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The interactions between cat-anionic (an acronym indicating surfactant aggregates (micelles and vesicles) formed
upon mixing cationic and anionic surfactants in nonstoichiometric amounts) vesicles and DNA have been the
subject of intensive studies because of their potential applications in biomedicine. Here we report on the interactions
between DNA and cetyltrimethylammonium bromide (CTABpdium octyl sulfate (SOS) cat-anionic vesicles.

The study was performed by combining dielectric relaxation spectroscopy, circular dichroism, dynamic light
scattering, ion conductivity, and molecular biology techniques. DNA is added to positively charged vesicles until
complete charge neutralization of the complex and formation of lipoplexes. This occurs when the mole ratio
between the phosphate groups of DNA and positive charges on the vesicle is about 1.8. Above this threshold the
nucleic acid in excess remains free in solution. This very interesting new result shows that anionic surfactants are
not expelled upon saturation, and therefore, no formation of micelles occurs. Furthermore, vesicle-bound DNA
can be released in its native form, as confirmed by dielectric spectroscopy and circular dichroism measurements.
The nucleic acid is released upon addition of SOS, which competes with the phosphate groups of the DNA: this
results in the demolition of the CTABSOS cat-anionic vesicles. These results indicate the possibility of a controlled
DNA release and might be of interest in biomedicine.

Introduction counterion entropy plays a possible rdft3Cat-anionic vesicles
adsorb the polyion, up to the charge neutralization threshold,
The interactions between cat-anionic systems and biopoly- presumably reaching a putative point of zero charge. However,
mers, in particular DNA, raised a growing interest during recent an exhaustive description of the aggregation process is yet to
years. Cat-anionic is an acronym indicating surfactant aggregatese elucidated. For instance, the mode of preparation may
(micelles and vesicles) formed upon mixing cationic and anionic influence the final structure of the vesicléand of DNA/vesicle
surfactants in nonstoichiometric amounts. The interactions of complexe$.
such aggregates with biopolymers involve complicated meth-  Previous studies demonstrate that, above the point of zero
odological aspects, which have interesting thermodynamic, charge, DNA/vesicle complexes coexist with the free nucleic
structural, biomedical, and biophysical implicatidn. The acid in solution'>16 Some authors, conversely, postulate that
formation of DNA/cat-anionic complexes can become useful when the DNA concentration increases, a structural rearrange-
for DNA delivery into cells, through membrane fusion and/or ment is triggered, consisting in the formation of double
endocytosis. These complexes, also termed “lipoplexes”, con-amphiphile layers where the nucleic acid is packaljed.
stitute a valid system for DNA delivery into the cell nucléus. Cryogenic transmission electron microscopy (cryo-TEM),
Furthermore, these vesicles are easily prepared and assembl#uorescence methods, and small-angle X-ray scattering (SAXS)
spontaneously, simply mixing, in proper mole ratios, cationic traditionally were used to study these systéfs! To inves-
and anionic surfactants. The resulting vesicles are stable andtigate the formation of DNA/vesicle complexes, we chose an

have a long shelf life, and their cytotoxicity is IGWTheir low approach based on the combined use of biophysical and
cost makes them advantageous with respect to liposomes mad&iomolecular techniques, such as dielectric relaxation spectro-
by natural or synthetic lipid%:12 scopy (DS), circular dichroism (CD), ionic conductivity,

From a theoretical point of view, the interactions between dynamic light scattering (DLS), and agarose gel electrophoresis
DNA and cat-anionic vesicles are mainly due to electrostatic (AGE). The combination of different experimental methods has
bonds of the macromolecule with the excess positive chargessome advantages with respect to more sophisticated approaches

