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The effect of an oligonucleotide on the structure
of cationic DODAB vesicles

Julio H. K. Rozenfeld,* Evandro L. Duarte, Leandro R. S. Barbosa and
M. Teresa Lamy

The effect of a small single-stranded oligonucleotide (ODN) on the structure of cationic DODAB vesicles was
investigated by means of differential scanning calorimetry (DSC), small angle X-ray scattering (SAXS) and electron
spin resonance (ESR) spectroscopy. ODN adsorption induced coalescence of vesicles and formation of
multilamellar structures with close contact between lamellae. It also increased the phase transition temperature
by 10 °C but decreased transition cooperativity. The ODN rigidified and stabilized the gel phase. In the fluid
phase, a simultaneous decrease of ordering close to the bilayer surface and increase in bilayer core rigidity was
observed in the presence of the ODN. These effects may be due not only to electrostatic shielding of DODAB
head groups but also to superficial dehydration of the bilayers. The data suggest that oligonucleotides may
induce the formation of a multilamellar poorly hydrated coagel-like phase below phase transition. These
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1. Introduction

Small single-stranded oligonucleotides (ODNs) can promote
the repair of DNA point mutations’ and silence specific genes.>
Antisense ODNs that inhibit the expression of proteins inside a
cell have been used both as tools for basic research on gene
expression and function®* and as therapeutic agents.>® Indeed,
ODNs have been employed in vaccine design’ and in the treat-
ment of allergy® and cancer.’

In order to avoid obstacles such as degradation and poor
capture by target cells, ODNs need suitable carriers for effective
delivery.'®"" Liposomes, for instance, have been successfully
employed as ODN carriers,'* especially after the development of
cationic lipids."***

Dioctadecyldimethylammonium bromide (DODAB) is a synthetic
cationic lipid formed by two 18-carbon alkyl chains attached to a
quaternary ammonium group. Its cylindrical geometry allows the
formation of different structures in aqueous solutions: large vesicles
are produced by chloroform vaporization'® and heating above
phase transition temperature;'® small open bilayer fragments
are produced by sonication.'”"*

DODAB bilayers are very versatile: they have been used as
templates for polymerization and deposition of materials,"® as
hydrophobic drug carriers®”*! and as microbicides.>> DODAB
was also employed in the production of biomimetic particles*
and in the design of vaccines.**

Instituto de Fisica, Universidade de Sdo Paulo, Sdo Paulo, Brazil.
E-mail: julioroz@if.usp.br; Tel: +55 11 3091 6829

7498 | Phys. Chem. Chem. Phys., 2015, 17, 7498-7506

effects should be taken into account when planning ODN delivery employing cationic bilayer carriers.

DODAB has also been successfully employed as a DNA carrier,”
which opened the possibility of applying it as an oligonucleotide
carrier. In this context, it was recently demonstrated that stable
assemblies of DODAB bilayers and immunostimulatory CpG
ODNs induce the formation of very strong and specific immune
responses,® allowing the development of novel vaccine adjuvants.

The aim of this work was to investigate the effect of an
oligonucleotide on the structure of DODAB vesicles. The result-
ing ODN-DODAB assemblies were characterized by means of
differential scanning calorimetry (DSC), small angle X-ray scat-
tering (SAXS) and electron spin resonance (ESR) spectroscopy.

2. Materials and methods

2.1. Materials

Dioctadecyldimethylammonium bromide (DODAB) 99.9% pure
was purchased from Sigma Chemical Co. (St Louis, MO, USA). The
ten-base single-stranded oligonucleotide 3'-AAA AAAAAA A-5’
(ODN) was purchased from Integrated DNA Technologies IDT
(Coralville, TA, USA). Spin labels 1-palmitoyl-2-(n-doxylsearoyl)-sn-
glycero-3-phosphocholine (n-PCSL, n = 5 or 16) were supplied by
Avanti Polar Lipids (Birmingham, AL, USA). Ultrapure water of
Milli-Q-Plus quality was used throughout. The chemical structures
of DODAB, 5- and 16-PCSL are shown in Fig. 1.

