig. 5a and b) and fluid
(Fig. 5¢ and d) DODAB vesicles in the absence (black lines) and with
different [ODN]/[DODAB] relative molar concentrations, correspond-
ing to low (Fig. 5a and c) and high (Fig. 5b and b) ODN concentration
regimes. Laurdan emission in pure DODAB vesicles displays maxima at
482 nm and 484 nm, for gel (30 °C; Fig. 5a and b) and fluid (60 °C;
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Fig. 5¢ and d) vesicles, respectively, in accordance with previous data
[23].

The presence of ODN in the low concentration regime has no sig-
nificant impact on the profile of Laurdan emission spectra either at the
gel (Fig. 5a) or fluid (Fig. 5c) phases. In contrast, at high ODN concen-
trations (0.150 and 0.200), the Laurdan emission profile exhibited a blue
shift of 11 nm and 4 nm, for gel (Fig. 5b) and fluid (Fig. 5d) DODAB
vesicles, respectively. These results reinforce the previous hypothesis
[22] that at higher concentrations, ODN could cause dehydration at the
surface of DODAB vesicles. Those results are particularly interesting as
Laurdan was shown to be insensitive to changes in the polar-
ity/structure/dynamics of gel phospholipid bilayers induced by exoge-
nous molecules that penetrate the lipid bilayer such as cholesterol and
membrane-disrupting peptides [40] and references therein. Hence,
that indicates that both ODN and Laurdan fluorescent moiety are
localized at the surface of the DODAB bilayer, at a rather shallow
position.

Light scattering can strongly affect fluorescence spectra. Although
the fluorescence spectra presented here were corrected (Eq. (1)) using
the measured absorbance values (Fig. SM5), we found important to
employ a complementary technique. Therefore, time-resolved fluores-
cence was also applied. This approach, which is minimally impacted by
light scattering [50], enables us to determine excited-state lifetimes by
measuring the fluorescence decay. In this context, Fig. 6 shows Laurdan
decay into DODAB (30 °C) gel (Fig. 6a and b) and (60 °C) fluid (Fig. 6¢
and d) vesicles, in the absence (black circles) and with different
[ODN]/[DODAB] relative molar concentrations, corresponding to low
(Fig. 6a and c) and high (Fig. 6b and d) ODN concentration regimes. It
has been shown that fluorescence decay curves of Laurdan, whether in
organic solvents or within amphiphilic aggregates, can be fitted using a
biexponential model, resulting in two distinct fluorescence lifetimes [23,
471, and the references therein. Accordingly, all decay curves (Fig. 6)
were satisfactorily fitted with two exponential components, meeting the
appropriate statistical criteria.

Laurdan in pure DODAB vesicles displays two lifetimes, a short (t1)
and a longer (12) lifetime. The values found were t; = (1.75 + 0.06) ns
and 12 = (3.82 + 0.04) ns for gel (30 °C), and 77 (1.1 £+ 0.1) and t3 =
(2.31 £ 0.05) for fluid (60 °C) vesicles. The values found here are similar
to those reported in the literature [23]. As expected, the lifetimes at fluid
phase (60 °C) are smaller in comparison with those found at gel phase,
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30 °C. This is due to the increase in the rate of the non-radiative decay
processes as temperature rises [44]. Fig. 7 shows the evolution of the
Laurdan lifetimes as a function of ODN concentration, for gel (30 °C) and
fluid (60 °C) DODAB vesicles.

Laurdan decay in the presence of low ODN concentrations at 30 °C
(Fig. 6a) and at 60 °C (Fig. 6¢) seems to be rather similar to that found
for pure DODAB. In contrast to this, high ODN contents evidently change
the Laurdan decay profile at 30 °C (Fig. 6b), with the changes becoming
more evident in the Laurdan decay spectra at 60 °C (Fig. 6d).

To better understand the effects of ODN on DODAB vesicles, we
decomposed all the fluorescence decays using Eq. (2). All the decay
curves (Fig. 6) could be well fitted with two exponential decays, satis-
fying the statistical criterion. Fig. 7 displays the shorter lifetimes, 1,
(black circles) and the longer lifetimes, T3, (blue down triangles).

Similar to the results obtained with the Laurdan emission spectrum
(Fig. 5a and c), in the low concentration regime, ODN does not notably
affect Laurdan lifetimes in either thermal phase (Fig. 7). Although DLS
measurements (Fig. 2) indicate that ODN interacts with DODAB vesicles,
and the DSC thermograms strongly suggest the formation of ODN-rich
and ODN-free regions on DODAB membranes, it is possible that the
fluorescent probe does not partition into ODN-rich domains, thereby
detecting only minor changes induced on the membrane.

