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DNA Phase Behavior in the Presence of Oppositely
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The interaction between DNA and alkyltrimethylammonium bromides of various chain lengths has
been investigated. It is known that these systems phase separate with the formation of a precipitate; this
important feature allows, for example, purification of nucleic acids. Phase maps were drawn for the aqueous
systems illustrating the associative phase separation. The boundary of the two-phase region for the dilute
part of the phase diagram was evaluated by turbidimetry, in both the absence and presence of salt. The
extension of the precipitate region increases strongly with the surfactant alkyl chain length, and we
observed no redissolution with an excess of surfactant. The addition of NaBr led to novel interesting
findings. The phase diagram studies were correlated with the single molecule conformational behavior of
the same systems as studied for very diluted solutions by fluorescence microscopy. DNA exhibits a discrete
phase transition in the presence of cationic surfactants from coils to globules. Results demonstrate that
the coil—globule coexistence interval is narrow for CTAB and becomes wider for the shorter-chained
surfactant. The findings for flexible polyions of lower charge density differ qualitatively from what we find
here for DNA. For the first, large amounts of surfactant have to be added before phase separation occurs,
and the change in the polyion extension is gradual, indicating an essentially uniform distribution of surfactant
aggregates among the different polyions. For DNA, the very low values of surfactant concentration at
which phase separation starts demonstrate a different binding interaction; as binding to a polyion starts,
further binding is facilitated, and one DNA molecule is saturated before binding starts at another.
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Introduction

Mixtures of water-soluble polymers and surfactants are
present in a large number of systems in nature and
industrial applications, as in foods, pharmaceutical for-
mulations, cosmetics, detergents, paints, etc., and these
systems are the subject of a large number of studies.*?
The interactions between amphiphilic molecules and
biologically active polyelectrolytes not only have received
particular attention from the physical chemistry viewpoint
but also were specially investigated in biomedical studies.
Within this group, the DNA—cationic surfactant systems
have a number of applications: DNA can be purified by
condensation and precipitation by using cationic surfac-
tants;® cetyltrimethylammonium bromide has been used
for DNA renaturation and ligation.* There are also
applications in controlled delivery of genetic material.
Novel vehicles have been tested for the delivery of DNA
into cells. Naked DNA, due to its size and charge density,
isunlikely to enter in the cells by itself. In this connection,
liposomes have been recently used as vehicles for gene
delivery.> Synthetic surfactants cannot be used for this
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purpose, since the complexes of DNA and cationic micelles
do not result in effective transfection. It is a common
viewpoint to explain this low transfection by the cyto-
toxicity of surfactants and low stability of these complexes
upon a change in the environment.® Despite this, qua-
ternary ammonium detergents can be used, in small
amounts, for positive charging of neutral liposomes,
improving their transfection efficiency.5

Because of the growing interest in this field and
numerous applications of these systems, several studies
have been presented. It was demonstrated through the
use of cationic surfactant-selective electrodes that cationic
surfactants bind to the negatively charged DNA macro-
molecule in a cooperative manner.6~° Many techniques
have been used to study the complex formation of DNA
with quaternary ammonium surfactants!®! as well as its
structure,®1213 giving rise to the model of the formation
of micelle-like aggregates on the DNA surface. Fluores-
cence microscopy has also been used for the observation
of single DNA molecules in solution and the effects of
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cationic surfactants on its conformational behavior.>*4 This
technique allows for the observation of the discrete
character of the coil—globule transition in individual DNA
molecules, avoiding the effect of the interaction between
the polymer chains.

Although it is well-known that precipitation of DNA
occurs in the presence of cationic surfactants,'® the phase
behavior of DNA in the presence of oppositely charged
surfactants has never been presented in the literature. In
an attempt to fill this gap, a study was conducted for the
aqueous systems of DNA and the cationic surfactants,
cetyltrimethylammonium bromide (CTAB), tetradecyl-
trimethylammonium bromide (TTAB), and dodecyltri-
methylammonium bromide (DTAB).