2.2. Preparation of ODN stock solutions, DODAB vesicles and
ODN-DODAB assemblies

Lyophilized ODN was solubilized in ultrapure water to produce
10 mM stock solutions.
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Fig. 1 Chemical structures of DODAB (A), 5-PCSL (B) and 16-PCSL (C).

DODARB lipid films were formed from chloroform solutions,
dried under a stream of N,, and left under reduced pressure for
a minimum of 2 h to remove all traces of organic solvent. Vesicles
were prepared by adding water to the films and heating them for
30 min at 60 °C, ie, above the phase transition temperature.
Heating was accompanied by vigorous vortexing at about every
10 minutes in order to ensure a homogenous dispersion.
Concentration of DODAB stock dispersions were typically 3 mM,
as analytically determined by halide microtitration.” For ESR
experiments, 0.8 mol% 5-PCSL or 0.3 mol% 16-PCSL were added
to the chloroform solutions when preparing the lipid films. No spin-
spin interaction was observed for such small label concentrations.

ODN-DODAB assemblies were prepared after cooling the
vesicles at room temperature. Suitable volumes of water, vesicles
and ODN were mixed and the lipoplexes formed were incubated
for 24 h prior to measurements. The final concentrations were
2 mM DODAB and 0.4 mM ODN.

2.3. Differential scanning calorimetry (DSC)

DSC scans were performed in a Microcal VP-DSC Microcalori-
meter (Microcal Inc., Northampton, MA, USA) equipped with
0.5 mL twin total-fill cells. The heating rates were 20 °C h™"
(10 °C h™'yielded identical scans). Scans were performed at least
in duplicate. Thermograms correspond to the second upscan.
Transition enthalpies (AH) were obtained by integrating the area
under the thermograms along the 20 °C to 60 °C range.

2.4. Small angle X-ray scattering (SAXS)

Measurements were performed in the SAXS1 beam line of the
LNLS (National Synchrotron Radiation Laboratory, Campinas, SP,
Brazil). The X-ray wavelength used was 4 = 1.55 A, and the SAXS
sample-to-detector distance was around 600 mm. A bidimensional
PILATUS 300k detector was used. Samples were set between two
flat Mica walls with a 1 mm spacer. A thermal bath was used for
temperature control. Data were normalized for the acquisition
time (120 s) and checked for radiation damage. The final
scattering curves were subtracted from the aqueous solution
and corrected by the sample’s attenuation. Repeat distances (d)
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were calculated using the well-known repetition distance for

T 4r . .
, where ¢ = —sin0 is the scatter-
{peak A

ing vector and 20 the scattering angle.

The SAXS data analysis for multilamellar structures should
take into account the contribution of both DODAB and ODN. In
this case, the scattering intensity of a set of stacked bilayers
with ODN molecules present between two adjacent bilayers can
be written as a weighted sum of each individual contribution,
as follows:

lamellar structures, d =

Pi(q)S(q)

I(q) =k (w1 7 + szODN(q))

where k is related to the experimental setup; P(q) is the bilayer
cross-section form factor (perpendicular to the membrane
plane); Popn(g) is the form factor of ODN; S(q) is the structure
factor; and w; and w, are the weights of the stacked bilayers
and the ODN, respectively.

P(gq) can be modeled by assuming that the membrane
is composed of three different layers: a polar headgroup
(encompassing the ODN when present), paraffinic chains and
the methyl group. Each layer has a distinct electron density
with respect to the solvent (pso; = 0.33 e A= for water solution):
Ppol 18 the electron density for the polar headgroup, pcy, for the
paraffinic tails and pcy, for the methyl group. Similarly, each
layer has its own thickness: R for the polar headgroup, Rcy,
for the paraffinic chains and Rey, for the methyl group.