exposed to the surfactant aggregates, but an increase of théased on SAXS or cryo-TEM. In particular, the present
techniques allow following directly the dynamics of formation
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(CTAB) and sodium octyl sulfate (SOS). Surfactants were obtained of data are equivalent, provided the equilibration time between
from Sigma-Aldrich. The surfactants are commercially available at high preparation and measurement is adequately long (about 20 min).
purity (over 99.0%) and were used without further purification. The Circular Dichroism.The samples are located in 1.00 cm path length
vesicles were prepared by mixing two different solutions of CTAB cuvettes, and CD spectra were collected using a Jasco J-810 spec-
and SOS to get a total surfactant concentration of 21.6 mM (11.85 tropolarimeter equipped with a Peltier temperature control device, at
mM CTAB and 9.75 mM SOS). The excess positive charges in the 20.0 & 0.1 °C. The spectral resolution i8-0.1 nm. The UV CD
resulting vesicle are 2.1 mM. The ternary phase diagram for the systemspectrum of calf thymus DNA exhibits a positive band at 275 nm, due
CTAB—SO0S-H,0 is reported in the literaturf@ Attention was focused to the base stacking, and a negative peak at 245 nm, ascribed to the
on getting samples in the narrow concentration regime pertinent to the DNA double helix structure. As a rule, modification in the maximum
existence of vesicles. No salts or buffers were used, to modulate thepeak wavelength is moderate, if any.
electrostatic interactions between vesicles and DNA and to minimize ~ Agarose Gel Electrophoresidypical operating conditions were
the screening of such interactions. 1.5% agarose (w/v) and 5 V/cm at room temperature in TEA buffer,
DNA. Calf thymus DNA sodium salt (ctDNA-Na) was from Sigma-  PH 7-5 (TrisHCl and EDTA, 50 and 5 mM, respectively). DNA was
Aldrich. It was dissolved in deionized water and fragmented by Visualized by ethidium bromide (0/g/mL fc), and a standard DNA
ultrasonic waves with a VCX 600 Vibra Cell sonicator, Sonics and '2dder of 100 bp multimers was used as a reference.
Materials Inc. The working conditions were 5 mg/mL concentration In experiments requiring centrifugation, the samples were run at room
and 1 min sonication time, at 20 kHz and 600°$fter fragmentation, temperature for 5 min at 2090
agarose gel electrophoresis and densitometric scanning estimated the

average DNA distribution. The size of the main population fragments Results and Discussion
resulting from the sonication procedure spanned-50D0 base pairs
(bp’s). Vesicle Properties. Vesicles formed by mixtures of op-

The concentration of nucleic acid was increased from 0 to 15 mM positely charged surfactants are stable as compared to lipid-
(expressed in terms of phosphate groups), while the surfactantbased one¥2® Even prolonged centrifugation does not give
concentration in the vesicle mixture was kept constant to 21.6 mM rise to significant precipitation. The reasons for such unexpected
(11.85 mM CTAB and 9.75 mM SOS). behavior have been rationalized by Katéwho demonstrated

Methods. Dielectric Spectroscopiihe measuring apparatus consists that the vesicles have spontaneous bending and high thermo-
of a computer-controlled HP impedance analyzer, model 4194A, dynamic stability when the ratiacksT) is >1 (« is the energy
working in the 0.+100 MHz range. The measuring cell, previously ~curvature modulus). These are conditions quite different from
describedis a section of a cylindrical waveguide and can be partially those currently observed in lipid-based vesicles or the predictions
filled with the sample. The system behaves as a waveguide excited farby Helfrich, who supposed that the vesicle stabilization process
beyond its cutoff frequency mode. Therefore, only the stray field in is driven essentially by thermal fluctuatiotiKaler used former
the transition from the coaxial line to the waveguide is used. Cell theories on the spontaneous curvature of vesi¥liésand
constants were determined by an interpolation method based ondemonstrated that in mixtures of oppositely charged surfactants
measurements with electrolyte solutions of known conductivity, close the following equality holds:
to those of the samples under test, following a standard procéthire. 1 1\2
The errors were within 1% on both the reell, and the imaginary", f.= ZK(— — _o) (1)
parts of the complex dielectric constastt The dielectric relaxation R R
loss was obtained after subtraction of the ionic contributi@pw, where
o is the sample conductivityy the angular frequency of the applied
electric field, ande, the vacuum dielectric constant. The measuring
cell was thermally controlled to 204 0.1 °C.