Surfactant molecules, due to their amphiphilic nature,
have the ability to form self-assemblies in solution. The
presence of other compounds, like polymers, may sub-
stantially influence this process. Phase diagrams describe
the region of existence of different phases and the
equilibrium between them. In these maps one can read
out how many phases are formed and what are the
compositions of individual phases and their main char-
acteristics. For a three-component system it is common
to consider a ternary phase diagram, but for the present
case it is more correct to consider it as a pseudoternary
one. Since water and two salts with no common ions are
present, we have a four-component system that should be
represented by pyramid-shape phase diagrams'® or trigo-
nal bipyramids.'” Obviously, this three-dimensional rep-
resentation contains more information than the ternary
phase diagrams, but for simplification the former one is
preferred, and it consists of a particular cut through the
pyramidal body.*®

Considering a pseudoternary mixture of polymer, surf-
actant, and water, the simplest type of phase separation
in such systems involves the formation of two phases. If
there are strong attractive interactions between the two
components, we will be facing the formation of one phase
concentrated in both polymer and surfactant and the other
diluted in both components, i.e., an associative phase
separation. If, on the contrary, there are no attractive
interactions between the polymer and surfactant, there
will be segregation into two phases: one enriched in
polymer and another in surfactant. A schematic repre-
sentation of the two situations is represented in Figure
1. Since our systems are of the type of polyelectrolyte and
oppositely charged surfactant, a strong association be-
tween the components with a phase separation is expected.

The boundary of the two-phase region for the diluted
region of the phase diagram was evaluated for the three
systems by turbidimetry. The effect of the addition of salt
was also investigated.

In this work we also study the three systems by
fluorescence microscopy in order to evaluate the differ-
ences produced on the DNA conformational behavior by
changing the surfactant alkyl chain length.

Experimental Part

Materials. Synthetic surfactants, cetyltrimethylammonium
bromide (CTAB), tetradecyltrimethylammonium bromide (TTAB),
and dodecyltrimethylammonium bromide (DTAB), were obtained
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Figure 1. Schematic ternary phase diagram showing (a)
associative and (b) segregative phase separation in mixed
solutions of polymer and surfactant.

from Sigma, and sodium octyl sulfate (SOS) was from Merck.
CTAB was recrystallized twice with acetone. TTAB, DTAB, and
SOS were used as received. For phase diagram determinations
DNA type XIV from herring testes was purchased from Sigma
without further indication. Its molecular weight was determined
by gel electrophoresis and found to have a polydisperse value
between 400 and 1000 base pairs, bp, with a center of distribution
at ca. 700 bp. For fluorescence microscopy studies coliphage T4
DNA (M = 1.1 x 108 Da, ca. 167 kbp) was supplied by Sigma.
The DNA concentrations were determined spectrophotometrically
considering the molar extinction coefficient of DNA bases to be
equal to 6600 M~1 cm~1.2° The ratios of the stock solutions were
found tobe 1.8 and 1.9 for the two types of DNA. The fluorescence
dye, 4',6-diamidino-2-phenylindole (DAPI), the antioxidant,
2-mercaptoethanol (ME), and the buffer, Tris-Cl, were from
Sigma. NaBr, analytical grade, was purchased from Mallinckrodt,
Inc.

Sample Preparation. For the phase diagram determination
several samples were prepared by weight, adding the desired
amount of surfactant and DNA stock solutions, and water, with
atotal of 1 or 2 mL, in glass ampules that were flame-sealed. The
samples were mixed for at least 48 h and left for several days
to equilibrate at 25 °C, being regularly examined visually and
between crossed polaroids. Afterward, the samples were cen-
trifuged at 3500 rpm for 90 min and again left to equilibrate. In
the dilute region, and to detect the first appearance of precipitate,
samples were prepared by volume in screw-capped glass tubes
with a total of 1 mL. They were placed in a shaker for 4 h and
left to equilibrate for at least 48 h. The turbidity of the samples
was measured on a Perkin-Elmer UV/vis Lambda 14 spectrometer
two times at two different wavelengths, 350 and 400 nm. To
analyze the precipitate, samples were prepared by weight,
keeping the amount of DNA constant and changing the [DTAB]/
[DNA] mixing ratio. The samples were thoroughly mixed for 48
h and kept for equilibration during 72 h. All the samples were
prepared in previously weighted corked tubes. For fluorescence
microscopy studies DNA molecules were diluted with 10 mM
Tris-Cl buffer (pH = 7.6), the antioxidant, the fluorescent dye,
and bidistilled water. The final concentration was DNA in
nucleotide units 0.5 uM, DAPI 0.5 uM, and ME 4% (v/v). Under
these conditions, the binding number of DAPI per 1 bp DNA is,
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in an aqueous buffer solution, estimated to be equal to 0.05, and
the persistence length of the DNA chain is expected to remain
nearly the same as in the absence of DAP1.2021 The surfactant
was added stepwise, and the solution was gently mixed and left
at least 30 min to equilibrate before observation.