During the fitting procedure, some of these parameters were
allowed to vary within a narrow range: Ry, (0.15 nm < Ren, <
0.35 nm), pep, (150 e nm™> < pey, < 200 € nm ) and ppar
(250 e nm* < Ppar < 330 € nm %), in accordance with data
from the literature.”®?° The other P(q) parameters were allowed
to vary in a corresponding broader range. A more detailed
description of this model can be found elsewhere.®

The structure factor S(g) is equal to 1 for non-interacting
systems. However, for multilamellar structures, the Modified
Caillé Theory (MCT) can be applied.>** It takes into account
the bending of the bilayers in addition to the fluctuations in the
space between bilayers, through a disorder parameter, 1caine.> "
In this model, S(g) can be written as®"

2

S(@) = N+20 S~ (N = mcos(ngd)e " (3_1)2@1)”’ (%)

n=1

where N is the number of stacked bilayers, d is the repetition
distance and 5 is the Caille parameter, which involves the
bending modulus K of lipid bilayers and the bulk modulus B

for compression, and can be written as®"*3
_ ﬂ?kB T
1 2d*/KB

During the fitting process two parameters were varied: N and
n, whereas d was calculated as explained earlier in the text.

ODN molecules were considered as rigid cylinders with
cross-section and length equal to 0.6(2) nm and 3.4(3) nm,
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respectively, according to data available in the literature for an
oligonucleotide with the same number of 10 nucleotides.**

All scattering curves were analyzed with the global fitting
methodology using GENFIT software.*’

2.5. ESR spectroscopy

ESR measurements at X-band were performed using a Bruker
EMX spectrometer. Field-modulation amplitude of 1G and micro-
wave power of 5 mW were used. The temperature was controlled
to about 0.2 °C with a Bruker BVT-2000 variable temperature
device, and monitored using a Fluke 51 K] thermometer with a
probe placed just above the cavity. A high sensitivity ER4119HS
cavity was used. All ESR data shown are means of the results of at
least two experiments, and the uncertainties are the standard
deviations. When not shown, the uncertainty was found to be
smaller than the symbol in the graph.

The effective order parameter, S.¢, was calculated from the
expression®®

/

AquL do

Sue =
ot Azz - (1/2) (A,\'x + Ayy) do

where @, = (1/3)(Axx + 4,y + A22), a, = (13)@A + 24,),
Ay (5 Ama) is the maximum hyperfine splitting directly
measured on the spectrum (see Fig. 5), A, = Apyin + 1.4
AH - Amin
Az — (1/2) (A + 4,y
hyperfine splitting (see Fig. 4) and A, A4,, and A, are the
principal values of the hyperfine tensor for doxylpropane.®”
The ratio between the high and central field line amplitudes
(h_4/ho) was also directly taken from the spectra (see Fig. 6).

1—

) , Amin is the measured inner

2.6. Vesicle coalescence assay

Two stock solutions of DODAB were prepared as previously
described (see Section 2.2.): one was labeled with 2 mol%
16-PCSL and the other was unlabeled. Aliquots of the stock
solutions were mixed in order to obtain a mixture of 0.2 mM
labeled vesicles plus 1.8 mM unlabeled vesicles, ie., a final
lipid concentration of 2 mM and a final 0.2 mM labeled/1.8 mM
unlabeled vesicle ratio. The volume was completed to 80 pL
using water or an aliquot from a 10 mM ODN stock solution. In
this case, the final ODN concentration was 0.4 mM. Samples
were incubated for 1 hour at room temperature and then
heated and incubated for 10 minutes at 60 °C. After incubation,
the ESR spectra were recorded at 60 °C. At this temperature, the
ESR signal is rather narrow, clearly allowing the detection of
any broadening due to spin-spin exchange.

3. Results

3.1. ODN increases the gel-fluid transition temperature by
10 °C but decreases the transition cooperativity and enthalpy

The thermotropic behavior of DODAB bilayers in the presence
or absence of ODN is shown in Fig. 2.

In the absence of ODN, DODAB displays a narrow phase
transition at 44 °C. This narrow peak at 44 °C is characteristic of
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Fig. 2 Effect of 0.4 mM ODN on DSC scan for 2 mM DODAB vesicles.
Heating rate was 20 °C h™%.

