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Abstract Phospholipid-based non-viral carriers composed of neutral phospholipid dioleoylphosphatidylethanolamine (DOPE)
and the binary mixture DOPE-oleic acid (OA) are examined as potential DNA delivery vectors. The process of DNA
condensation in the presence of Ca?* ions has been monitored through changes in emmision intensity of fluorescent
probe ethidium bromide. The decline in fluorescence intensity with increasing Ca?* concentration at two different time
intervals was correlated with the binding capacity of complexes and possible release of DNA from the complex. The
microstructure of DOPE-OA mixtures at different OA/DOPE molar ratios and that of DOPE-OA-DNA-Ca?" complexes
were determined using synchrotron small angle X-ray diffraction (SAXD). We identified inverted hexagonal phase H, as
the dominant structure. OA affects the lattice parameter of H, formed by DOPE. With the increasing OA/DOPE molar
ratio, the lattice parameter decreases, which results in significantly lower fraction of DNA bound to the OA-enriched

complexes.
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INTRODUCTION

Gene therapy provides an unique approach to threat
diseases by delivering a genetic material into the nucleus
in order to correct the loss of function or to express the
deficient gene product at physiological level (Glover
et al. 2005). Owing to concerns about using viral gene
transfer vehicles non-viral vectors represent promising
alternative disposing multiple benefits such as biosafety,
less immunotoxicity, low cost and ease of production
(Ramamoorth and Narvekar 2015). Chemical non-viral
nucleic acid delivery systems are, amongst others,
cationic lipid-DNA complexes called lipoplexes. For
this purpose, hundreds of lipids have been developed
for gene transfer; however, lipoplexes still face a lack of
transfection efficiency. In our laboratory, lipidic carriers
for DNA have been studied previously (Hubcik et al.
2014, 2015, Lengyel et al. 2011, Liskayova et al. 2017). The
structure of lipid-based systems has been investigated
and reviewed extensively for the past two decades
(Uhrikova et al. 2007, Uhrikova et al. 2005, Pullmannova
et al. 2012, Puri et al. 2009).

Dioleoylphosphatidylethanolamine (DOPE) was
reported to stabilise lipoplexes and enhance in vivo
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cationic lipid-dependent delivery of plasmid DNA to
the mouse brain (Hassani et al. 2005). Free fatty acids
(FFAs) have the effect on the organisation and local
structures of membranes (Seddon et al. 1997, Templer
et al. 1998). They also show the ability to modulate cell
functions (Pérez et al. 1997). The effect of oleic acid
(OA) on phosphatidylethanolamine (PE) membranes
was studied previously (Funari et al. 2003, Prades et al.
2003, Gillams et al. 2014). It was found that OA induces
important alterations in the supramolecular organisation
of PE derivatives and also the thermal sensitivity of
DOPE is altered by the presence of OA. OA modulates
the membrane structure, inducing negative membrane
curvature strain on DOPE caused probably by the lateral
pressure of OA on fatty acids of DOPE.

In this study, we have prepared complexes made of OA-
DOPE and studied their capability of DNA compaction
in the presence of Ca?* ions as one of the essential
steps before DNA delivery. Fluorescence study provides
valuable information about the binding capacity of
lipid-based carriers for DNA (Geall and Blagbrough
2000). We have examined DNA-binding affinity and its
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condensation using ethidium bromide exclusion assay.
We have used the small-angle X-ray diffraction (SAXD)
to study the structure of lipoplexes as a function of their
composition. Lipoplexes presented in this study have
not been reported to be prepared and investigated yet
and these new biophysical data may contribute to the
knowledge of physico-chemical properties at designing
non-viral lipid-based delivery vectors for the transfer of
nucleic acids.

METHODS
Materials

Neutral phospholipid DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine) was purchased from Avanti Polar
Lipids, Inc., USA. Highly polymerised DNA (sodium salt)
type XIV from herring testes (average Mr of nucleotide
= 308) and OA (analytical standard) were purchased
from Sigma Aldrich, USA. NaCl, NaOH and 35% HCI of
analytical purity were obtained from Lachema, Brno,
Czech Republic. Ethidium bromide (EtBr) and calcium
chloride dihydrate for analysis were purchased from
Merck, Germany. The chemicals were of the analytical
grade and used without further purifications. The
aqueous solutions were prepared with redistilled water.