lon Conductiity. Conductance measurements were carried out with
an accuracy of-0.05% using a Wayne-Kerr model 6425 precision
component analyzer. The electrical resistance of the solutions, measure
at 1.0, 2.0, 5.0, and 10 kHz, was extrapolated to infinite frequency for
the usual corrections. The measuring cell is located in an oil bath, at
20.000+£ 0.003°C. Measurements were performed by adding known
amounts of DNA in the CTAB-SOS pseudosolvent to the bare 47TR12 1 1\2
vesicular system by a weight buret, under stirring, and recorded 10 U — U’ = ZK(— — _O) )
min after each addition. N R R

Laser Light ScatteringA Brookhaven digital correlator (Bl 9000AT), whereun® anduy® are the chemical potentials for the vesicles

equipped with a 632.8 nm 10 mW Héle laser source, performed — cparacterized by aR; radius. The subscrighl (or M for the
DLS experiments at 90The gamples were Iocatc.—:‘d.m cuvettes at 2.0..00 proper vesicle size) indicates the number of molecule in the
+ 0.05°C. The detector consists of a photomultiplier and an amplifier, vesicles, which is obtained by the equality

working as pulse selectors. Details on the apparatus and on the
measuring procedures can be found elsewfefde relaxation times 87t(R°)2
(2/T) were determined by a CONTIN program, working in terms of a M= A 3)
continuous distribution of exponential decay tindé€rrors in the
average particle size were5%. The corresponding size-distribution ~ WhereA°® is the average area per surfactant (in the mixture) at
functions are monodisperse. the air-aqueous solution interfacésHence, the concentration
DLS measurements were performed at fixed surfactant content andfor any given vesicle size is obtained by combining, for instance,
CTAB/SOS ratio while the DNA concentration was increase. This can results from DLS in terms of the above relations. The resulting
be done by adding lyophilized DNA to the vesicular pseudosolvent agreement with the original theory is satisfactory. According
and stirring the resulting mixtures until equilibrium is obtained or adding to DLS, the average vesicle radius is close to 200 nm. The
known amounts of concentrated DNATAB/SOS suspensions to the  corresponding distribution function, evaluated by light scattering,
vesicles upon stirring. The values @aresulting from the two sets is relatively narro® and consistent with Kaler’s hypothe§PSCDV

wheref; is the bending energy per unit ared, the vesicle
radius, andR°® the spontaneous curvature of the bilayer &d

(2K = 2« + «°) indicates the balance between thenodulus

and the saddle-splay term?. Proper handling of the above
equation gives the size-distribution function of the vesicles,
é)ased on Boltzmann statistics, and ensures getting reasonable
estimates of the most stable size. This can be done by analyzing
the unimodal size distribution of vesicles obtained by DLS, and
accordingly
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Figure 1. Average hydrodynamic diameter of the lipoplexes, 2[Ru[] 10° 106 £ 32) 107 108

in nanometers, as a function of DNA added to the vesicular disper-
sions at 20.0 °C. The nucleic acid content is expressed in terms of
the phosphate molarity. The dotted line is for visual purposes.

Figure 2. Dielectric dispersion of CTAB—SOS vesicle suspensions
with increasing DNA content at 20.0 °C. Data are reported as €' — €«

vs f, in hertz. The biopolymer concentration is expressed in terms of

Equations 3 do not explicitly account for the distribution  the phosphate molarity. The symbols refer to bare vesicles (O) and
of the surfactants between the inner and outer vesicle surfaces1.5 (4), 2.5 (¢), and 3.5 (0) mM DNA. In the inset is drawn the
It is commonly accepted, however, that the surfactants are behavior of the imaginary component eq” vs log f, in hertz, for the
distributed in regions of different curvature according to the same mixtures. The arrow indicates the progressive addition of DNA.

requirements dictated by the packing constraint thébiy

mixtures, surfactants will be preferentially located in regions 14 1 1

of lower curvature and vice versa, depending on their packing 12 - e 5
constraintH = V/A°L). HereV is the volume of the hydrocarbon 10 - E
chain,A° the area per molecule at the interface, artle length e

of the alkyl chain in extended conformation. Taking into account e

the curvature radius of the CTAB and SOS micelles, it is 6 -

reasonable that the latter molecules are preferentially located 4l

inside the vesicle and the CTAB ones line the outer surface.

