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Interaction of DNA with Cationic Micelles: Effects of
Micelle Surface Charge Density, Micelle Shape, and lonic
Strength on Complexation and DNA Collapse
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Complexation between DNA and cationic/nonionic micelles of dodecyldimethylamine oxide (DMDAO)
at various ionic strengths (1) was studied by monitoring turbidity or dynamic light scattering as a function
of pH at various ionic strengths (I). Complexation takes place at a critical degree of micelle protonation
(Bc) and is therefore primarily controlled by the ratio of cationic:nonionic surfactant, not by the ratio of
surfactant:DNA. . corresponds to a critical micelle surface charge density (oc), which increases nearly
linearly with I. The dependence of 5. on | displays a discontinuity when the DMDAO micelle shape changes
from spherical to rodlike. The proximity of the complexation boundary to the coil/coil—globule coexistence
boundary reported from fluorescence microscopy! indicates that the DNA—micelle complexation observed
by scattering also corresponds to micelle-induced collapse of DNA.

Introduction

Studies of complex formation between DNA and a
cationic amphiphilic molecule have implications for gene
therapy,? a conceptually new approach for the treatment
of human disease,®*~7 which is rapidly progressing from
basic research and toward clinical application.®® One
limiting factor for gene therapy is DNA transport, since,
under normal physiological conditions, DNA is a large
highly charged particle that is repelled by the similarly
negative cell membrane. Charge neutralization is the basis
for the potency of cationic lipid transfer agents,>'°~12 and
several synthetic cationic lipids and cationic liposome
formulations are commercially available.1014-16 After the
firstdemonstration of cationic lipid-mediated gene delivery
by Felgner and colleagues?® two decades ago, considerable
progress has been made in transfection efficiency.!*'”
However, at present, no single lipid fulfills the criteria for
an efficient and harmless vector for gene delivery.
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Most of the factors affecting the efficiency of DNA
delivery are related to the physicochemical properties of
the DNA-Ilipid complex, including its structure,819
morphology,?°~23 surface charge,>1%24 and solubility.* DNA
delivery appears to be most efficient when complexes are
formed at a ratio of lipid positive charges to DNA negative
charges of about 1 or more,'>?* presumably because
positively charged complexes are attracted to the cell
surface. However, nearly neutral complexes tend to
aggregate in aqueous solution and exhibit condensed
structures,?°-23 typically leading to the formation of large
aggregates, whose limited solubility may result in poor
diffusion within tissues, and even trapping in blood
vessels.?>2% In addition to lipid:DNA stoichiometry, en-
vironmental parameters, such as ionic strength and pH,
can affect DNA delivery. However, the relationships
among these physicochemical properties have not yet been
clarified.

In the present work, we study complexation of DNA
with a simple model amphiphile, dodecyldimethylamine
oxide (DMDAO). DMDAO can exist in either nonionic or
cationic (protonated) form,?”=3° which results in a pH-
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dependent variation of DMDAO micelle surface charge
density. Since both the degree of protonation () and ionic
strength (1) affect the micelle shape and size,3-%? the DNA—
DMDAO system facilitates a systematic study of the effects
of micelle charge density, micelle shape, and ionic strength
on DNA—amphiphile complexation. Recently, Mel'nikova
and Lindman? studied the behavior of this system as a
function of pH and | using fluorescence microscopy. A
collapse from coil to globule was observed at certain
combinations of pH and I. Our previous studies on the
binding of DMDAO with PAMPS,* P(AMPS—NVP),33and
NaPSS33 indicated that complex formation between
DMDAO micelles and polyelectrolytes occurs at a critical
pH, corresponding to a critical 3, i.e., corresponding to a
critical micelle surface charge density o. The critical o
was observed to depend in arather simpleway on I. These
above studies encouraged us to obtain a better under-
standing on the relationship between polyelectrolyte—
micelle complexation and the collapse of DNA in the
presence of micelles. Here, we focus our efforts on whether
“complexation” and collapse are the same phenomenon
by comparing the present work with microscopic observa-
tions and in so doing observe a correlation between the
I dependence of 5. and the micelle shape.

Experimental Section

Materials. DNA from salmon testes with average molecular
weight of 2 x 108 was purchased from Sigma and N,N-
dimethyldodecylamine oxide (DMDAO, purity >98%) from Fluka.
HCI standard solution and NaCl were obtained from Fisher. All
were used without further purification. Distilled water was used
in all experiments.

Turbidimetric Titrations. Turbidimetric titrations were
carriedoutat 25+ 1 °C by adding 0.200 M HCl standard solution
to solutions of 0.100 g/L DNA and 1, 2, 10, or 50 mM DMDAO
at fixed ionic strengths and monitoring pH and turbidity
simultaneously. pH measurements were made under N, with a
Corning pH meter240 equipped with a Beckmann combination
electrode. Turbidity measurements, reported as 100 — %T, were
performed at 420 nm using a Brinkman PC800 probe colorimeter
equipped with a 1 cm path length fiber-optics probe. Measured
turbidity values were corrected by subtracting the turbidity of
a DNA-free blank. pH and turbidity values were recorded when
the meter responses were constant for 2 min. The time required
to reach this equilibrium varied from 2 min for clear solutions
to ca. 2—10 min for more turbid samples.