Preparation of DNA solution/UV-VIS
measurements

DNA was dissolved in 0.15 mol/I NaCl. The precise
value of DNA concentration was estimated
spectrophotometrically (Agilent 8453 Diode array
spectrophotometer), according to ¢, = A, 4.7 x 107
[g/ml], where A, is the absorbance at wavelength A
= 260 nm. The concentration of DNA is referred as the
molar concentration of DNA bases. The purity of DNA
was checked by measuring the absorbance A, at A = 260
and 280 nm and evaluating A, /A, . UV-vis was used to
determine the amount of DNA bound in the complexes
of samples for SAXD experiments by applying the
method described in Lengyel et al. 2011 and Rajnohova
etal.2010.

Preparation of complexes for fluorescence
experiments

DOPE and OA-DOPE mixtures were dissolved in
chloroform and mixed to obtain a mixture with the
required OA/DOPE molar ratio. Lipid mixtures were dried
under a stream of gaseous nitrogen and the residue of
chloroform was removed under vacuum. Each sample
contained 1.2 mg of DOPE and the corresponding
amount of OA with respect to the OA/DOPE molar ratio.
The dry mixtures were hydrated using the solution of

DNA in 150 mmol/l NaCl at the ratio of DOPE/DNA = 8
(mol/base) and the solution of CaCl -2H,O to obtain the
required molar concentration of calcium cations. The
volume of samples was adjusted to 2.5 ml using 150
mmol/l NaCl. Afterwards, samples were homogenised
(by vortexing and freezing—-thawing). The pH of samples
was measured before the fluorescence measurement. We
recorded a slight decrease in pH with increasing calcium
concentration. In the sample with 0 mmol/l calcium
concentration, pH = 7.1, whereas at 40 mmol/I calcium
concentration pH = 6.5. EtBr as fluorescence probe was
added in the last step of sample preparation to obtain
the EtBr/DNA molar ratio of 4 mol/base, and the final
volume of the sample was 3 ml.

Preparation of complexes for X-ray diffraction
experiments

OA-DOPE mixtures and DOPE-OA-DNA-Ca?* complexes
were prepared by hydrating the dry lipid film with the
solution of DNA in 150 mmol/l NaCl at the DOPE/DNA
ratio of 8 (mol/base) and the solution of CaCl-2H,0
to obtain the molar concentration of calcium cations
of 15 mmol/l. The final volume of the sample was 1
ml. Homogenisation of the sample was carried out
analogously as described in the previous section. A few
minutes after the preparation, a sediment was formed.
pH of samples was checked and was determined to be
~6 for both the binary mixtures and the DOPE-OA-
DNA-Ca?* complexes. At the OA/DOPE molar ratio of 1,
the pH of samples was adjusted by adding 50 mmol/l HCI
solution to slightly acidic (~4.8) or by adding 10 mmol/I
NaOH solution to raise the pH to ~7.6. The supernatant
was gently removed using a Pasteur pipette and the
sediment was transferred into a capillary made of special
glass with a diameter of 1.5 mm. Filled capillaries were
centrifuged for 1 min at 500 RPM using Rotofix 32 A
Hettich Centrifuge. The residue of the supernatant was
removed using a syringe. Capillaries were sealed and
prepared for X-ray diffraction experiments. The amount
of DNA bound in the complexes was determined from
the supernatant using UV-vis spectroscopy.

Fluorescence experiments

The fluorescence of samples was measured using the
Fluoromax-4 spectrofluorometer (Jobin Yvon, France) at
the laboratory temperature. The emission fluorescence
intensity of EtBr was measured at A = 596 nm using
excitation wavelength A_ = 510 nm. The samples were
measured 60 min after the complexes’ preparation and
repeatedly after 30 days. They were constantly stirred
during the measurement. The emission intensity of each
sample was corrected for the background fluorescence
of EtBr in the absence of DNA and then normalised to
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Figure 1. Dependence of nomalised intensity | of DNA-EtBr-DOPE-Ca’" and DNA-EtBr-DOPE-OA-Ca** complexes on
in the presence of calcium cations without OA m and with OA at OA/DOPE molar ratio of 1 mol/mol - measured at 60 min (a)

and 30 days after preparation (b)

the EtBr fluorescence of sample containing DNA without
calcium cations according to equation 1:

