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with C;,NO/dioleoylphosphatidylethanolamine (DOPE) vesicles and discuss it in view of utilizing the sur-
factant for the gene delivery vector of a pH sensitive system. In neutral solutions, the DNA uptake is low,
and a lamellar L, phase formed by C;,NO/DOPE is prevailing in the complexes at 0.2 < C;,NO/
DOPE < 0.6 mol/mol. A maximum of ~30% of the total DNA volume in the sample is bound in a condensed
Cationic liposome lamellar phase L§ at C;oNO/DOPE = 1 mol/mol and pH 7.2. In acidic conditions, a condensed inverted hex-
Small angle X-ray diffraction agonal phase H§ was observed at C;,NO/DOPE = 0.2 mol/mol. Commensurate lattice parameters, ayc ~ d;c,
DNA were detected at 0.3 < C;,NO/DOPE < 0.4 mol/mol and pH = 4.9-6.4 suggesting that LS and Hfj phases were
pH responsive polymorphism epitaxially related. While at the same composition but pH ~ 7, the mixture forms a cubic phase (Pn3m) when
the complexes were heated to 80 °C and cooled down to 20 °C. Finally, a large portion of the surfactant
(C12NO/DOPE > 0.5) stabilizes the LS phase in C;,NO/DOPE/DNA complexes and the distance between DNA
strands (dpna) is modulated by the pH value. Both the composition and pH affect the DNA binding in the com-
plexes reaching up to ~95% of the DNA total amount at acidic conditions.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Complexes of DNA with cationic liposomes (CL) are intensively stud-
ied as potential non-viral vectors for gene therapy [1-4]. Cationic lipids
and surfactants strongly interact with the polyanion of DNA due to elec-
trostatic attraction and, also, due to the stabilization of DNA surfactant
complexes through hydrophobic interactions between lipophilic moie-
ties of surfactant molecules. The compensation of the negative charge
of DNA by cationic species, allows the complex to approach the cyto-
plasmic membrane. In addition, cationic surfactants have been reported
to collapse individual DNA molecules and to form small particles, which
allow an efficient internalization of these complexes into the cells [5,6].
The transport mechanism of DNA into the cells includes several key
steps. The complex internalized inside the cell by endocytosis has to

Abbreviations: SAXD, small angle X-ray diffraction; C;,NO, N,N-dimethyldodecylamine-
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condensed lamellar phase; Hf, condensed hexagonal phase; CL, cationic liposome
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escape from the endosome through the activated fusion with the
endosomal membrane. After the escape from the endosome, DNA
must be released by the dissociation of these complexes into the
cytoplasm. Whereas for a successful escape from the endosome a high
positive surface charge density of complexes is needed as it facilitates
the fusion with the negatively charged endosomal membrane, for the
dissociation of complexes into the cytoplasm a high surface charge den-
sity is undesirable as it increases their stability and prevents complex
dissociation [7,8]. One of the ways to overcome this problem is the use
of pH-sensitive surfactants with pK, within the range of 4.5 to 8.
These pH-sensitive surfactants are at acidic pH inside the endosomes
in their cationic form, which enables the membrane fusion of the com-
plexes with the endosome. At neutral pH, in the cytoplasm, they are
mainly in their non-ionic form enabling an easy dissociation of the com-
plex [9-11].

Relationships between the structure of gene delivery vectors and
their transfection efficiency have been studied widely for many years,
and the conclusions are not all consistent [12-14]. A condensed lamellar
phase (LS) with DNA strands packed regularly between cationic phos-
pholipid bilayers [15] and an inverted hexagonal phase where DNA is
arranged inside of tubules formed by inverted micelles and packed in
hexagonal symmetry (H$) [16] are the most discussed structures,
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although bicontinuous cubic phases [17,18] were also revealed in mor-
phologies of gene delivery vectors. For the LS phase, the optimal surface
charge density of a cationic membrane (o, ~ /100 A%) was found as a
key parameter for the fusion of cationic liposome-DNA complexes
with the endosomal membrane [7]. X-ray structural studies show that
the rate of DNA release from lipoplexes as well as transfection activity
correlate well with non-lamellar phase progressions observed in cation-
ic-neutral lipid mixtures [12,14,19]. The transfection behavior of the
inverted hexagonal H§j phase of cationic liposome-DNA complexes is in-
dependent of the membrane charge density.

N,N-dimethyldodecylamine-N-oxide (C;,NO) (Fig. 1) is a non-ionic
surfactant in solutions with neutral pH. However a strong polar N-O
bond with a high electron density on oxygen yields in the protonation
of molecules (C;,N*OH) at acidic pH (pK ~ 5) [20-23].

C12NO as an amphiphile incorporates into biological membranes and
can induce changes of fluidity [24,25] and thickness [26-29] of lipid bi-
layers. At high concentration, C;,NO destabilizes lipid bilayers, and
forms non-bilayer phases and mixed micelles [30,31]. Generally, C,NO
(in CnNO, n is the number of carbons in the alkyl substituent) displays
antimicrobial [25,32], immunomodulatory [33] or antiphotosynthetic
activity [34]. Also functions of membrane proteins such as sarcoplasmic
reticulum Ca®*-ATPase are modulated [35]. However, all available in-
formation on amine oxides demonstrates their low-to-moderate level
of toxicity [36-38].

The toxicity of N,N-dimethylalkylamine oxides expressed as their
lowest, still effective concentration at which the growth of the microor-
ganisms is inhibited, or the so called minimum inhibitory concentration
(MIC) supports the statement above. For example, the MIC of C;,NO, the
most effective of the C,NOs, n = 6-18 homologous series, detected at
Escherichia coli and Staphylococcus aureus was found 3-340 times higher
[32,39] in comparison to gemini surfactant pentane-1,5-diyl-
bis(dodecyldimethylammonium bromide) used in the liposomal DNA
delivery vector in transfection experiments [40,41]. In absolute unit
scale, Warisnoicharoen et al. [38] found 0.08 mg/ml (~350 uM) as the
C1,NO concentration that caused 50% cell death (i.e. IC5y) tested on
human bronchial epithelium cells. Recently, 0.023 mg/ml of C;,NO
(100 uM) was recognized as the concentration causing the increase in
mammalian cells' lethality [37].

Among the C,NO homological series, C;,NO is widely used in phar-
maceutical and cosmetic formulations, as detergent in household
dishwashing liquids and surface cleaners and in various areas of indus-
try [36,37,42]. Due to its large use, the concentration of C,NO in some
rivers in Japan was monitored, and was found at 0.01-0.07 pg/l
(<0.3 nM if related to C;2NO only) as declared in the report of the
Japan Soap and Detergent Association (JSDA, Tokyo, Japan), cited in
Fukunaga et al. ([37] and references therein). For comparison, common
concentrations of cationic surfactants in transfection experiments are in
the range of 2-50 UM [43,44].