Estimates based on the packing constraint for a given vesicle i

size indicate that such an excess+sl9% lower than supposed. 0 -

The excess surface charge density (proportional to the CTAB
content in the outer layer and modulated by partial replacement
of CTA" with OS™ ions) will be reduced by a slightly higher .
amount. The nominal surface excess concentration reportedv
above (2.1 mM) is an upper limit for the excess CTAB
concentration in the outer vesicle layer. mM, respectively. In the inset is drawn the behavior of the imaginary
DLS Measurements. The average particle size regularly component ¢4 vs log f, in hertz, for the same mixtures. The arrow
increases as the amount of DNA in the medium is increased. indicates the progressive addition of DNA.
The values ofRy[reach a maximum at concentrations close to
the charge ratio 1.8 (DNACTA"), Figure 1. This is a f* the relaxation one, and an empirical parameter taking into
consequence of lipoplex formation. Above the saturation point, @ccount the spreading of the relaxation times.
the values of the hydrodynamic radius level off at higher In the absence of DNA, a MaxwetWagner dielectric
macromolecule content, progressively approaching fRe] relaxation process, deriving from interfacial polarization, oc-
values pertinent to free DNA. It must be pointed out, however, curs® The analysis of vesicle dispersions shows a significant
that some precipitates occur at, or close to, the charge ratiodielectric incrementfe = 170+ 8) and a relaxation frequency
mentioned above. Hence, the behavior in Figure 1 also indicates(f*) occurring at 1.14 0.1 MHz. The dispersion due to surface
the depletion of some amounts of lipoplexes from the disper- counterion conductivity in the double layer surrounding the

108

f(Hz)
igure 3. Dielectric dispersion of CTAB—SOS vesicles plus DNA at
arious concentrations, above binding saturation, at 20.0 °C. The
nucleic acid concentration is 3.5 (O), 4.3 (®), 6.2 (2), and 9.3 (®)

sions.

DS Measurements.This technique allows the formation of
DNA/vesicle complexes to be followed. The measurements, at
different DNA/vesicle ratios, were performed in the radio

vesicle is found in the kilohertz field for large particles such as

these®® The interactions between the biopolymer and the vesicle
neutralize the positive inner surface charges and dramatically
reduce the dielectric increment down to a near zero value

frequency range where all microheterogeneous systems (suctPbserved at 3.5 mM DNA. Further additions of the biopolymer
as micelles, polyelectrolytes, and aqueous dispersions ofcause an increase of tifee values, as can be inferred by the
vesicles) exhibit characteristic dielectric relaxation processes. dispersion curves, Figure 3. The difference in dielectric incre-
Experiments were carried out at fixed vesicle concentration and ments is significant, whereas the information from the corre-
increasing DNA content. The behavior of some mixtures, Figure SPonding relaxation frequencies is not as reliable due to a much
2, evidences modifications of the dielectric dispersion spectra, larger uncertainty. Above the saturation threshold, however, both
due to the interactions between vesicles and the nucleic acid.A¢ and f* are very close to the values observed in DNA

Dielectric relaxation data were elaborated according to the solutions at comparable concentratidhs. _
classical Cole-Cole equation In saturation conditions, the ratid = DNA~/CTAT is 1.8

(CTAT is the excess positive charge on the vesicles, and DNA
is expressed in terms of the molarity of the phosphate groups).
R represents binding saturation and is consistent with estimates
of the vesicle charg® The reasons why DNA does not interact
stoichiometrically with vesicle charges are many-fold. dBV

Ae

" 1+ (jf/fx) )

wherej = v/—1 andAe is € — e, f the measuring frequency,
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| Figure 5. Dielectric response of the vesicle/DNA complex (R = 1.8)
| T | T before (O) and after (O) addition of the surfactant in defect ([SOS] =
0.0 4.0 8.0 12.0 16.0 2.1 mM) at 20.0 °C.