Dynamic Light Scattering (QELS). All measurements were
carried out at a scattering angle of 90° and at 25.0 & 0.5 °C with
aDynaPro-801 (Protein Solutions Inc., Charlottesville, VA), which
employs a 30 mW solid-state 780 nm laser and an avalanche
photodiode detector. Samples with 50 mM DMDAO at desired
pH and ionic strength were prepared and introduced into the 7
uL cell through a 0.20 um filter prior to measurement. The
correlation function of the scattering data was analyzed via the
method of regularization3® and then used to determine the
diffusion coefficient D of the solutes. The diffusion coefficient D
can be converted into the apparent equivalent hydrodynamic
radius Ry using the Stokes—Einstein equation for a sphere

_ kT
h ™ 6.7'[7]D (1)

where k is the Boltzmann constant, T is the absolute temperature,
and 7 is the solvent viscosity. However, for rodlike micelles we
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Figure 1. Turbidimetric titration of 0.100 g/L DNA and 1, 2,

10, or 50 MM DMDAO in 0.10 M NaCl with 0.200 M HCI: (O)
1 mM; (@) 2 mM; (O) 10 mM; (V) 50 mM.

use the Perrin relationship3¢=38 for the translational diffusion
coefficient of ellipsoidal molecules:

_ kT
6xna

G(p) &)

where G(p) has the form

G(p) = (1 — p°)**In p<1 @

{1 +(1- p2)1/2}

o
where p is the axial ratio, p = b/a, and a and b are the major
semiaxis and minor semiaxis, respectively. We assume that b is
equal to the radius of largest spherical micelle, which is taken
as the micelle radius above which bimodal distribution of micelles
are observed.3132 The diffusion coefficients of micelles were fitted
to egs 2 and 3 to determine the shape of DMDAO micelles. When
ais equal to b, the micelle is spherical; when a is larger than b,
the micelle is rodlike.

Results and Discussion

Turbidimetric titration curves of DNA—DMDAO at 0.10
M NaCl obtained upon decreasing pH are shown in Figure
1. The turbidity, which is constant and very small at high
pH values, displays a well-defined increase at pH,,
corresponding to the binding of DNA with DMDAO. pH,
is almost independent of DMDAO concentration in the
range 2—50 mM, and the shapes of titration curves are
almost the same despite the large DMDAO concentration
range; however, for L mM DMDAO, pH. deviates sharply,
as does the shape of the curve. Since the critical micelle
concentration (cmc) of DMDAO at | = 0.10 is about 1.3
mM,%° this result is best explained by concluding that
DMDAO binds to DNA as monomer surfactant molecules
below cmc but as micelles above cmc. The pH at which
DMDAO micelles begin to bind to DNA, as detected by
the onset of turbidity, is defined as the point of incipient
complex formation. Complexation leads to a dramatic
increase in turbidity, because the average molecular mass
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Figure 2. Dependence of the critical protonation degree of
DMDAO micelle on ionic strength for the DMDAO—-DNA
system. band r are slope and correlation coefficient, respectively.
Phase boundary for complexation from this work (®). Dotted
line (V) indicates  values at which DNA collapsed state is first
observed; dashed line (O) indicates 3 values at which DNA coiled
states are no longer observed (both converted from the phase
boundaries expressed by pH and I in ref 1).

of DNA—DMDAO complexes is much larger than for DNA
alone, as observed in polycation—micelle complexes®® and
in polyanion—DMDAO complexes,3:22 in which systems
the critical pH is verified by dynamic light scattering,
electrophoretic light scattering, and other techniques. It
is important to point out the ratio of total cationic
surfactant to DNA can change by a factor of 25 with very
little effect on the critical pH. This shows that the strength
of binding is controlled by the micelle surface charge
density and not by the stoichiometry: if 5 is not large
enough, DNA will not bind DMDAO no matter how much
surfactant is added.

Since we work at [DMDAOQO]/cmc > 50 in the following
experiments, the molar concentration of monomer sur-
factant can be ignored. Then, the effective logarithmic
ionization constant pK, of the protonation equilibrium of
the micellar solution*® is

pKs = pH + log[B(1 — A) ] 4

Here, 3 is the degree of protonation of micellar DMDAO,
and pK; depends on ionic strength. pK; is a function of 3,
and f decreases with an increase of pH. DMDAO forms
nonionic micelles at pH > 9, cationic micelles at pH < 3,
and cationic—nonionic mixed micelles at intermediate
pH.4

Turbidimetric titrations of 1 g/L DNA and 50 mM
DMDAO were carried out at various ionic strengths. pH,
values were converted to 5. which corresponds to a critical
micelle surface charge density using pH titration curves
obtained at various ionic strengths for 50 mM DMDAO.3?
The critical conditions for complexation of DNA with
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DMDAO micelles are then described by the phase bound-
ary demonstrated in Figure 2.