DNA interaction with C;,NO or C;,NO/phospholipid is poorly report-
ed in literature. The first experiments, focused on DNA coil-globule
phase transition in the presence of C;,NO and modulated by pH, came
from the group of Lindman [45]. Using fluorescence microscopy for
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visualizing the DNA compaction process by surfactant micelles, they
observed that the minimum surfactant concentration necessary to com-
pact DNA increases with pH. The phase map of DNA/C;,NO compaction
shows a strong DNA interaction with protonated C;,N"OH at pH < 6.4,
while DNA coil did not collapse due to the surfactant interaction when
pH increases above 7.4. Using SAXS, the authors identified the hexago-
nal structure in DNA/C;,NO complexes at acidic conditions. The experi-
ments thus revealed the strong influence of pH on DNA/C;,NO
interaction. Turbidimetric and light scattering experiments of Wang
et al. [46] analyzed DNA interaction with C;,NO micelles focusing on
the degree of C;,NO protonation and micelle shape as a function of
pH. Additional experimental methods, dielectric spectroscopy and cir-
cular dichroism [47], fluorescence with pH sensitive probe [48], dynam-
ic light scattering and viscosity measurements [49] were employed with
the aim of shedding light into the interaction and establishing the pH
range of C;,NO micelle protonation sufficient for an effective DNA/
C12NO complexation. DNA interaction with the surfactant/lipid mixed
system was discussed only by Mel'nikova and Lindman [45]. DNA com-
paction by unilamellar vesicles prepared from an equimolar C;;NO/
DOPE mixture was followed by fluorescence microscopy. The authors
found the mixture more efficient in DNA compaction as compared to
the surfactant alone in the same pH range. SAXD experiments have
shown a lamellar structure with the repeat distance of 6.28 nm for the
DNA/C;,NO/DOPE complex at C;2,NO/DOPE = 1 mol/mol and pH =
5.5. Under alkaline conditions, pH = 8.5, DNA interaction with vesicles
resulted in their aggregation and flocculation as the authors derived
from images of the cryo-TEM technique.

Despite the large use of C,NO in different fields of industry and its
non-zero concentration in the environment, very little is known about
interactions between the surfactant and biologically important mole-
cules. For many years our workplace studies the biological activity and
physico-chemical properties of C,NO on real systems or models of bio-
logical membranes [24,26,28-30,32-35]. Our preliminary static light
experiments on the C;4NO/DNA system confirmed the high pH sensitiv-
ity of the surfactant/DNA interaction in good agreement with results de-
scribed above. SAXD on DNA/C14NO/dimyristoylphosphatidylcholine
(DMPC) complexes revealed that the distance between DNA strands
(dpna) packed in a condensed lamellar phase can be modulated in the
range 6.0-3.8 nm changing pH from 8 to 4, respectively [50].

The present study extends the investigation of the polymorphic be-
havior of C;NO/lipid/DNA complexes. We focused our experiments on
DNA condensation with C;,NO/DOPE mixtures as a function of compo-
sition, pH and temperature. SAXD experiments revealed a large variety
of liquid-crystalline mesophases, differences in their stability as well as
in their capability to accommodate DNA when the pH of the solutions
changes from neutral to acidic. The binding efficiency of the C;,NO/
DOPE mixture for DNA was examined by UV-vis spectrophotometry.
We routed our experiments towards the possibility of utilizing the sur-
factant for the gene delivery vector of a pH sensitive system. However,
we believe that the obtained knowledge about the surfactant-lipid—
DNA polymorphism modulated through pH can attract a larger audi-
ence from the areas of pharmacy, chemistry or biophysics.
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Fig. 1. The structure of N,N-dimethyldodecylamine-N-oxide (C;,NO) (A) and dioleoylphosphatidylethanolamine (DOPE) (B).
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2. Experimental
2.1. Materials

Neutral  phospholipid DOPE  (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine) was purchased from Avanti Polar Lipids, Inc.,
USA, and highly polymerized DNA (sodium salt) type XIV from herring
testes (HT-DNA, average M, of nucleotide = 308) was purchased from
Sigma-Aldrich, USA. N,N-dimethyldodecylamine-N-oxide (C;,NO) was
synthesized from N,N-dimethyldodecylamine by oxidation with hydro-
gen peroxide and purified as described by Devinsky et al. [51]. The NaCl
of analytical purity and 35% solution of HCl were obtained from
Lachema, Brno, Czech Republic. The chemicals were of the analytical
grade and were used without further purifications. The aqueous solu-
tions were prepared with redistilled water.

2.2. Preparation of DNA solutions

The solution of DNA was prepared by dissolving HT-DNA in a
150 mM Nacl solution. The precise value of DNA concentration was
determined spectrophotometrically (Hewlett Packard 8452A Diode
array spectrophotometer), according to the equation cpya =
Azo + 47 x 1078 [g/ml], where Asq is the absorbance at wavelength
A = 260 nm. The concentration of DNA is referred to the molar concen-
tration of DNA bases. The purity of DNA was checked by measuring the
absorbance A, at A = 260 and 280 nm. We obtained the value of Aygo/
Azgo = 1.79.

2.3. Preparation of cationic liposomes

DOPE and C;,NO were dissolved in chloroform and mixed to obtain a
mixture with the desired molar ratio of C;,NO/DOPE. Lipid mixtures
were dried under a stream of gaseous nitrogen and the residue of chlo-
roform was removed under vacuum. The dry mixtures were hydrated
by the solution of HT-DNA in 150 mM NacCl at a molar ratio of C;,NO/
DNA = 1 (mol/base) and the volume of samples was adjusted by
150 mM NaCl to 2 ml. Afterwards samples were homogenized (by
vortexing and freezing-thawing). The pH of samples was adjusted by
stepwise addition of 50 mM HCl solution. A fully hydrated DOPE was
used as a control sample. The samples were stored for 1 week at 6 °C be-
fore measurements. The pH of the samples was checked again before
the measurements.

2.4. Small angle X-ray diffraction (SAXD) experiments

SAXD experiments were performed at the soft condensed matter
beamline A2 at HASYLAB at the Deutsches Elektronen Synchrotron
(DESY) in Hamburg (Germany), using a monochromatic radiation
with a wavelength of A = 0.15 nm. The samples of the C;;,NO/DOPE/
DNA complexes were shortly centrifuged. The sedimented precipitate
with a few drops of bulk solution was enclosed between two Kapton
(Dupont, France) windows of a sample holder for X-ray diffraction.
The scattering pattern was recorded using a 2D Mar CCD detector
after the minimal 3 min tempering of the samples at selected tempera-
tures. The raw data were calibrated using rat tail collagen [52] and nor-
malized against the incident beam intensity using the purposed-written
software A2TOOL. Each diffraction peak of the SAXD region was fitted
with a Lorentzian above a linear background using the Peakfit software.
Lattice parameters were determined with uncertainty & 0.1 A or less.