[DNA] emM)
Figure 4. lonic conductivity of vesicular dispersions (11.85 mM CTAB

was added. The addition was done in a condition of DNA/vesicle
and 9.75 mM SOS), ¢ (S m™1), as a function of the concentration saturation R = 1.8), Where.the dieleCtri‘.: respons?e is. near .Zero'
(mM) of added DNA at 20.0 °C. For comparison, the behavior relative The appearance of a significant dielectric relaxation is ascribable
to that of bare DNA is reported as a dotted line. to free DNA (Figure 5). As a matter of fact, the dielectric
parameters, obtained from a Cel€ole fit of experimental data

particular, the geometry of charge distribution onto vesicles may (Ae = 16+ 0.8,7, = 6.1+ 0.6 MHz), strongly resemble those
not match completely that along the sugphosphate backbone. ~ pertinent to free DNA in solutiof¥
Estimates of the average distance between positive charges Visualization of Free and Bound DNA by Gel Electro-
on the vesicle were made assuming that the area of the CTABphoresis.AGE was used to visualize DNAvesicle interactions.
polar head is 0.50.6 nn?. Simple calculations show that the ~ While vesicles alone cannot be separated from the solvent by
surface charge density is in the range-&3 x 1071 q nnT2 centrifugation, on the contrary vesicle/DNA complexes do
This implies a distance between adjacent positive charges insediment upon centrifugation. Therefore, the complexes were
the 2 nm range. Therefore, not all negative groups on the DNA centrifuged, and both the pellets (lanes P) and supernatants (lanes
backbone, located at a distance of 0.17 nm from one another,S) were run on AGE in the presence of ethidium bromide (EB)
may interact with trimethylammonium groups, and charge as the intercalating drug. The data in Figure 6 (upper panel)
neutralization may be not complete. show that the fluorescence signal due to EB intercalated within
Cryo-TEM and SAXS show that DNA forms surface com- the DNA double helix is visible in the supernatant only when
plexes and condenses within the vesicles where it may becomethe mole ratidRis higher than 1.8 (lanes&nd ). Obviously,
incorporated into their bilayer. Accordingly, not all phosphate at0 mM DNA (lanes Band $) no signal is evident. The pellets
residues of DNA neutralize the positive surface charges on the containing the complexes and resuspended in water show a
vesicle. DNA compaction, thus, is an alternative interpretation. negligible fluorescent signal, since bound DNA is substantially
In this regard, Miguel suggested that DNA continues to be not accessible to the fluorophore. The very faint fluorescent
incorporated even after completion of saturation and causes thesignals observed in the presence of sedimented vesicle/DNA
expulsion of anionic surfactants from the lipoplexes, thus giving complexes is most likely due to the interaction of EB with some
rise to micelle$. This statement, however, is invalidated by our DNA tails extruding from the complex and/or adsorbed around
dielectric results, which indicate the presence of free DNA rather it (lanes B—Py).
than micelles. As a matter of fact, the dielectric relaxation of = The release of DNA was also examined. The complex
these micelles occurs in an interval ranging from 10 to 50 obtained at binding saturation was divided into two aliquots.
MHz.3%40The relaxation observed beyond saturation occurs in The first aliqguot was centrifuged, the pellets were resuspended
the megahertz range, and this is indicative of the presence ofin water, SOS was added to reach the vesicle neutralizing
free DNA fragments?! concentration, and the liquid phase was run on AGE (lanes
Conductivity measurements also show the establishment of LAo—LAg). The second was directly supplemented with SOS,
binding between DNA and vesicles, Figure 4. The ion conduc- and run as above (lanes kBLBg). Results of these AGE runs
tivity increases, and a two-state linear trend is evident. It must (Figure 6, lower panel) show that vesicle-bound DNA can be
be pointed out that the change of slope occurs at a DNA completely released after addition of an adequate amount of
concentration of 3.8 mM, which implieR = 1.8. The first SOS, and this also suggests that surfactant binding to CTAB is
conductometric regime may be associated with the progressivestronger than DNACTAB interactions in the vesicle. Thus,
DNA binding to vesicles; the second one reflects, on the other the nucleic acid can be efficiently forced out. These data are in
hand, the behavior after saturation. In fact, in the first region a substantial agreement with dielectric relaxation results.
release of Na (from DNA) and Br (from the vesicles) is a CD Measurements.To investigate possible alterations of
consequence of the electrostatic interactions between the negabNA structure, consequent to its interaction with vesicles, CD
tive charges on the macromolecule and the positive chargesmeasurements were performed in the range—2ZZD nm. In
facing outward from the vesicles. The second linear regime takesthis region the spectrum of DNA in water shows a negative
into account the increase of bulk Néons due to free DNA. band at 249 nm and a positive one at 275 nm with a nodal
Other ion mobility contributions can be neglected. point at about 258 nm. The spectrum refers to DNA in the
In a series of experiments we examined the possibility of a classical B conformatiof® The spectra of DNA/vesicle com-
controlled release of DNA from the lipoplexes. To this aim an plexes at various mole ratios are shown in Figure 7. An overall
amount of SOS equivalent to the CTAB excess in the vesicles resemblance is evident from a comparison of the two patte&Bi,/
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Figure 6. Pictures of electrophoresis runs showing the fluorescence
of DNA-bound ethidium bromide. In the upper panel is reported the
fluorescence due to increasing DNA in the vesicle (0—9 mM from
the left to the right) for both the pellet (P) and supernatant (S). In the
lower panel is reported the fluorescence monitored in the liquid phase
obtained after addition of SOS.