Table1l Transition enthalpies (AH) of 2 mM DODAB vesicles in absence or
presence of 0.4 mM ODN (standard deviation in parenthesis)

Dispersion AH (keal mol ™)
DODAB 9.4 (1)
DODAB + ODN 6.8 (1)

a very cooperative process, in which lipid molecules do not melt
independently of each other due to strong lipid-lipid interac-
tions. The transition cooperativity is related to the temperature
range in which the transition takes place; the narrower the
temperature range, the more cooperative the transition is.*® In
the presence of ODN, the endothermic peak at 44 °C disappears
and a broader and less intense peak appears at 54 °C (Fig. 2).
The broadening of the peak indicates a less cooperative phase
transition.

Table 1 shows the transition enthalpies (AH) calculated from
thermograms in Fig. 2. AH values decrease 28% in the presence
of oligonucleotides.

3.2. ODN induces coalescence of DODAB vesicles into

multilamellar structures

Vesicles marked with excess spin labels present a broad ESR
spectrum that is characteristic of spin exchange interactions.
Fig. 3 shows that this broad spectrum does not change by
mixing labeled and unlabeled vesicles, showing that there is no
spontaneous vesicle coalescence.

However, the addition of ODN to the mixture of labeled
and unlabeled vesicles led to a narrowing of the spectrum that
is due to probe dilution within the bilayer phase caused by
vesicle coalescence.

This coalescence led to the formation of multilamellar structures,
as observed from SAXS spectra (Fig. 4). In the absence of ODN,
the scattering profile is characteristic of unilamellar vesicles.*®
On the other hand, in the presence of ODN the scattering
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Fig. 3 Effect of ODN on ESR spectrum of mixtures containing spin-
labeled and unlabeled DODAB vesicles. Vesicles were labeled with
2 mol% 16-PCSL. A final 0.2 mM labeled/1.8 mM unlabeled vesicle ratio
interacted in presence or absence of ODN for 1 hour at room temperature
before the ESR spectra were recorded at 60 °C.

curves show Bragg peaks at ~1.41 nm™ ' and ~2.84 nm *. This
ratio of 1:2 for diffraction orders is characteristic of a multi-
lamellar phase.*°

Along the lipid gel phase, in the temperature range of 20 °C
to 35 °C, the first diffraction order in the presence of ODN is
conserved at ~1.41 nm~ "' (Fig. 4), from which it is possible
to calculate a repeat distance of ~4.5 nm (see Section 2.4.). On the
other hand, in the fluid phase, at 60 °C, the first diffraction order
is shifted to ~1.32 nm™" (Fig. 4), resulting in a repeat distance
of ~4.8 nm.
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Fig. 4 SAXS curves of 2 mM DODAB in the absence (I) and presence of
0.4 mM ODN (II-VI) at different temperatures: 20 °C (ll), 25 °C (lll), 30 °C
(and 1V), 35 °C (V) and 60 °C (VI).
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Table 2 Values of SAXS data analysis using the MCT theory at different
temperatures?

T ODN Rpor Rcu Rcu Ppol (e 'w

(°C) (mM) (nm) (nm) (nm) nm° N g (nm)
30 0 0.47(2) 1.1(3) 0.20(1) 470(10) — — —

20 0.4 0.44(2) 1.2(2) 0.30(2) 450(10) 8(1) 0.012 0.5(1)
25 0.4 0.44(2) 1.2(2) 0.30(2) 450(10) 7(1) 0.054 0.5(1)
30 0.4 0.44(3) 1.2(2) 0.30(2) 450(10) 7(1) 0.065 0.5(1)
35 0.4 0.44(3) 1.2(2) 0.30(2) 450(10) 7(1) 0.083 0.5(1)
60 0.4 0.35(2) 1.1(2) 0.20(2) 430(10)  13(1) 0.081 1.4(1)

% R; and p; are the thickness and electron density of the polar head-
group, the CH, and CHj; regions. N is the number of stacked bilayers,
1 is the Caille parameter, and ry is the length of the water thickness
between two adjacent bilayers. Standard deviations are in parenthesis.