2.5. The capacity of C;,NO/DOPE/DNA complexes for DNA binding

The fraction of DNA bound by C;,NO/DOPE liposomes was deter-
mined from the supernatant of the samples prepared for SAXD mea-
surements as the difference between the total DNA amount added to
the sample and the DNA fraction not bound after the complex formation

(the free DNA in the supernatant). UV-vis spectrophotometry was
employed for quantitative analysis. Due to the light scattering on un-
complexed vesicles or small aggregates that might occur in the superna-
tant in spite of the complex separation by short centrifugation, UV-vis
spectra were deconvoluted. The procedure is described in [53], and
briefly: the light scattering was approximated with a function A\ =
a - A’ where a and b are scattering constants. The function is a simplifi-
cation of Rayleigh scattering. Numerical values of coefficients a and b
were obtained using a non-linear least square approximation of absorp-
tion spectra out of the absorption band (A = 320-500 nm). Then the
function was extrapolated to A < 320 nm. The DNA absorption
maximum (Azgo) corrected for the light scattering contribution was ob-
tained by a numerical subtraction of extrapolated scattering function
from the measured spectrum (for a graphical sketch, see Fig. S1 in Sup-
plementary data).

3. Results and discussion

3.1. The structure of C;2NO/DOPE/DNA complexes at neutral pH — effect of
the composition

At the molecular level, the intercalation of C;,NO between DOPE
molecules induces changes in two regions: the polar fragment of
C12NO (charged at acidic conditions) interacts with polar groups of
DOPE yielding a lateral expansion of the interface, while a mismatch be-
tween the length of C;,NO alkyl substituent and the length of hydrocar-
bon acyl chains of DOPE (18 carbons) creates defects in the hydrophobic
membrane core. These defects are eliminated by chain bending or
through trans-gauche isomerization, leading to a decrease of the thick-
ness of the hydrophobic region [28,54]. Generally, the addition of am-
phiphiles to lipid mixtures affects also the membrane bending rigidity
[12], while the increase of the surface charge inhibits the formation of
inverted non-lamellar phases [55]. It is worth reminding, that in addi-
tion to the elastic properties of the C;;NO/DOPE membrane, electrostat-
ic interactions between membrane and DNA also play an important role
in the aggregation process. As a result, the preferred complexation ge-
ometry is generally dictated by a nontrivial interplay between electro-
static and elastic contributions to the free energy of the complexes [56].

Fully hydrated DOPE (Fig. 1) at 20 °C forms an inverted hexagonal
phase showing diffraction peaks at reciprocal distances sp, =
2(h? + k* — hk)'? / (a - v3) (A=), where h and k are Miller indices,
anda =2/ (s10 - V3) (A) is a lattice parameter determined from the po-
sition of Hy (1,0) peak's maximum (Fig. 2). The lattice parameter of
DOPE at 20 °C is ay = 75.9 A. The structure of C;,NO/DOPE/DNA com-
plexes was investigated in the range of molar ratios of 0.1 < C;,NO/
DOPE < 1 in solutions under neutral, pH ~ 7.2, and slightly acidic
pH ~ 5-6 conditions. The samples at pH ~ 7.2 were prepared without
any pH adjustment.

Representative diffractograms of C;,NO/DOPE/DNA complexes are
shown in Fig. 2A. At neutral pH the fraction of protonated C;,N"OH is
low [20-23] (Fig. S2 in Supplementary data) and thus DNA binding is
weak [45,46,50]. With the aim of emphasizing changes induced by
DNA complexation, panel B in Fig. 2 displays diffractograms of C;,NO/
DOPE mixtures prepared at the same conditions (without DNA). At a
molar ratio of C;NO/DOPE = 0.1 we observe peaks belonging to an
inverted hexagonal phase (Hy) and a lamellar phase (L) (Fig. 2A, B).
From their positions, structural parameters were determined and are
summarized in Table S1 (Supplementary data). The lattice parameter
ay ~ 78 A of the H;; phase in both structures (Fig. 2A, B) is due to the pres-
ence of a surfactant. It is slightly larger compared to that of the hexago-
nal phase of DOPE (ay = 75.9 A). The repeat distance d of the L, phase
determined as d = 1/s;, where s is the first order peak's maximum of
the L, phase (L;(1)), is the same in both structures, d ~ 53 A. An increase
of C{,NO content to C;,NO/DOPE = 0.2 mol/mol induces a significant
decrease of the volume fraction of the Hy phase, and the L; phase
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Fig. 2. Diffractograms of DOPE and A) C;,NO/DOPE/DNA complexes and B) C;,NO/DOPE mixtures; hydrated by 150 mM NaCl at pH ~ 7.2 and 20 °C. Intensities are in logarithmic scale.

becomes dominant. However, the obtained parameters show differ-
ences between the two Hj; structures (Fig. 2A, B): in C;;NO/DOPE/DNA
complexes the lattice parameter ayc = 76.2 A indicates a more tightly
packed structure in comparison to the system at C;,NO/DOPE =
0.1 mol/mol, while we found an increase of ay to 81.0 A for the
C1oNO/DOPE-water mixture. We attribute these small differences in a
to changes of the radius of water cylinders arranged in a hexagonal sym-
metry. The radius of water cylinders of the H;; phase of DOPE at 20 °C is
21.6 A [57]. Thus hydrated DNA strands with a diameter of ~25 A [15]
can be easily accommodated in water cylinders of the Hj; phase. DNA-
cationic liposome systems show a significant reduction of the radius of
water cylinders in the Hj phase (down to 13-14 A), due to DNA conden-
sation [16,56]. DOPE-DNA interaction without any cationic mediator is
rather weak, and lattice parameters of the H;; phase display an insignif-
icant difference (Aa); we found Aa = apope — Apope + pna ~1.1 (£0.1)
A. The obtained structural parameters indicate DNA complexation into
the Hj phase at a molar ratio of C;,NO/DOPE = 0.2, however the inter-
action is weak, the DNA trapped content is low (see below), and chang-
es in structural parameters are insignificant. In both systems, the Hj;
phase vanished with a further increase in the molar ratio of C;2NO/
DOPE to 0.3 (not shown). The increasing content of C;,NO in mixtures
affects also the packing of the L; phase: the peaks of the L, phase became
wider most likely due to less positional order of the elementary cell ar-
rangement, a consequence of lamellae fluctuations. In both systems, the
repeat distance of the L, phase remained unchanged up to molar ratios
of C;2NO/DOPE < 0.5, then d increases gradually up to d ~ 54 A at C;,NO/
DOPE = 1 mol/mol (for details see Table S1, Supplementary data). At
molar ratios of C;,NO/DOPE > 0.5 the structures clearly differ. The
diffractograms of C;,NO/DOPE/DNA complexes (Fig. 2A) show the pres-
ence of another lamellar phase that we identified as a condensed lamel-
lar phase LS with DNA strands packed between the lipid bilayers. Its
repeat distance d; ¢ slightly decreases (from 76.3 to 74.9 A) with an in-
creasing fraction of C;,NO in the complexes. The significantly higher re-
peat distance of the L phase compared to d of the L, phase (system
without DNA) confirms the correct phase assignment and Ad =