I

DNA+DOPE+Ca?* +EtBr_ INaCl+EtBr
IDNA+DOPE+EtBr ~ INaCl+EtBr

Inorm

(M

Small-angle X-ray diffraction experiments (SAXD)

Small-angle synchrotron radiation diffraction
experiments were performed at the NCD-BL11 beamline,
ALBA Synchrotron, Barcelona (Spain) using radiation of
wavelength A =0.124 nm. The sample in vertically placed
capillary was equilibrated at the required temperature
before being exposed to the radation. CCD (Couple-
charged device) camera Quantum 210r was supplied by
ADSC (Quantum 210r CCD) for SAXD detection. Raw data
were normalised against the incident beam intensity.
The SAXD detector was calibrated using silver behenate.
Diffractograms were evaluated with the intensity of
the incident beam following an exponential model.
Diffraction peaks of SAXD region were fitted with a
Lorenztian curve above a nonlinear background.

RESULTS
DNA condensation
DNA condensation was indicated by a decrease in the

emission intensity of EtBr. Figure 1 shows the dependence
of the emission intensity of EtBr on the concentration of

calcium cations at 25 °C in DNA-DOPE-Ca?" and DNA-
DOPE-OA-Ca?* complexes at OA/DOPE molar ratios = 1
mol/mol. The concentration of DNA and EtBr was kept
constant, whereas the concentration of calcium cations
varied from 0 to 40 mmol/l. The normalised emission
intensity of EtBr decreases with increasing concentration
of calcium cations in both time intervals. In Figure 1, we
can see that the | decreases to ~37% (Al = 63 %)
in the presence of DOPE-DNA-Ca?*" complexes but only
to ~71% in the system with OA. After 30 days, Al did
not change significantly within the experimental error in
DOPE-DNA-Ca?* complexes. In case of DOPE-OA-DNA-
Ca**complexes, Al was increased by ~7% after 30 days
as shown in Figure 1b.

X-ray scattering

We studied the structure of OA-DOPE mixtures and
DNA-DOPE-OA-Ca?* complexes as a function of OA
content. Fully hydrated DOPE (Fig. 2A) forms at 20 °C an
inverted hexagonal phase H, showing diffraction peaks at
reciprocal distances q,, = 4m(h? + k* - hk)”z/(aH*\/3) nm-,
where h and k are Miller indices. The lattice parameter a,,
(a,=4n/ g*v/3 nm) is determined from the position of
H,(10) peak’s maximum characterising distance between
the axes of two adjacent cylinders forming a columnar
hexagonal phase (see Fig. 3).

Figure 2a shows the diffractogram of fully hydrated
DOPE in the environment of 150 mmol/l NaCl at 20 °C.
We determined the lattice parameter a, as 7.54 nm. The
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Figure 2. SAXD patterns of DOPE at 20 °C (a), OA-DOPE
mixtures at 20 °C at OA/DOPE molar ratios of 0.2 (b), 0.4
(c) and 1 (d) (mol/mol), DOPE-OA-DNA-Ca?** complexes
at 20 °C (e), DOPE-OA-DNA-Ca?** complexes at 80 °C at pH
of ~4.8 (f) and ~7.6 (g). Cubic phase assignment follows
q,,=2n(h*+k’+F)"?/a,, where h, k and | are Miller indices. All
samples were prepared in the environment of 150 mmol/|
NaCl at 15 mmol/I Ca?** concentration.

Figure 3. lllustration of the inverse hexagonal phase H, in
cross section. The shaded regions represent water. Tubes
of water of radius R, are arranged on a hexagonal lattice,
surrounded by a lipid layer.

addition of OA resulted in the decrease of a, value and
was dependent on the OA/DOPE molar ratio. The greater
the OA content, the smaller is the lattice parameters in
the OA-DOPE systems. The diffractograms of OA-DOPE
mixtures at individual molar ratios are shown in Fig. 2b-
d. At the OA/DOPE molar ratio of 1, the a, was reduced
up to 5.50 nm. The obtained a, values are summarised in
Table 1.