According to the MCT theory, the number of stacked bilayers
was found to be approximately 7 at room temperature, increasing
to about 11 at 60 °C (Table 2). The Caille parameter was found to
increase during the increase of temperature, which is in agree-
ment with the literature.*"

3.3. ODN rigidifies the DODAB gel phase but affects the
surface and core of fluid DODAB membranes differently

The effects of ODN on the nanoscopic structure of DODAB bilayers
were investigated by means of ESR spectroscopy. This technique
probes the environment neighboring the paramagnetic probe
attached to the phospholipid acyl chain.**** For instance, 5-PCSL
(Fig. 1) is labeled on the 5th carbon of the acyl chain and probes the
bilayer close to the water interface, whereas 16-PCSL (Fig. 1) is
labeled on the 16th carbon and gives information about the bilayer
core. Spectra of 5- and 16-PCSL in DODAB vesicles are shown for
different temperatures in Fig. 5 and 6.

In the absence of ODN, the spectra of both probes at 30 °C
are typical of nitroxides in a tightly packed environment such as

+ODN

DODAB

30°C

40°Cc

47°C

60°C

Fig. 5 Effect of 0.4 mM ODN on ESR spectra of 5-PCSL incorporated in
2 mM DODARB vesicles at different temperatures. Dotted lines indicate the
position of the maximum and minimum hyperfine splitting (Amax and Amin)-
Arrows indicate a more mobile component which coexists with the typical
gel phase signal. Total spectra width is 100 G.
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Fig. 6 Effect of 0.4 mM ODN on ESR spectra of 16-PCSL incorporated in
2 mM DODAB vesicles at different temperatures. Maximum hyperfine
splitting (Amax) is indicated, as well as the position of central (ho) and high
(h_4) field lines. Arrows indicate a more mobile component which coexists
with the typical gel phase signal. Total spectra width is 100 G.

the gel phase (Fig. 5 and 6). However, the membranes are less
packed in the core than close to the surface. This flexibility
gradient towards the bilayer core®” is evident from the more
anisotropic signal of 5-PCSL (Fig. 5) as compared to 16-PCSL
(Fig. 6). At 40 °C, there is an evident presence of two signals in
the same spectrum for both probes (Fig. 5 and 6). These two
signals are characteristic of the coexistence of rigid and fluid
lipid domains within the DODAB bilayers.

At 47 °C and 60 °C, the spectra of probes in the absence of ODN
are typical of the fluid phase: 5-PCSL is in a rather fluid and ordered
location (Fig. 5), close to the bilayer interface, where the labels have
fast movement around their long axis;*” the 16-PCSL spectra indicate
fast and nearly isotropic movement for the nitroxide moiety (Fig. 6),
typical of the motional narrowing region.>”

In the presence of ODN, the spectra of 5- and 16-PCSL at 40 °C
are very similar to the spectra of pure DODAB at 30 °C (Fig. 5 and 6).
The disappearance of the two signals at 40 °C in the presence of
ODN indicates that there is only one population of rigid lipids,
without the coexistence of rigid and fluid domains.

On the other hand, the spectra in the presence of ODN clearly
display two signals at 47 °C (Fig. 5 and 6), indicating the coexistence
of fluid and rigid domains at this temperature. At 60 °C, the spectra
of both probes are typical of the fluid phase (Fig. 5 and 6).

Empirical parameters obtained from the ESR spectra pro-
vide more details on membrane structure. In the gel phase an
important parameter is the maximum hyperfine splitting, Amax
(Fig. 7), which can be directly measured from the ESR spectra
and is sensitive to the label environment viscosity or packing.*®

Apax values decrease as the paramagnetic label goes deeper into
the bilayer, i.e., Aax values for 16-PCSL are smaller than for 5-PCSL
(Fig. 7). This reflects the known flexibility gradient towards the
bilayer core.”” In the presence of ODN, Ay, values are higher for
both probes (Fig. 7), indicating that ODN rigidifies the gel phase.
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Fig. 7 Effect of ODN on the maximum hyperfine splitting (Amax) from ESR
spectra of 5- and 16-PCSL incorporated in the gel phase of DODAB vesicles.