dic — d > 20 A indicates enough room for DNA strand intake.
Diffractograms of C;,NO/DOPE/DNA > 0.6 mol/mol complexes
(Fig. 2A) show only one tiny peak (at s ~ 0.013 A~!) identified as the
first order peak of the LS phase; its low intensity indicates that the vol-
ume fraction of this phase is small. Intensities of diffractograms in Fig. 2
are plotted in logarithmic scale. However, irrespective of the scale, the
diffraction peaks related to the complexes structure are broad and
their intensities are lower in comparison to those in diffractograms of
the C;,NO/DOPE mixtures (Fig. 2B). The quality of diffractograms thus
also gives evidence that the DNA binding between C;,NO/DOPE lamel-
lae is weak, and each bilayer fluctuates considerably around its mean
position, keeping the long range order preserved.

The interaction between DNA and the lipid bilayer is mediated by
the fraction of C;,NO molecules in their protonated form (C;,N1TOH).
The dissociation constant of C;;NO monomers is pK ~ 5, however the
dissociation property of the amine oxide group can be shifted because
of its environment. The value of pK;, ~ 5.9 was reported for C;,NO mol-
ecules bound in micelles [22]. Mel'nikova and Lindman [45] assumed
that also the DNA itself supports the surfactant ionization due to coop-
erative electrostatic interactions. They observed the onset of the com-
plexation at pH ~ 7.4 in both studied systems, when DNA interacted
with C;,NO micelles, or mixed vesicles C;;NO/DOPE (1:1 mol/mol).
The authors reported that at pH < 6.4 all of the DNA content was
bound into the complexes. Similar “shifts” in the degree of ionization
were observed at DNA-weak polybase interactions [58] and predicted
theoretically by Monte Carlo simulations [59]. It was found that the
drug apparent pK changes in the presence of lipid membranes [60,61].
In our system, molecules of C;,NO are intercalated between molecules
of DOPE. Zeta potential measurements indicate 0 mV at pH ~ 7.5 for ves-
icles prepared at C;2NO/DOPE = 0.4 mol/mol in an aqueous solution at
low ionic strength (see Fig. S2 in Supplementary data).

Generally, the formation of cationic liposome-DNA (CL-DNA) com-
plexes is driven by the strong electrostatic attraction between the cat-
ionic lipid headgroups and negatively charged phosphate groups of
the DNA backbone. This attraction is mediated by the release of the
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small mobile (“counter”) ions into solution upon DNA-lipid complexa-
tion, and the concomitant gain in their entropy. This gain is maximal at
the “isoelectric point” when the total lipid charge exactly balances the
total DNA charge [62]. Indeed, experiments confirmed that CL-DNA
complexes at isoelectric composition show excellent stability allowing
the tuning of DNA-DNA distance in a one-phase complex through
cationic/helper lipid ratio. Out of isoelectric composition the system
easily separates either into complex + excess of liposomes or
complex + excess of DNA [63]. High ionic strength reduces the fraction
of bound DNA in the complexes, and the isoelectric point is attained at a
DNA/cationic surfactant ratio which is lower than the one that can be
estimated by calculation based on nominal charges of CLs and DNA
[64]. In our experiments, C;,NO/DOPE/DNA complexes were prepared
at a constant ratio of DNA/C;,NO = 1:1 (mol/base), i.e. nominal isoelec-
tric composition supposing total protonation of C;,NO, in order to avoid
“a large” excess of DNA at high pH and its possible osmotic effect (in
synergy with the high ionic strength of our aqueous media). Thus the
total mass of DNA in each sample increased with the C;,NO/DOPE
molar ratio, and the mass of DOPE was kept constant.

Fig. 3A shows the mass of bound DNA in milligrams per milligram of
C12NO/DOPE mixture. Despite a poor degree of C;,NO protonation at
pH ~ 7.2, its effect on DNA intake into the complexes is evident. The
mass of bound DNA per mg of lipid increases stepwisely with the
molar ratio of C;,NO/DOPE reaching up to ~0.1 mg DNA/mg lipid at
the molar ratio of C;,NO/DOPE = 0.6. Above this level, DNA binding re-
mains almost unchanged taking into account the uncertainty of the
measurement. The insert (Fig. 3B) displays the same dependence
when the bound DNA is expressed as a percentage of the total DNA in
the sample, and as such gives a view of the efficiency of DNA condensa-
tion. Surprisingly, the dependence show an extremity, indicating the
highest efficiency in DNA binding (~90%) when complexes are formed
ata composition of C;;NO/DOPE = 0.2 mol/mol. SAXD (Fig. 2A) displays
marked structural changes at this molar ratio. The portion of C;,NO
molecules intercalated between the lipid molecules was sufficient to
transform the structure of the complex from hexagonal to lamellar
packing. It seems that the lamellar phase even with a low C;,NO con-
tent, binds DNA more effectively than does the hexagonal phase. Com-
paring dependencies on both plots, we can conclude that the further
increase of the surfactant portion in the mixture supports DNA binding
(up to 0.1 mg/mg lipid mixture), but in regard to its total content the
binding efficiency decreases. This decrease of DNA binding efficiency
suggests that, at low ionization of C;,NO binding depends on the por-
tion of the lipid as well.
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Fig. 3. A) Dependence of DNA in C;,NO/DOPE/DNA complexes at pH ~ 7.2 expressed as mg
of bound DNA per mg of C;,NO/DOPE lipid mixture; B) C;,NO/DOPE binding efficiency, %
of bound DNA related to the total DNA mass in the sample. Data are presented as
average + S.D.

Note, that at pH ~ 7.2, SAXD identifies a small volume fraction of the
LS, phase with DNA condensed between the lipid lamellae only at
C12NO/DOPE > 0.6 mol/mol. Surprisingly, the amount of bound DNA is
relatively high in all samples with a predominant lamellar structure,
which indicates that in addition to electrostatic interaction other bind-
ing mechanisms can also take place, namely cooperative binding due
to DNA strand adsorption on the surface of the structures formed in
the mixture [49]. Mel'nikova and Lindman [45] visualized the process
of aggregation through fluorescence microscopy and reported a sub-
stantial fraction of DNA molecules adsorbed on the surface of the vesi-
cles or entrapped between vesicles. Thus DNA binding to C;,NO/DOPE
at neutral pH, particularly at low C;,NO fraction is closer to a model of
“bead on string” [15] picturing the DNA stored decorated with attached
liposomes, which was proposed originally by Felgner [65,66]. In our sys-
tem the “beads” are mainly composed of multilamellar C;,NO/DOPE
vesicles with a low fraction of DNA that may be condensed between a
few upper bilayers.