The structure of DOPE-OA-DNA-Ca?** complexes was
studied at 15 mmol/l Ca?* concentration prepared in the
environment of 150 mmol/l NaCl at the OA/DOPE molar
ratio of 1. The diffractogram of the complexes at 20 °C
shows hexagonal arrangement of the mixture (Fig. 2e).
The lattice parameter was maintained at the same values
as in the OA-DOPE system at the OA/DOPE molar ratio of
1 (see Table 1).

OA/DOPE mixtures as well as DOPE-OA-DNA-Ca*
complexes were heated in the temperature of 20-80 °C
with 10 °C temperature increment. Heating sequences
were recorded at two different pH values, ~4.8 and
~7.6. The lattice parameter of hexagonal phases for
both the mixture OA-DOPE and the complexes DOPE-
OA-DNA-Ca?" decreased with rising temperature. The
most significant structural polymorphism was recorded
at OA/DOPE = 1 mol/mol. In addition to peaks related
to hexagonal phase, diffractograms show new peaks
corresponding to a cubic phase. Peaks assigned to
positions /3, V8, V11, 016, V19, v24, V27, v/32 and V44
fit well an inverse micellar cubic phase of the Fd3m
space group. The lattice parameter of the Fd3m phase,
a, = 16 nm, was determined from the slope of the plot
of the peak positions versus v(h? + k2 + I2) passing by the
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Table 1. Samples’ composition and lattice parameters of hexagonal (a,) and cubic phase (a,) at 20 and 80 °C at different pH values

Composition OA/DOPE (mol/mol) t(°Q) pH a, (nm) a, (nm)
DOPE 0 20 6 7.54+£0.01 -
DOPE-OA 0.2 20 6 6.88 £ 0.01 -
DOPE-OA 0.4 20 6 6.27 £0.01 -
DOPE-OA 1 20 6 5.50 £0.01 -
DOPE-OA-DNA-Ca* 1 20 6 5.50+0.02
DOPE-OA-DNA-Ca* 1 80 4.8 5.00 £0.01 15.70 £ 0.01
DOPE-OA-DNA-Ca* 1 80 7.6 4.93 +0.02 -

origin (0,0). For OA/DOPE, Fd3m phase appeared at ~60
°C at moderately acidic pH and was shifted to higher
temperatures at pH of ~7. However, DOPE-OA-DNA-
Ca%* complexes prepared at neutral pH do not arrange
into Fd3m phase at all, as hexagonal phase alone was
identified (Fig. 2f and g). Lattice parameters of both phases
at selected temperatures are summarised in Table 1.

DISCUSSION

Fatty acids (FAs) are important components of the plasma
membrane, in which the core is formed by moieties of
FAs as a part of phospholipid molecules. PE constitutes
~5-50% of total lipids in membranes (Cevc 1993), so that
the study of FA-PE mixtures is of biological relevance. FAs
affect membrane structure (Ibarguren et al. 2014), cell
physiology (Lu et al. 1996) and their levels have also been
associated with pathological states (O’Connor et al. 1999).
The present study is investigating the physicochemical
characteristics of potential non-viral nucleic acid vectors
composed of the OA-DOPE mixture in the presence of
Ca?.

DNA itself can condense into polydispersed rod-like,
spheroid and toroid structures in a first-order phase
transition that is induced by multi-valent cations (Hud
and Vilfan 2005). In the bulk solution, condensation
cannot be used to shape DNA-based nanomaterials by
design because of the lack of predetermined spatial
organisation, the abruptness of the transition and the
high stability of the condensed structures (lwataki et al.
2004, Mel'nikov et al. 1995). However, DNA condensation
can be controlled by layering DNA using cationic lipid
membranes (Koltover et al. 2000). In our experiment
the electrostatic interaction between the neutral
phospholipid DOPE and polayanionic DNA is mediated
by divalent calcium cations. Owing to the interaction,
DNA can be packed into structures formed by the lipid.
Fluorescence spectroscopy is a suitable method to
follow DNA condensation by a decrease in the emission
intensity of fluorescence probe EtBr. Free molecules of