although small variations in the band amplitudes are observed.
The decrease in peak intensity is likely due to aggregation
phenomena, causing a partial precipitation of the complexes,
with a slight decrease of the actual DNA in solution. Therefore,

it can be assumed that the vesicle-bound DNA substantially
maintains its native conformation.

Conclusions
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Figure 7. Circular dichroism spectra of DNA bound to CTAB—SOS
vesicles at 20.0 °C: thick line, 0.96 mM DNA,; thin line, 1.94 mM DNA;
dotted line, 2.26 mM DNA. The total surfactant concentration is 21.6
mM, and the CTAB excess is 2.1 mM.

onto synthetic vesicles. Results presented here show that the
interaction is significant, with subsequent formation of li-
poplexes, which precipitate out. Unexpectedly, the formation
of lipoplexes is not stoichiometric in terms of nominal charges.

It is possible, in addition, to recover the biomacromolecule by
adding anionic surfactants in such amounts to fully neutralize
the vesicle charge and precipitating CTAB as a nonsoluble salt.
In some aspects, use of vesicular systems reduces the undesired
precipitation effects observed when DNA, or its gels, is mixed
with quaternary ammonium salts orfl§/

The reasons underlying this complex phenomenology are
many-fold and are presumably due to a combination of binding
and compaction onto polydisperse vesicles. According to recent
studies, it is stated that the size and polydispersity index of the
vesicles are relevant in the completion of the binding pro-
cesses® The entry of DNA into vesicles and the subsequent
release from the anionic surfactarfisre not realistic, at least
in the present experimental conditions.

Some aspects peculiar to DNA binding onto the vesicles,
perhaps, require the use of more performance-oriented instru-
mental facilities, giving the possibility to investigate the
electrophoretic mobility of the macromolecule, the vesicles, the
resulting lipoplexes, and the corresponding charge density. It
is expected that the latter results are complementary to those
obtained by dielectric relaxation spectroscopy, which indicate
the occurrence of modifications in the vesicle (or DNA) double
layers when binding occurs.
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