3.2. Thermal stability of C;;NO/DOPE/DNA complexes at neutral pH

Fully hydrated DOPE at 20 °C forms an inverted hexagonal phase
(Fig. 2A) not modified by temperature increase, despite a decrease of
the unit cell size, ay. The lamellar packing of DOPE was observed
when cooling the lipid below 20 °C, although literature values reported
for the H;; — L, phase transition temperature (T;y) range from —4 to
16 °C [67]. The presence of additives can shift T,y to higher values. In-
deed, even a small amount of our surfactant (C;;NO/DOPE = 0.1 and
0.2 mol/mol) shifts the L, — Hj; phase transition of DOPE, and at 20 °C
we see both phases (Fig. 2). A further increase in C;,NO concentration
stabilizes the lamellar structure in the complexes.

We followed structural changes in C;,NO/DOPE/DNA complexes
during heating and cooling in the temperature range 20-80-20 °C.
Complexes prepared at molar ratios of C;;NO/DOPE = 0.2-0.6 and
pH ~ 7.2 showed clearly phase transitions during heating (to 80 °C)
and cooling back to 20 °C. As an example, in Fig. 4 we present
diffractograms of C;,NO/DOPE/DNA complexes at C;,NO/DOPE =
0.4 mol/mol. During heating, a phase transition from the lamellar L,
(nomenclature according to Fig. 2 and related text) to the Hj phase
was observed at ~60 °C (Fig. 4). All our complexes at composition
C;,NO/DOPE < 0.6 mol/mol showed a L, — Hj; phase transition when
heated up to 80 °C, and T,y increased with increasing C;,NO content.

Moreover, at ~70-80 °C in addition to the hexagonal phase,
diffractograms show new peaks at small s (s <0.013 A~ ') for complexes
prepared at molar ratios of C;,NO/DOPE = 0.2-0.6. The new structure, a
cubic phase, progressed in the cooling process (down to 20 °C). Peaks

assigned to positions v2, v3, V4, V6, V8, V9, V10, V12, V14 and

/16 fit extremely well a bicontinuous cubic phase of the Pn3m space
group. The best organization and stability of the Pn3m phase is observed
in samples at molar ratios of C;,NO/DOPE = 0.3 and 0.4 where it is the
only remaining structure after cooling to 20 °C. In samples prepared at
other molar ratios of C;,NO/DOPE, the cubic phase is present in coexis-
tence with phases that were observed in samples during the initial
heating. This newly formed Pn3m phase showed very good stability in
time. Even after 3-4 days there were no signs of any phase transition
back to the lamellar or hexagonal phase and also no changes in its lattice
parameter. The lattice parameter of the Pn3m phase (ap) was deter-
mined from the slope of the plot of the peak positions vs.

(hz +1+ 12), passing by the origin (0,0) (see Supplementary data,

Fig. $3). The smallest lattice parameter (ap ~ 153 A) of the Pn3m phase
is found in complexes at molar ratios of C;,NO/DOPE = 0.3 and 0.4
(where the Pn3m phase is the only observed phase) while for com-
plexes with composition at the edges of this region (C;,NO/DOPE =
0.2 and 0.6 mol/mol), the lattice parameter is substantially larger,
ap > 180 A. According to literature the formation of the Pn3m phase is
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Fig. 4. Diffractograms of C;,NO/DOPE/DNA complexes formed at a molar ratio of C;,NO/
DOPE = 0.4 at pH = 7.2 in 150 mM NaCl at selected temperatures during the heating to
80 °C (black lines) and cooling back to 20 °C (blue lines). Intensities are in logarithmic
scale.

observed in pure hydrated DOPE and other phosphatidylethanolamines
after several tens or hundreds of heating and cooling cycles around the
temperature of L, — Hj; phase transition [68,69]. The phase transition
into cubic phase energetically lies between the lamellar phase and the
hexagonal phase [68]. However the difficulty involved in settling
DOPE into the cubic phase suggests that the corresponding free energy
valley is isolated by relatively large kinetic barriers [68]. In contrast to
the pure DOPE, our DNA complexes at C;,NO/DOPE = 0.2-0.6 mol/mol
form the cubic phase already during the first heating-cooling cycle. At
these molar ratios the content of C;2NO would lower the kinetic barriers
between the free energy valleys of cubic and hexagonal phases.

We did not observe peaks related to cubic phases in diffractograms
of C;,NO/DOPE/DNA complexes for C;,NO/DOPE > 0.6 mol/mol. The
only observed changes after the heating-cooling process were in the in-
tensities and shape of the peaks. The peaks depict a larger amplitude
and are narrower suggesting a better positional order of the elementary
cells.

Bicontinuous cubic phases (like Pn3m) are formed by a pair of inter-
penetrating but noncontacting aqueous channels separated by a single,
continuous lipid bilayer. Tuning of the aqueous nanochannel sizes con-
stitutes a way for controlling their encapsulation capacity of biomole-
cules [70,71]. Our experiment confirmed such capability for C;,NO,
when the C;,NO/DOPE molar ratio dependent lattice parameter varies
in the range ap ~ 153-180 A and provides enough room for DNA accom-
modation. Accommodation of proteins (hemoglobin, immunoglobulin,
ferritin) [72] and siRNA [18] reported recently, suggests two ways of
packing: either the encapsulation of small proteins occurs in aqueous
channels without perturbation of the cubosome structure, or the en-
trapment of proteins with sizes larger than the water channel diameters
occurs via a “nanopocket defects” mechanism and spontaneous
nanocubosome generation in the interior of the cubic lipid/protein
assembly.

Parallel to the SAXD experiment we investigated the amount of DNA
incorporated in our system and its changes during the heating-cooling

cycle. The C;,NO/DOPE/DNA complex at a composition of C;,NO/
DOPE = 0.4 mol/mol and pH ~ 7.2 was selected for the experiment
and the portion of bound DNA was determined by UV-vis spectra. The
analysis indicated DNA uptake during heating: almost three times
more DNA is trapped in complex at 60 °C. However, a further increase
of temperature, up to 80 °C, the temperature at which SAXD shows
transformation into non-lamellar structures, resulted in DNA release.
We determined ~15% less DNA bound in regards to its initial amount.
DNA was also released from the complex along with the cooling, and
~30% less in comparison to the initial bound DNA content was detected
when the complex was cooled back to 20 °C. We did not observe any
temperature induced denaturation of DNA during the experiment.