EtBr in a solution follow a nonradiative decay pathway
that involves donation of an amino group proton to
the solvent. When EtBr is intercalated into DNA, the
ethidium cation is isolated from the solvent and the
proton transfer pathway between EtBr and the solvent
is blocked. This leads to about 20-fold increase in the
fluorescence intensity (Izumrudov et al., 2002) because
of the electrostatic attraction between cationic agent
and negatively charged phosphate groups of DNA.
Neutralisation of the negative charge of DNA phosphate
groups leads to compaction and condensation of the
DNA molecules and their condensation (Eastman et al.,
1997). The condensation of DNA leads to displacement
of intercalated EtBr, that presents itself as the decrease
in the fluorescence intensity. Eastman et al. (1997)
suggested that the observed decrease in fluorescence
is directly related to the amount of DNA bound in
the formed aggregate. The greater the decrease in
fluorescence intensity of EtBr, the more EtBr molecules
have been displaced from the DNA base pairs because
of the DNA condensation and thus the forming of
DNA-phospholid complexes. In the DOPE-DNA-Ca?*
complexes, ~63% of DNA was bound, but it was only
29% after the incorporation of OA to the complexes
at the OA/DOPE molar ratio of 1. Complexes were also
measured 30 days after the preparation to see if more
DNA would encapsulate or, on the other hand, the DNA
starts to release from the complex after one month. In
the DOPE-DNA-Ca?" system, the amount of DNA bound
in the complexes did not change. The binding capacity of
DOPE-OA-DNA-Ca?*" complexes was improved by ~7%
after 30 days. Practically, no release of DNA was recorded
in the system without OA. This was found in other
cationic lipid-based system forming reverse hexagonal
mesophase (Amar-Yuli et al. 2011). The presence of
cationic substance leads to such a strong electrostatic
confinement of DNA at the water-lipid interface that the
release into the excess water is prevented.

OA is a molecule with an aliphatic chain and a carboxylic
group whose ionisation is dependent on the solution pH.
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Subsequently, intermolecular interactions depend on its
ionisation state. The pKa of the carboxylic group is around
4.8 (Cistola and Small 1991). For medium- and long-chain
fatty acids, this value increases to a higher apparent pKa
(Cistola et al. 1988). The apparent pKa value of OA in the
aggregated phase is somewhat ill-defined and difficult to
estimate (Salentinig et al. 2010, Peterlin et al. 2009) and,
depending on the used method, can vary between 7.5 at
low concentrations inserted in a PC bilayer and up to 9.85
in pure monolayers. The pKa®" value of OA, determined
by titration, was reported to be between 8.0 and 8.5 by
Cistola et al. (1988) and 9.85 by Kanicky and Shah (2002).
pH of samples in our EtBr accessibility experiment was
~6.5-7. We assume that the most part of OA present
in the complexes is in its unionised form; however,
the presence of the ionised form of OA in the system
and subsegently the interation of Ca?* with negatively
charged molecules of OA cannot be excluded. In Figure
1, one can see that the initial increase in the normalised
EtBr fluorescence intensity takes the values of more than
100 at low calcium concentrations in the complexes with
OA. In the DOPE-OA-DNA-EtBr system, small amounts
of DNA can be captured in the tubules of the hexagonal
structure even in the absence of calcium cations. Because
of high volume fraction of OA (OA/DOPE = 1 mol/mol) in
this experiment, we cannot exclude that Ca** may‘bridge’
two molecules of OA. The formed salt of FA may result in
the exclusion of DNA from the tubules, resulting in the
increase in intensity as follows from the properties of EtBr
used as a probe. We did not observe such behaviour at
OA/DOPE < 1 mol/mol (not shown). With further increase
in the calcium concentration, the complex formation is
the predominant event and the emission intensity of EtBr
decreases.