Again, similar to the results obtained with steady state fluorescence
(Fig. 5b and d), high ODN concentrations significantly enhance Laurdan
lifetimes in both gel (Fig. 7a) and fluid (Fig. 7b) lipid system phases.
Usually, fluorophores in more rigid and non-polar environments display
longer lifetimes than those observed for fluorophores in more fluid/
hydrated environments. Thus, the increase in lifetimes suggests that
ODN is inducing lipid packing in the nanoregion of the probe and/or
decreasing polarity, as indicated by the steady state fluorescence mea-
surements (Fig. 5b and d), and as suggested by Rozenfeld et al. [22]. In
addition, it is important to point out that in this concentration regime,
Zeta-potential data (Fig. 2a) indicate the DODAB vesicles become
anionic, strongly suggesting the absence of free-ODN regions on DODAB
membranes. Consistently, DSC thermograms show no DODAB-free re-
gions (Fig. 4b), implying that Laurdan is monitoring the densely packed
and/or dehydrated DODAB-ODN membrane surface.

Important to point out that the information obtained with Laurdan is
complementary to that obtained with spin labels, in the high ODN
concentration regime [22], as Laurdan monitors the surface of the
DODAB-ODN bilayer, and the used spin labels monitored the bilayer
around the 5th carbon atom and at its core. Hence, compiling the data
obtained with Laurdan (Figs. 5-7) and spin labels [22], for the bilayer
gel phase, ODN induces bilayer packing and/or dehydration at the
membrane surface, and packing along the hydrocarbon chain, both at
the 5th carbon atom region, and at the bilayer core. Interestingly, in
fluid membranes, ODN induces packing and/or dehydration at the sur-
face (Figs. 5-7), but somehow more fluidity/disorder around the 5th
carbon atom and more rigidity/order at the bilayer core [22].

4. Conclusions

This work shows that ODN strongly interacts with DODAB cationic
vesicles in a concentration-dependent manner and characterizes three
distinct behaviors regarding colloidal stability and vesicles structure
with different techniques.

At relatively low ODN concentrations ([ODN]/[DODAB] < 0.050),
ODN induces an increase in vesicle size and a decrease in vesicle surface
potential (Fig. 2). SAXS scattering profiles indicate vesicles coalescence
and the formation of multilamellar structures of few lamellae and/or a
not well-organized structure, evident due to the presence of a large and
not well-defined Bragg peak (Fig. 3b). DSC traces reveal two distinct
transition events, indicating the coexistence of ODN-poor and ODN-rich
domains in DODAB membranes, the latter being thermally more stable
(Fig. 4a). Laurdan emission spectrum and fluorescence decay show
similar profiles for gel and fluid DODAB vesicles in the presence and
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absence of ODN (Figs. 5-7). Since different techniques, DSC, DLS and
SAXS, monitor changes in DODAB structure, probably the fluorescent
probe does not partition into the thermally more stable membrane
domains.

At relatively intermediate [ODN]/[DODAB] concentrations
(0.050-0.075), colloidal stability is lost, and pure DODAB domains are
no longer detectable in DSC thermograms (Fig. 4). Hence, spectroscopic
measurements over this relative concentration range are unavailable
due to significant light scattering.

At relatively higher [ODN]/[DODAB] concentrations, above 0.075,
the lipid dispersion is stable, with a negative vesicle surface potential as
indicated by Zeta potential measurements (Fig. 2a). DLS measurements
show the presence of small vesicles like in pure DODAB dispersion
(Fig. 2b), though SAXS measurements indicate multilamellar structures
at both DODAB phases (Fig. 3b), hence the presence of vesicles with few
lamellae. In this concentration range, DSC traces indicate high thermal
stability of the gel phase (high gel-fluid transition temperature, Fig. 4b),
and the fluorescent probe Laurdan monitors variations at the membrane
surface, indicating a decrease in solvent molecules around the probe
and/or a membrane packing caused by ODN at the DODAB vesicle
surface (Figs. 5-7).

To summarize and illustrate these findings, we included a schematic
model of the lipoplexes in Fig. 8. This model depicts the structural ar-
rangements and colloidal behaviors observed at different ODN
concentrations.

Considering the biological interest, we hope that the results pre-
sented in this study will contribute to a better understanding of the
interaction between ODN and DODAB vesicles, potentially aiding in the
development of more effective delivery systems. Overall, this study
contributes to a deeper understanding of the structural and colloidal
features governing DODAB-ODN assemblies, an essential step toward
the rational design of more effective gene delivery systems.
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