Cubic phases exist in equilibrium with excess water; they are
viscous, and these properties are likely responsible for their ability to
protect incorporated drugs and proteins from degradation. Transfection
experiments using the delivery vector forming a cubic phase are not fre-
quent in literature and results differ. Koynova et al. [73] reported a
much lower transfection efficiency when genetic material was loaded
into the cubic structure formed by cationic lipid 1,2-dierucoyl-sn-
glycero-3-ethylphosphocholine in comparison to the system with la-
mellar packing. Contrary to these results, Leal et al. [18] found a very
good transfection efficiency of cationic lipids forming cubic phases of
Ia3d symmetry with a lattice parameter ap ~ 150 A for siRNA delivery.
More experiments are necessary to unravel the transfection efficiency
of cubic phases and their utilization for genetic material delivery.

3.3. The structure of C;;NO/DOPE/DNA complexes at acidic pH — effect of
the composition

In acidic solutions, the C;,NO molecules are protonated, and the sur-
factant behaves as a cationic agent. Increasing surfactant molar fraction,
increases the surface charge of C;,NO/DOPE mixture, and both the
C12NO content and its charge inhibit formation of inverted non-
lamellar phases. On the other hand, both DNA and the mixture have a
tendency to compensate their charges at the interaction, and thus com-
plexation geometry results from the interplay between electrostatics
and elasticity of the constituent lipid layer.

The diffractograms of the C;,NO/DOPE/DNA complexes prepared in
solutions at acidic conditions, pH = 5-6 are shown in Fig. 5. As previ-
ously, the content of C;,NO increased in the range of molar ratios of
0.1 < C4,NO/DOPE < 1. We show again the diffractogram of DOPE
alone (at the bottom). DNA complexation with the lipid mixture in so-
lutions at acidic pH resulted in different structures when compared to
neutral conditions, Fig. 2.

At a molar ratio of C;,NO/DOPE = 0.1, C;,NO/DOPE/DNA complexes
form two inverted hexagonal phases, with lattice parameters ay =
77.3 A and ayc = 73.3 A. The first close to the lattice parameter of
pure DOPE (ay = 75.9), is a phase without DNA inserted in the tubules
formed by the mixture. The surfactant content is low at this molar ratio,
but repulsion between C;,N"OH molecules result in a small increase of
the radii of water cylinders. The second hexagonal phase has as smaller
lattice parameter, ayc = 73.3 A. The effective DNA screening of charges
at condensation in Hy; tubules results in the reduction of the elementary
cell dimension, as discussed in Section 3.1. The phase is thus identified
as a condensed inverted hexagonal phase (H§). Likely, in our system,
the electrostatic attraction between DNA and the C;,NTOH/DOPE
layer leads to a reduction of the water content inside of the Hfj tubules.
At C;,NO/DOPE = 0.2 mol/mol the only phase observed is H$as the con-
tent of C;,NTOH is sufficient to stabilize this phase in the whole volume
of the mixture. A further increase in the molar ratio to C;;NO/DOPE =
0.3, induced again structural changes, and in addition to the H§j phase
we detected a condensed lamellar phase (LS). Note that, its repeat dis-
tance, d;c = 71.8 A, is smaller than that observed for LS phases d;¢
(76.3-74.9 A) in complexes with much higher C;,NO content (C;,NO/
DOPE = 0.5-1 mol/mol), prepared at pH ~ 7.2. Fig. 5 shows that a fur-
ther increase in the molar ratio of C;,NO/DOPE supports the LS phase
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Fig. 5. Diffractograms of DOPE and C;,NO/DOPE/DNA complexes at pH = 5-6 prepared in
150 mM NaCl and measured at 20 °C. Intensities are in logarithmic scale.

propagation and concomitant reduction of the volume fraction of Hf;. Fi-
nally, at a molar ratio of C;,NO/DOPE > 0.5 we observe only the LS
phase. In addition, diffractograms of the complexes with the predomi-
nant LS phase, show a small broad peak, related to the regularly packed
DNA strands between lipid bilayers. The distance between DNA strands
(dpna) is expressed as dpna = 1/Spna, Where Spny is the position of the
DNA peak’'s maximum.

Comparing Figs. 2 and 5, one can see that the H;; — L, transition driv-
en by the C;,NO content is shifted to higher molar ratios of C;;NO/DOPE
in acidic solutions. This finding could be used for designing complexes
that need the lamellar packing at neutral pH and transform into the
H§ phase when pH drops to acidic. For example, the L, — Hj, transition
at acidic pH can provide a more efficient endosomal escape of DNA, as
the formation of the Hj phase can accelerate a fusion of the complexes
with the endosomal membrane [74].

The structural parameters of individual phases observed in the
C1,NO/DOPE/DNA complexes (at 20 °C) prepared at pH = 5-6 are
shown in Fig. 6. We see, that both lattice parameters, a of the H§j phase
as well as d;¢ of the LS phase slightly decrease with an increasing
C12NO fraction in complexes. Two effects support the observed
decrease: the increasing C;,NO content with shorter alkyl chains in
comparison to DOPE reduces the bilayer thickness (as discussed in
Section 3.1) and the tighter DNA packing between opposite charged bi-
layers. The DNA-DNA distance, dppa, also decreases with increasing
content of charged surfactant molecules, i.e. DNA strands follow the sur-
face charge density of C;,NO/DOPE membranes, as predicted in the the-
oretical work of May and Ben-Shaul [62]. To summarize, at acidic
conditions, our C;,NO/DOPE/DNA complexes show a behavior typical
of complexes prepared with cationic surfactants or cationic lipids [15,
16,75]. Moreover, their polymorphic behavior (H§ or LS phase) can be
modulated by changes in the C;,NO/DOPE ratio.
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Fig. 6. Structural parameters of C;,NO/DOPE/DNA complexes prepared in solutions at
PH 5-6 vs. C;,NO/DOPE molar ratio: The lattice parameter ayc of the Hfj phase (4 ), the re-
peat distance d; of the LS phase (@) and the DNA-DNA distance dpn (A ) (measured at
20 °C).