Phase Diagram Determination. This determination in-
volved the preparation of over 100 samples for each of the three
surfactants, and its observation for approximately 6 months.
The two-phase boundary in the dilute region was determined by
turbidimetry. All samples were kept at 25 °C.

Analysis of the Precipitate. To analyze the precipitate of
samples, the following procedure, described elsewhere,?? was
followed. After equilibration the supernatant was separated from
the precipitate, and this was lyophilized. The weight percent of
the obtained precipitate was plotted against the DTAB and DNA
charge concentration mixing ratio, [DTAB]/[DNA], at constant
DNA amount. It is impossible to remove the totality of the
supernatant from the sample. While for alow DTAB concentration
thiswill have a negligible effect, for the high concentrated DTAB
samples this contribution cannot be ignored. For this reason a
study of the amount of water in the supernatant was also
conducted. For this analysis a suitable amount of the supernatant
was carefully pipetted into a preweighted tube that was freeze-
dried for 72 h, in the same way as the wet precipitate. The
dependence of amount of free water in the supernatant on the
increase of DTAB concentration at constant DNA concentration
was also plotted.

Fluorescence Microscopy. For fluorescence microscopy
studies the samples were illuminated with a 365 nm UV-mercury
lamp, and the fluorescence images of single DNA molecules were
observed using a Zeiss Axioplane microscope, equipped with a
100x oil-immersed objective lens, and digitized on a personal
computer through a highly sensitive SIT C-video cameraand an
image processor, Argus-20 (Hamamatsu Photonic, Japan). The
apparent long-axis length of the DNA molecules, L, was defined
as the longest distance in the outline of the fluorescence images
of single DNA. The observations were carried out at 25 °C. Special
care was taken to clean the microscope glasses (No. 0, Chance
Propper, England) thoroughly before the observation to prevent
DNA degradation, as well as precipitation to the glass surface.?3

Results and Discussion

Cationic Surfactants—DNA Phase Behavior. The
interaction between DNA and some cationic surfactants
(CTAB, TTAB, and DTAB) was investigated by the study
of the phase behavior. A special attention was given to
the effect of the tail length of the surfactants.

A schematic representation of the ternary phase dia-
gram is shown in Figure 2a; to better illustrate DTAB
was chosen since, being the surfactant with the shorter
chain length, the samples would reach equilibrium faster,
and also the surfactant forms micelles in solution up to
relatively high surfactant concentrations.?* In this way
we could conduct our study until 40 wt % of DTAB. Samples
at DNA concentrations higher than 4 wt % were not
prepared because of the extremely high viscosity of the
solution. As expected, the aqueous mixture of DNA and
cationic surfactants phase separates associatively into a
diluted phase and one phase concentrated in both polymer
and surfactant, a precipitate. The formation of precipitate
has been reported for several systems involving alkyl-
trimethylammonium bromide cationic surfactants and
polyanions like poly(methacrylic acid),?® sodium hyal-
uronate,?®?7 or sodium polyacrylate.?®2° The electrostatic
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Figure 2. (a) Schematic representation of the isothermal
pseudoternary phase diagram for the system DNA—DTAB—
water. There is a phase separation into two phases in almost
the entire region considered. (b) Expanded view of the water
corner of the system (diamond), including the DNA—-TTAB—
water (triangle) and DNA—CTAB-—water (circle) systems for
comparison. Open symbols refer to the clear one-phase solutions
and filled symbols to two-phase samples. The dashed line
indicates the charge neutralization. T = 25 °C.

interactions between the components are obviously strong
and lead to a strong association. Surfactant aggregates
induced by the polymer will act as its counterions, thereby
reducing the charge of the complex and the entropic driving
force for mixing and the interpolymer repulsions.? How-
ever, contrary to other reported polyelectrolyte—surfactant
systems,?7:28:30.31 the precipitate does not redissolve with
an excess of surfactant, at least in the examined interval
of concentrations. The difficulty of the redissolution of
complexes composed of very highly charged polymers has
been already mentioned in some studies.3%3233

Other information drawn from the phase map is that
the precipitate is formed at very low amounts of DNA and
minor surfactant concentrations, far below the surfactant
critical micelle concentration, cmc. This is a logical
observation, since the polyelectrolyte—oppositely charged
surfactant systems are known for a critical aggregation
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concentration, cac, lower than cmc of free surfactants,
often by orders of magnitude. The fact that the cationic
surfactant binding occurs preferentially to anionic poly-
electrolytes of high charge density3*~3¢ further enhances
this behavior.