For the fluid phase, distinct parameters should be used to
analyze the spectra of each spin label (Fig. 8). The effective
order parameter (S.g) is an appropriate parameter to evaluate
the acyl chain order with 5-PCSL (Fig. 8A). The position of the
nitroxide group closer to the bilayer surface, in an ordered
microenvironment, results in anisotropic ESR spectra with
clearly defined maximum and minimum hyperfine splittings
(Amax and Ann, respectively). These hyperfine splittings can be
directly measured from the ESR spectra (see Fig. 5) and are used
to calculate the values of See*® as described in Materials and
methods. S.¢ includes contributions from the chain order and
rate of motion, but the main contribution is the amplitude of
acyl chains segmental motion.*®

The slight decrease in S.¢ values observed in the presence of
ODN (Fig. 8A) indicates that ODN adsorption decreases the
bilayer order close to the membrane surface in the fluid phase.

Spin labels located deeper into the bilayer, such as 16-PCSL,
sense a less ordered microenvironment and yield more isotropic
signals from which A« and A, cannot be measured. In this
case, the ratio of the amplitudes of the high and central field lines
(h_1 and h, are indicated in Fig. 6) can be evaluated accurately.
The h_4/hy amplitude ratio tends to unity when the viscosity at the
environment probed by the spin label decreases.*’

The values of ._,/h, decrease in the presence of ODN (Fig. 8B),
indicating that ODN adsorption rigidifies the core of the DODAB
bilayer in the fluid phase. Hence, ODN has different effects on the
fluid phase: it decreases the order of the bilayer close to the surface
but increases the rigidity of the bilayer core.

4. Discussion

Oligonucleotides spontaneously bind to cationic bilayers due
to electrostatic attraction.'®"” As expected from small single
stranded oligonucleotides in water,>* each ODN molecule used
in this work is probably fully charged, with 10 negatively charged
phosphates in its backbone, so 0.4 mM ODN would correspond
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Fig. 8 Effect of ODN on the effective order parameter (Se¢r) from 5-PCSL
ESR spectra (A) and on h_4/hg ratios from 16-PCSL ESR spectra (B) of fluid
phase DODAB vesicles.

to 4 mM negative charges. This is a condition of excess negative
charge, since less than 2 mM DODAB positive charges are
available for interaction due to bromide counterion association.
The maximum ODN loading obtained at this condition would be
useful for biological applications.

The thermotropic behavior of DODAB bilayers has been
extensively investigated.*”*™" A cooperative narrow phase
transition at 44 °C (Fig. 2) is well established for DODAB
vesicles in water.>*>> Besides the gel and fluid phases, DODAB
may present a subgel®>** or a coagel®>® phase depending on
the sample history.

The subgel phase is obtained by cooling the bilayers below
15 °C.>*** This phase results from a further stretching and
increase in packing of the alkyl chains when compared to the
gel phase, and presents a characteristic pre-transition at 36 °C
in DSC thermograms.®***

The coagel phase has been observed for samples that were
frozen at —20 °C or for concentrated (above 5 mM) DODAB
samples.*>>® This phase corresponds to poorly hydrated multi-
lamellar polycrystalline DODAB suspensions, and results from
a loss of the interlamellar water layer, accompanied by a partial
dehydration of the lipid headgroups and a further ordering of
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the hydrocarbon tails.”>”° It presents a characteristic endother-
mic peak at 54 °C in heating thermograms.”®

In the present work, the diluted (2 mM) DODAB samples
were not cooled below 20 °C; therefore, no characteristic subgel
peak at 36 °C was observed (Fig. 2). However, in the presence
of ODN, the endothermic peak shifted from 44 °C to 54 °C.
A similar shift was described for small sonicated DODAB
bilayer fragments interacting with ODN** and for DODAB
vesicles interacting with large double stranded DNA mole-
cules.’” The 10 °C increase in the phase transition temperature
suggests that ODN is able to stabilize the DODAB gel phase,
and this could be attributed to the shielding of electrostatic
repulsion between cationic headgroups by anionic ODN phos-
phates. However, electrostatic shielding is not the only driving
force behind thermotropic behavior changes upon polyelectro-
Iyte adsorption, since ODN was shown to decrease the phase
transition temperature of interdigitated cationic diC14-amidine
bilayers.>®