3.4. Effect of pH on the structure of C;2NO/DOPE/DNA complexes

C1,NO/DOPE/DNA complexes are very sensitive to changes of pH in
solutions. Important structural differences manifested in Figs. 2 and 5
motivated us to inspect closer the pH impact on the C;;NO/DOPE/DNA
structure. Two molar ratios were selected for these experiments,
C1,NO/DOPE = 0.4 and 1, and the pH of solutions was changed in the
range ~4.5-7. Typical diffractograms taken at 20 °C are shown in
Fig. 7A, B. Already at first sight, diffractograms show a richer structural
polymorphism for complexes at C;,NO/DOPE = 0.4 mol/mol (Fig. 7A).
Let us inspect pH induced changes with increasing acidity, i.e. increasing
C1,NO protonation: we see that the L; phase identified as a lamellar
phase without accommodated DNA strands (thoroughly discussed in
Section 3.1), or its fraction, was detected by X-ray only at pH > 6.8. Al-
ready a small drop of pH from neutral 7.3 to 6.9 increased the proton-
ation degree of C;,NO and a condensed lamellar phase, LS, is clearly
recognized, and is the only phase detected at pH = 6.8. The
diffractogram of the complex prepared at pH = 6.4, signalizes the
onset of a new structure. Heating the sample to higher temperatures
(Fig S4 in Supplementary data) helped us to identify the structure as
an inverted condensed hexagonal H§ phase. Diffractograms of com-
plexes prepared in the pH range 6.4-5 show that both, L and H§, are
present in the C;,NO/DOPE/DNA complexes and their volume fractions
varied with pH. Volume fractions of both phases expressed through nor-
malized integral intensities of the first peaks indicate the maximum in
the H{ content at pH ~ 5.3. We did not detect the Hf phase in the
diffractogram of the complexes prepared at pH = 4.6. The structural pa-
rameters obtained from deconvoluted diffraction patterns are plotted in
Fig. 8 (empty symbols). Note that the coexistence of LS and Hf phases is
detected in the range of pH = 4.9-6.4. The obtained repeat distance, d;,
of the LS phase is commensurate with the lattice parameter, ax, of the
H§ phase (d;c = ayc). Their values |d;c — a|, differ by 0.2-1.6 A, with
the highest deviation (~1.6 A) at pH = 6.4. The closeness of the struc-
tural parameters indicates a “connection” of both phases through the
common scattering plane. This facilitates the transition because the
lipid within a certain scattering plane does not have to rearrange, but
continues to exist within the new structure. Actually, diffractograms
show a systematic overlap of the LS (2) peak with H§ (21). The schemat-
ic drawing for such an epitaxial relationship, observed in our system is
shown in Fig. 9. Lamellar to hexagonal phase transition in a pure lipid
system or their mixtures has been systematically studied [76-79].
Mainly due to differences in hydration, commensurate lattices in pure
lipid systems are exceptional (if any). Molecules of cationic additives
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inserted between molecules of helper lipid (DOPE) and tight DNA bind-
ing to the charged lipid layers modulate structural parameters of both,
lamellar as well as hexagonal phases, in such a way that, at specific com-
positions of the mixture, their parameters might be commensurate.
Koltover et al. [16] noted epitaxially matched d;c = ayc at a specific
composition of a DOPE/cationic lipid mixture. In our system, Fig. 6 indi-
cates commensurate lattice parameters at the composition of
0.3 < C1,NO/DOPE < 0.4 mol/mol, and moreover we found that the
transfer of the lipid mixture between the two phases can be modulated
by subtle pH changes within the range ApH ~ 1.5. This also supports the
view of a low energetic barrier between both structures and a strong
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Fig. 8. Structural parameters of C;,NO/DOPE/DNA complexes as a function of pH. The com-
plexes were prepared at C;,NO/DOPE = 0.4 mol/mol (empty symbols) and C;,NO/
DOPE = 1 mol/mol (full symbols): repeat distance of the L; phase d (W); repeat distance
of the LS phase d; (e); DNA-DNA distance in the LS phase dpns (A ); lattice parameter of
the H phase ayc (4) (20 °C).

tendency of our C;,NO/DOPE mixtures (at specific molar ratios) to
adopt non-lamellar phases with highly curved surfaces. Note that the
lattice parameter ayc of the H§j phase drops from ~76 A (the pure
lipid) to ~70 A, and indicates the effective DNA condensation due to
the charge compensation. In addition to the electrostatic character of
the binding and lower hydration of the DOPE polar head group, its read-
iness to form intermolecular hydrogen bonds and the “conical” geomet-
rical shape of the molecule itself promote a tendency to form structures
with high curvature [76]. Heating the complex C;,NO/DOPE/DNA at
C12NO/DOPE = 0.4 mol/mol in solution at slightly acidic conditions
(pH ~ 6), all of the mixture transforms to the H phase (Fig. S4, Supple-
mentary data). We observe a further reduction of ay¢ (~67 A at 80 °C)
because of the water expelled out of the cylinders of the H phase at
heating (Fig. S5, Supplementary data). Note that the complex at the
same composition and pH ~ 7.2 resulted in a cubic phase (Fig. 4)
when heated up to 80 °C.

Fig. 7B shows diffractograms of C;,NO/DOPE/DNA complexes at
C12NO/DOPE = 1 mol/mol in the pH range 4.2-6.9. Concerning poly-
morphism, the documented behavior is more trivial. The condensed la-
mellar phase, LS, is the predominant structure in the complexes in the
whole pH range. The volume fraction of the L; phase (lamellar phase
without DNA) gradually decreases with the increasing acidity of the so-
lutions. The L, phase is detected up to pH = 6.1 which is a smaller value
compared to complexes prepared at C;,NO/DOPE = 0.4 mol/mol. In-
deed, the higher content of C;,NO needs more H* charges for its pro-
tonation which reflects in lower pH. Simultaneously, the fraction of
C12NTOH is sufficiently high already at pH = 6.5, to keep DNA strands
regularly ordered between lamellae of the LS phase, as manifested by
the peak related to DNA-DNA packing. The DNA peak is gradually
shifted to higher s values, thus DNA-DNA distance (dpna) decreases
with an increasing surface charge modulated through pH. Structural pa-
rameters are represented in Fig. 8. We can see that, in the whole pH
range studied, there is an overlap in the values of the repeat distances
d, (empty and full circles) of the L phase obtained for C;,NO/DOPE/
DNA complexes prepared at both molar ratios of C;;,NO/DOPE = 0.4
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Fig. 9. Schematic drawing of epitaxial relationship between LS and H§ phases in C;;NO/DOPE/DNA complexes at C;;NO/DOPE = 0.4 mol/mol and pH range 4.9-6.4.

and 1. It indicates that the massive increase in the surfactant content in
the mixture (from 0.4 to 1 mol/mol) stabilizes the L phase, however
the repeat distances do not change significantly. dpns decreases from
~50 to 30 A accompanied by a pH drop from 6.5 to 4. The obtained
values of both parameters, repeat distance d;c and dpyy, correlate well
with those typically observed for DNA/cationic liposome complexes
[15,16,80].