The formation of DNA—amphiphile complexes normally
induces a conformational change in DNA.20~22 Recently,
Mel'nikova and Lindman?! studied the conformational
behavior of DNA in the presence of DMDAO micelles using
fluorescence microscopy as a function of ionic strength
and pH. They identified three states: coil, globule, and
coil—globule coexistence. The corresponding phase bound-
aries are compared in Figure 2 with the phase boundary
in the present work. The proximity of . to the coil/
coexistence boundary shows that complexation detected
turbidimetrically occurs along with the collapse transition.
The driving force for the transition from coil to globule
should be incompatibility with solvent.?® Complexation
between DNA and DMDAO must be accompanied by
charge neutralization and loss of DNA counterions, i.e.,
the same phenomenon as DNA collapse induced by the
binding of polycations.*243

The phase boundary in Figure 2 arises from the
screening by salt of electrostatic interactions between DNA
and micelles, which decreases the binding affinity of
micelles to DNA, thus requiring an increase of micelle
surface charge density for complexation. Theory and
experiment indicate that the critical colloid surface charge
density for polyelectrolyte—colloid binding may be ex-
pressed as3144-46

o0k =cl®? (5)

where o is the critical colloid surface charge density, & is
linear charge density of the polyelectrolyte (here DNA),
k is the Debye—Huckel parameter, and ¢ and a are
constants. In previous work,3%:3334 the micelle electrostatic
surface potential o was first obtained from g. by
calculating from the difference between the effective pKjg
and intrinsic value pKq (pKj at g — 0),3247

PK; — pKy = —0.434(eyo/KT) (6)

where k and T are the Boltzmann constant and the
temperature, respectively. Then, o, was deduced from v
by application of the Gouy—Chapman equation*® for a
sphere of radius a,

o, = (eyl4m)(x + 1/a) @)

where ¢ is the solvent dielectric constant. However, as
pointed out by Mille*® and as noted by us, this analysis
assumed that the micelles were spherical and also ignored
hydrogen bonding between polar headgroups of DMDAO
molecules in micelles. The exact calculation of ¢, from f3;
is thus complicated. However, since f3. is proportional to
0., a plot of log . vs log I should, according to eq 5, be
linear.

As seen in Figure 2, the slopes and correlation coef-
ficients of the log S.—log I linesare b =0.81 and r = 0.998
for 1 < 0.20 and b = 0.91 and r = 0.997 for | > 0.20,
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Figure 3. Distribution of DMDAO micelle shape at 50 mM
and at different ionic strength (I) and different protonation
degree (8) summarized from dyamic light scattering measure-
ment: (O) rod; (®) sphere; (*) DNA—DMDAO phase boundary;
the arrow corresponds to the slope change in Figure 2.

respectively. The remarkable quality of the fits, as
expressed by correlation coefficients extremely close to
unity, enables us to assert that log . vs log | indeed
displays a discontinuity at 1 ~ 0.20 M and j; =~ 0.20.
DMDAO micelle shapes determined by dynamic light
scattering as a function of § and | are summarized in
Figure 3. The phase boundary for DNA—DMDAO com-
plexation (solid line) goes through the sphere—rod transi-
tion for DNA-free DMDAO at | ~ 0.2 and  ~ 0.17, which
coincides with the break in the phase boundary in Figure
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2, indicating that the discontinuity in the phase boundary
takes place at the sphere—rod transition of DMDAO
micelles. This may be explained in two ways. The first
explanation is that at conditions of g and | corresponding
to spherical micelles the large micelle curvature could
reduce the interaction contact area between micelles and
the stiff DNA chain. Second, the dependence of micelle
surface potential on § differs for spheres and rods,* so
that conversion of the curve of Figure 2 to o, from . could
either diminish or amplify the change in slope. Resolution
between these alternative hypotheses may be possible,
but since the main goal of the present paper is the
comparison of complexation with collapse, a more quan-
titative physical analysis of the effects of micelle shape,
size, and surface charge density, as well as polymer
persistence length, will be presented elsewhere.

Conclusions

The binding of DNA to DMDAO at surfactant concen-
tration above cmc is dominated by simple electrostatics
and therefore primarily controlled by micelle surface
charge density and the ionic strength. Complexation occurs
atacritical micelle surface charge density, which increases
nearly linearly with ionic strength. This critical micelle
surface charge density shows little if any dependence on
micelle concentration, so that charge equivalency (DNA—
amphiphile stoichiometry) does not control binding. A
secondary effect is related to the micelle shape, as
evidenced by a small but significant change in the ionic
strength dependence of the critical micelle surface charge
density when the micelle dimension change from spherical
to rodlike. Comparison with fluorescence microscopy data
reported elsewhere! reveals that the critical binding point
corresponds to micelle-induced collapse of DNA.
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