In fact, ODN adsorption onto DODAB vesicles simulta-
neously induces an increase in transition temperature and a
decrease in transition cooperativity (Fig. 2). A similar decrease
in cooperativity was observed for the superficial adsorption of
anionic®® and cationic®® polymers to zwitterionic dimyristoyl-
phosphatidylcholine bilayers. In these cases, the cooperativity
decrease has been attributed to the formation of polyelectrolyte
domains in the membrane.

The thermotropic behavior of DODAB vesicles in the presence
of ODN, with an endothermic peak at 54 °C, is similar to the
one observed for the coagel phase.”® Consistent with that, ODN
induced coalescence of DODAB vesicles into multilamellar
structures (Fig. 3 and 4), as previously described for fluid
cationic mixed lipid bilayers.*”**

A repeat distance of ~4.5 nm was calculated for the DODAB
gel phase in the presence of ODN from SAXS curves (Fig. 4).
This distance is much smaller than the ~7.5 nm described for
the gel phase of multilamellar DODAB dispersions in water.> It
is, however, more similar to the ~3.7 nm described for the
DODAB coagel phase,>®* with the small difference (~ 0.8 nm)
in the repeat distance being consistent with the presence of
ODN intercalated between lamellae. Hence, it is reasonable to
assume that the ODN induces the formation of a structure that
is less hydrated than the gel phase of multilamellar DODAB
dispersions in water, and that this structure resembles the
dehydrated coagel phase more closely, although no polycrystal-
line structure is macroscopically observed. In agreement
with that, it is known that ODN adsorption to cationic bilayers
causes dehydration of the water-lipid interface in a concentration-
dependent manner.*®

The ability of ODN to induce a closer approach between
lamellae, with a possible loss of intermediate water, is rein-
forced by the fact that the repeat distances before (~4.5 nm)
and after (~4.8 nm) phase transition are very similar. This
contrast with the previously described increase in repeat dis-
tances from gel (~7.5 nm) to fluid (~9.2 nm) multilamellar
DODARB vesicles.> Hence, ODN might act as a bridge between
adjacent lamellae.
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In fact, the water layer of ~0.5 nm present between two
adjacent bilayers (Table 2) is remarkably similar to the
~0.6 nm ODN cross-section. Thus, it is also possible to infer
that there is only one ODN layer between two consecutive
lamellae. A similar organization was observed using cryo-TEM
imaging for multilamellar assemblies of oligonucleotides and
cationic DOTAP bilayers.®"

It is possible to estimate the extended chain length of DODAB
from . (nm) = 0.15 + 0.1265n,,°* where n, is the number of
hydrocarbons per lipid chain. For DODAB, [y.x ~ 2.4 nm,
resulting in a bilayer thickness of ~4.8 nm if the alkyl chains
are fully extended and without taking into account the lipid
polar headgroups. This bilayer thickness is slightly larger than
the ~4.5 nm repeat distance calculated for the DODAB gel phase
in the presence of ODN (Fig. 4). It is also larger than the 3.4 nm
bilayer thickness calculated for the gel phase of 8 mM DODAB in
D,0.>* There are three possibilities to explain these discrepan-
cies: 1 - the alkyl chains are not fully extended at the gel phase;
2 - the lipid chains are fully extended, but the DODAB molecules
are tilted; or 3 - the lipid chains are interdigitated.

The third possibility, that DODAB membranes are interdigitated,
can be outright dismissed from the ESR data. In interdigitated
membranes, ESR probes located near the bilayer core, such as
16-PCSL, are motionally more restricted and/or ordered than non-
interdigitated bilayers and have Ay, values similar to those of the
probes near the bilayer surface, such as 5-PCSL.>***>% That is clearly
not the case for DODAB vesicles in the presence or absence of ODN:
the A.x values for 16-PCSL are much lower than those of 5-PCSL
(Fig. 7). The absence of interdigitation might explain why ODN
adsorption increases the phase transition temperature for DODAB
(Fig. 2) but decreases for diC14-amidine,*® as previously noted.