Fig. 10 displays the capability of the C;,NO/DOPE mixture for DNA
binding as a function of pH. The DNA binding was determined for com-
plexes prepared at C;,NO/DOPE = 0.4 and 1 mol/mol. The fraction of
DNA bound in the complexes was determined using spectrophotometry
(Section 2.5), and is expressed as a percentage of total DNA mass added
to the mixture. At both compositions, the C;,NO/DOPE mixture shows
strong DNA binding in solutions at acidic conditions: more than 90% of
the total DNA amount is condensed in the complexes when pH < 6.8.
The obtained dependences correlate well with the surface charge of
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Fig. 10. The DNA binding in C;,NO/DOPE/DNA complexes at the composition: C;,NO/
DOPE = 0.4 (A) and C;,NO/DOPE = 1 mol/mol (#) as a function of pH (20 °C). The
amount of bound DNA is expressed as a percentage of total DNA mass added to the
mixture.

C;,NO/DOPE vesicles derived from zeta potential measurements per-
formed at the mixture composition C;,NO/DOPE = 0.4 mol/mol in
aqueous solution at low ionic strength (5 mM NaCl). At pH range 5-7,
zeta potential slightly decreases with increasing pH, showing 22 +
8 mV at pH 7. At pH > 7, zeta potential values dropped down, oscillating
at 0 + 8 mV when pH ~ 7.5. Indeed, the binding efficiency decreases
sharply in solutions at neutral pH; we found only ~30% of DNA bound
in the complexes at C;;NO/DOPE = 1 mol/mol at pH = 7.3. Fig. 10
shows that the DNA binding efficiencies were similar at both composi-
tions of the C;,NO/DOPE mixture.

Our experiments revealed that the “loading capacity” of the C;,NO/
DOPE mixture for DNA depends on both the molar fraction of the surfac-
tant in the mixture and pH. In an absolute scale, the trapped DNA varies
between 0.02 mg DNA/1 mg mixture in C;,NO/DOPE = 0.1 mol/mol,
pH ~ 7.2 and 0.31 mg DNA/1 mg in C;,NO/DOPE = 1 mol/mol at acidic
solutions with pH < 6.5. DNA uptake into the C;,NO/DOPE mixture
shows strong pH dependence in the pH range ~ 6.5-7.5 which indicates
its potential utilization as a pH responsive delivery system.

The extracellular and intracellular pH profile of biological systems is
greatly affected by diseases. The pH at systematic sites of infections, pri-
mary tumors and metastasized tumors is lower than the pH of normal
tissues. For example, pH drops from 7.4 under normal conditions to
6.5 60 h after the onset of an inflammatory reaction [81]. Also cellular
components such as the cytoplasm, endosomes, lysosomes, endoplas-
mic reticulum, etc. are known to maintain their own characteristic pH
values. The pathway of the gene-vector complex is accompanied by a
drop in pH from physiological (pH ~ 7.4) to the acidic in lysosomes
(pH ~ 4.5). Let us shortly inspect this pathway in view of the obtained
knowledge about the C;,NO/DOPE mixture: the pH in endosomes varies
from 6.0 to 6.5 in early endosomes to pH = 4.5-5.5 in late endosomes
and lysosomes [82]. At this pH, more than 90% of the DNA is bound in
complexes with C;,NO/DOPE. The incorporation of DNA inside the
lipid mixture (LS or HS phase) protects it against degradation by
endosomal enzymes. Moreover, for successful escape from the endo-
some, a high positive surface charge density of the complexes is re-
quired in order to facilitate fusion with the negatively charged
endosomal membrane. At such pH, the C;;NO/DOPE/DNA complex
with a sufficient C;,NO content forms LS, or we found the coexistence
of both LS and H phases (at C;,NO/DOPE = 0.4 mol/mol). The release
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of the complex to the cytoplasm is accompanied by a pH change to 7.0-
7.4. At neutral pH only a small fraction of C;,NO molecules is protonated
and our experiments confirm a dramatic reduction in the DNA amount
trapped in the complexes. However, additional experiments are neces-
sary to test the possible utilization of C;,NO in transfection.

4. Conclusions

In solutions at neutral pH, N,N-dimethyldodecylamine-N-oxide
(C12NO) is a non-ionic surfactant; however at acidic conditions the mol-
ecule becomes cationic due to its protonation. Our experiments were
aimed to investigate the structural polymorphism of complexes formed
due to DNA interaction with the C;,NO/DOPE mixture. The composition
of C;2NO/DOPE was modulated through the molar ratio of the two con-
stituents in the range 0.1 < C;,NO/DOPE < 1 mol/mol. SAXD revealed
rich structural polymorphism of C;,NO/DOPE/DNA complexes when
the pH of solutions is changed from neutral (~7.3) to acidic (~4.8). In
summary: with an increasing C;,NO content, the hydrated C;,NO/
DOPE mixture shows H;; — L, phase transition in solutions at neutral
pH. The coexistence of L, and a condensed lamellar phase LS with
DNA incorporated in the structure was detected in the complexes. A
low degree of the C;,NO protonation at neutral pH results in poor
DNA binding; 0.1 mg of DNA/1 mg of the lipid mixture was found as
the maximal DNA uptake at C;2NO/DOPE = 1 mol/mol. However
heating the complexes with a composition of 0.2 < C;3NO/
DOPE < 0.6 mol/mol induced massive structural changes and a cubic
phase of the Pn3m space group was detected. At acidic conditions
C;1,NO/DOPE/DNA complexes show a similar behavior as those pre-
pared with cationic surfactants or cationic lipids. The high content of
protonated C;,NO in the complexes stabilizes the lamellar structure
and the DNA-DNA distance was modulated through changes in pH.
The condensed inverted hexagonal phase H§ is found in complexes
with a low C;,NO content (C;,NO/DOPE = 0.2 mol/mol) at acidic con-
ditions. A noteworthy coexistence of 1§, and HS phases commensurate
with the lattice parameters, ayc = d;c, indicating an epitaxial relation-
ship between both phases, is found in complexes at the mixture compo-
sition of 0.3 < C;,NO/DOPE < 0.4 mol/mol and pH = 4.9-6.4. The ratio
between populations of the two phases changes with pH. Hf; prevails
during heating. The capability of complexes for DNA binding at acidic
conditions reaches ~95% of the total amount of DNA in the sample.

It is postulated that effective pH responsive formulations should be
able to change a property in a narrow pH window. Two pH windows
were detected in our system: the DNA uptake changes significantly
due to a pH drop from 7.3 to 6.5 at each composition of the mixture
for C;,NO/DOPE > 0.2 mol/mol; and the [§ — Hfj phase transition at a
specific composition of the complexes modulated through subtle pH
changes in the range 6.4-4.9.

Strong pH dependent polymorphic behavior and a large variety of
liquid-crystalline phases, and the capability of the surfactant-lipid mix-
tures to uptake (and release) anionic molecules revealed in our study
suggest the utilization of C,NO/lipid mixtures for designing genetic ma-
terial delivery vectors as discussed in this paper, but also for nano-
carriers for targeted drug delivery or cosmetics. A number of studies, es-
pecially in cancer therapy, have shown that stimuli responsive nano-
carriers reveal significant advantages.
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