Fully hydrated DOPE at laboratory temperature arranges
into nonlamellar, inverted hexagonal phase H, with
lattice parameter a,, of ~7.5-7.6 nm. The radius of water
cylinders (R)) inside the tubules was determined by Tate
and Gruner (1989); they reported R = 2.2 nm at 20 °C,
the thickness of the lipid layer d, = 1.62-2.20 nm (as
illustrated in Fig. 3). Inverse hexagonal phase H, was
also found in our OA-DOPE mixture at different OA/
DOPE molar ratios, but with significantly lower lattice
parameters. As we can see in Table 1, the addition of OA
to DOPE remarkably decreases the lattice parameter.
Note, at the OA/DOPE molar ratio of 0.2, we determined
a, = 6.88 nm, and the lattice parameter was reduced
up to 5.50 nm at OA/DOPE = 1 mol/mol. Gillams et al.
(2014) studied phase behaviour of OA/DOPE mixtures as
a function of OA mole fraction. Pure water was used as
hydrating medium. The authors report that OA increases
the propensity of bilayer lipid membranes to curve, up to
level of inverse micellar cubic phase formation. In their
study, H, phase was observed up to mole fraction of OA
Xoa = 0.6. Similar to our finding, the authors observed the

decrease in the lattice parameter a, up to 5 nm at x_, =
0.6. Their analysis indicates that OA affects the elasticity
of lipid/OA monolayers resulting in the reduction of
the radius (R)) of water cylinders. Whilst changes in
the lipid layer thickness (d,) can be considered of little
importance, the variance in d, with respect to R is less
than 2% (Gillams et al. 2014 and references therein).

Interestingly, DOPE-OA-DNA-Ca?* complexes prepared
at OA/DOPE = 1 mol/molin 15 mmol/l of CaCl, show the
same value of a,= 5.5 nm as determined for the OA-
DOPE mixture itself. Let us analyse this finding: It was
reported that DNA can be ,accommodated’ in the water
cylinders of inverted hexagonal phase formed by DOPE
in the presence of divalent cations such as calcium or
magnesium. For example, condensed inverted hexagonal
phase H < was observed at 20 °C in DOPE-DNA-Mg?*
complexes (Uhrikova et al. 2006). The coexistence of both
H, and H phases was reported in the DOPE-DNA-Ca**
system at 20 °C (Lengyel 2010). Lattice parameters (a,) of
H,c phase range were ~7.1 nm in both the experiments
mentioned earlier. In these studies, 5 mmol/l NaCl was
used as the hydrating medium. The difference between
lattice parameters of H, formed by DOPE and those H ¢
observed for DOPE+DNA+ion?* is small (~0.5 nm). In this
system, Ca** mediates DNA—phospholipid binding, and
the tendency of DNA to be wrapped by the lipid results
in R reduction, R = 1.7 nm. It is evident that hydrated
DNA strands with diameter of 2.5 nm (Lieberman 2005)
can arrange readily into water cylinders of H ¢ phase. As
we see, the lattice parameters of DOPE+DNA+ion?* are
increased by ~1.6 nm in comparison to a, value (a,= 5.5
nm) found in our DOPE-OA-DNA-Ca?* system. In view
of discussion above and results of Tate and Gruner, if we
assume the thickness of the lipid layer, d, = 1.62 nm, one
gets the radius of the water core R = 1.13 nm. Thus the
structure shrinks, the water core with radiusR =1.13 nm
in OA-enriched complexes can be seen as limit or even
insufficient for DNA accommodation. However, our data
from fluorescence spectroscopy indicate that up to ~29%
of total DNA in the sample was bound in the complexes.
Additional UV-VIS measurements on complexes prepared
for SAXD experiments indicate that ~10-13% of total
DNA bound four months after the complex preparation.
In summary, both methods, fluorescence and UV-VIS
spectroscopy measurements, confirmed that ~10-29%
of DNA was bound in the complexes. Generally, it is
supposed that at hexagonal arrangement of lipoplexes,
in condensed inverted hexagonal phase HS DNA
occupies interior of water-filled cylinders formed by lipid
monolayers of inverted hexagonal phase. The symmetry
of arrangement of DNA is dictated by symmetry of the
lipid arrangement. As such, the difference between
SAXD patterns of H and H  is not obvious. The greater
electron density of DNA with respect to water should
lead to the relative suppression of the (21) and (20) Bragg
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peak intensities compared with that in the lipid H phase
(Koltover et al. 1998). Comparing patterns of OA-DOPE
and DOPE-OA-DNA-Ca?* (Fig. 2d and e, respectively),
relative changes in the intensities of (21) and (20) are
rather small. This fact together with closeness of the
obtained lattice parameters raises the question: where is
the detected DNA located in our complexes? From the
physical point of view, our complexes are the so-called
‘polycrystalline’ samples with random orientation of
microdomains (with internal order) of colloid mixture.
As such, the lattice parameter derived from SAXD is an
average value of lattice parameters of microdomains
exposed to X-ray in the moment of an image collection.
Our SAXD data show no difference between the lattice
parameters of hexagonal phases formed by OA-DOPE
and DOPE-OA-DNA-Ca?". However, we found up to
~29% of DNA bound. We suppose that a part of DNA
can be localised in the interior of water cylinders of
H, phase; however, DNA strands can also be trapped
by the structure itself at the lipid—-water interface.
Temperature measurements of the complexes support
our assumption. High temperature stimulates the
formation of micellar cubic phase Fd3m. In our studied
system, Fd3m was observed at 60 °C first in OA-DOPE
mixtures at both moderately acidic and neutral pH. After
the addition of DNA to OA-DOPE mixture in the presence
of Ca?* at neutral pH, we did not detect any peak related
to the cubic phase. DNA stabilises the inverse columnar
hexagonal arrangement in the system DOPE-OA-DNA-
Ca**, because the formation of H, only was observed
at pH of ~7.6 in the whole studied temperature range
(see Fig. 2f). The disruption of hexagonally packed
cylinders of H, and their rearrangement into a phase of
three-dimensional symmetry (Fd3m) depends strongly
on external conditions, such as temperature and ionic
strength. For example, Gillams et al. (2014) observed
coexistence of H, and Fd3m phases for OA/DOPE = 1 mol/
mol already at 20 °C. Pure water was used as hydrating
medium in this study. At the same composition of
OA-DOPE mixture, we detected the presence of cubic
phases at ~60 and ~70 °C in dependence on pH of the
solution (pH of ~4.8 and 7.6, respectively). The high
concentration of the salt (150 mmol/lI NaCl) used in our
experiment might be responsible for this difference.
Recent knowledge documents no significant effect of
NaCl on the bilayer structure for ion concentration up to
1 mol (Petrache et al. 2006, Pabst et al. 2007). Pabst et al.
(2007) reported a decrease in bilayer elasticity and shift of
main transition temperature in the presence of NaCl and