The first possibility, that alkyl chains are not fully extended,
is supported by the fact that DODAB alkyl chains can be further
stretched in the subgel state.>* As previously noted (Section 3.3.),
there is a flexibility gradient towards the bilayer core which is not
affected by ODN adsorption (Fig. 5 and 6), showing that even in
the gel phase the hydrocarbon chains are not all extended in the
all-trans conformation. That is the case for many other lipids.*”
The second possibility, that DODAB molecules are tilted, was
reported for supported DODAB multilayers.®”

The ESR data also show that ODN stabilizes the DODAB gel
phase by making it more rigid, i.e., by increasing Ap,,x values
(Fig. 7). Consistent with the transition temperature increase to
54 °C (Fig. 2), the coexistence of two populations of rigid and
fluid lipids observed at the beginning of the gel-fluid transition
(40 °C), which had been previously reported,'” is shifted to
47 °C (Fig. 5 and 6). An increase in DODAB gel-fluid transition
temperature was also described for addition of 150 mM Nacl to
4 mM DODAB dispersions.®® In that case, however, the tem-
perature increase was modest (about 2 °C) when compared to
the 10 °C increase observed for the addition of 0.4 mM ODN to
2 mM DODAB (Fig. 2). Although a comparison between mono-
valent charges and polyelectrolytes is not straightforward,® it is
possible to infer that the substantial effect of ODN on the gel
phase when compared to salt is not caused only by electrostatic
interactions with cationic DODAB headgroups. In fact, the
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stabilization of the gel phase in presence of monovalent salt
was only noticed in the bilayer core, since no effect was
observed in 5-PCSL spectra.®® The contrasting increase in gel
phase bilayer packing observed with ODN (Fig. 7) could be
attributed to superficial dehydration of the bilayers.

In the fluid phase, ODN simultaneously induces a decrease
in superficial ordering and an increase in bilayer core packing
(Fig. 8). This contrasts with the fact that fluid DODAB bilayers at
high salt concentration display a slight decrease in bilayer packing
at both the surface and the core,’® but agrees with the fact that
ODN reduces the exposure of hydrophobic bilayer regions to water
in fluid cationic bilayers.®® Hence, dehydration effects caused by
ODN could be playing a more important role in fluid bilayer
organization than electrostatic effects caused by salt.

The increase in fluid bilayer core packing could explain the
decrease in phase transition enthalpy (AH) observed in the presence
of ODN: in this case, the transition would proceed from a rigid gel
phase to a more rigid fluid phase, and the energy difference between
gel and fluid phases would be reduced. Consistently, a lower AH
value was also observed for the gel/fluid transition of diC14-amidine
in the presence of ODN, which exhibits a more rigid fluid phase
than that of the pure lipid.>

5. Conclusions

The structure of DODAB vesicles interacting with oligonucleo-
tides was investigated by means of DSC, SAXS and ESR spectro-
scopy. The electrostatic adsorption of ODN caused coalescence
of unilamellar DODAB vesicles into multilamellar structures
with close contact between lamellae. It also caused a substan-
tial increase in phase transition temperature and a decrease in
transition cooperativity.

ODN rigidified and stabilized the gel phase. At the fluid
phase, a simultaneous decrease in bilayer order close to the
surface and increase in bilayer core rigidity was observed in
the presence of ODN. These effects may be due not only to the
strong electrostatic interactions between anionic ODN phos-
phates and cationic DODAB headgroups but also to the super-
ficial dehydration of the bilayers.

The set of results presented here demonstrates that the
adsorption of highly charged small single-stranded ODNs can
deeply affect the structure of cationic DODAB bilayers. Although
no polycrystalline structure was observed macroscopically, it is
possible that ODNs induce the formation of a multilamellar
poorly hydrated coagel-like phase. These effects should be taken
in account when planning antisense or vaccine delivery employ-
ing cationic bilayer carriers.
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