CaCl,. Reduced elasticity of the bilayer because of a tight
binding of sodium cations to the carbonyl oxygens of
the phospholipid was also found elsewhere (Bockmann
et al. 2003). This rigidification and ,stabilisation’ of
the structure because of high salt content is highly
responsible for H phase as the only one observed in our
system. Moreover, DNA trapped in DOPE-OA-DNA-Ca?*
complexes prepared at neutral pH stabilises hexagonal
packing as well, up to high temperature as documented
in our experimental data.

CONCLUSIONS

The study was aimed to design nucleic acid delivery
vectors based on phospholipid. A mixture of zwitterionic
DOPE and OA was used as lipid matrix. Fatty acids are
natural components of biological membranes and are
known as effective modulator of polymorphic behaviour
of phospholipids. SAXD experiments revealed that OA
induces structural changes in the inverted hexagonal
phase H, of DOPE. We have found that increasing the
content of oleic acid, as additive, reduces the lattice
parameter of H formed by DOPE.The effectis marked and
recognised as crucial obstacle in efficient DNA binding
into water cylinders that form the core of OA-DOPE
tubules arranged in hexagonal symmetry. The amount
of DNA bound in complexes (~10-29%) was determined
using fluorescence and UV-vis spectroscopy. After 30
days, either the binding capacity of the complexes or
the DNA release from the hexagonal phase into excess
water was not affected. High content of OA and increase
in temperature promote formation of an inverted
micellar cubic phase of Fd3m space group. At neutral
pH, DNA bound in complexes prevents disintegration
of the structure and hexagonal phase was observed
up to 80 °C. The findings obtained under this study
contribute to knowledge about DNA complexation into
supramolecular structure formed by lipid bilayer, what is
the essential feature at gene delivery vectors designing.
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