For efficient transfection the formed complexes between
the DNA and gene delivery vehicles must be stable; i.e.,
aphase separation must be avoided. Taking this and other
applications into account, we found important to perform
a more rigorous study of the two-phase border for the
three systems. For this, turbidity studies were conducted,
and their results are presented in Figure 2b, as an
expansion of the dilute region of the pseudoternary phase
diagram. This phase map is presented in a simplified two-
dimensional representation. Since the amount of water
in these systems is extremely high, this type of repre-
sentation provides a better visualization. We observed
that the extent of the phase separation increases strongly
with the surfactant alkyl chain length. For example,
CTAB, the surfactant with the longer chain length, binds
more easily to DNA, leading to the formation of precipitate
for smaller amounts of the polymer. This is an indication
of the importance of the hydrophobic interactions between
the surfactant molecules and an evidence of the known
fact that complexes are formed with DNA and surfactant
aggregates. Another substantial point is that the pre-
cipitate region shows a dissymmetry with respect to the
surfactant and DNA axes [note the difference in scale of
the axes]. This was observed for other systems?6:¥7 and
means that an addition of smaller DNA amounts to the
surfactant will cause the precipitation of the system, while
a larger amount of surfactant will be required to cause
the phase separation of a more concentrated polyelec-
trolyte solution.

The Salt Effect. To study the effect of salt, samples
were prepared according to the procedures described
previously for the salt-free system. The pure water was
replaced by a 0.1 M NaBr solution. The results are
presented in Figure 3b. For comparison purposes, Figure
3a presents the system in the absence of salt with the
same scale. It is demonstrated that there is a significant
broadening of the two-phase regions for low amounts of
DNA. It is known that polyelectrolytes are much more
soluble than the corresponding uncharged polymers, which
is attributed to the entropy the counterion distribution.?
By adding salt, there will be a high electrolyte concentra-
tion inthe system that will reduce or eliminate the entropy
contribution, leading to a phase separation.

It is a commonly accepted viewpoint that the cac of the
polyelectrolyte—oppositely charged surfactant systems
increases on addition of salt.® This is due to a weakened
interaction between the polymer and surfactant induced
by the stabilization of micelles and a screening of the
electrostatic interactions. We can observe this trend on
the DNA axes two-phase boundary for the TTAB and
DTAB surfactants (Figure 4, b and c). However, for the
surfactant axes the precipitation begins for lower amounts
of DNA compared to the system without salt. For the
DNA-CTAB phase map thisis also observed, but the lines
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Figure 3. (a) Same as Figure 1b, but the phase map is
represented in a logarithmic scale for better visualization of
the effect of surfactant chain length on the phase transition.
(b) Phase map for the three systems in the presence of 0.1 M
NaBr. Symbols are the same as in Figure 2. T = 25 °C.

of precipitation of the system with and without salt overlap
instead of crossing (Figure 4a). It is seen that the
asymmetry of the phase diagram is further increased with
the addition of salt.

This is an unexpected behavior. We believe that the
knowledge of the DNA—surfactant complex structure is
necessary to understand this trend. Yet, despite of all the
studies made within these systems,819714 the structure of
the complex is not fully known. Further investigations
are being conducted to better understand this behavior.

Analysis of the Precipitate. A study was conducted
within the two-phase region to know the dependence of
the amount of the precipitate on the variation of the
[DTABJ/[DNA] mixing ratio, R, in an attempt to better
understand the interaction between the surfactant and
DNA molecules.

The DNA concentration was fixed at 3 wt %, and the
surfactant concentration was increased stepwise until a
maximum of R = 7. The samples were analyzed with
respect to the precipitate and water in the supernatant.

The results are plotted in Figure 5. By observing the
dependence of the amount of precipitate on the DNA/
surfactant mixing ratio, it can be clearly seen that the
precipitate starts to form at very low concentrations of
surfactant, as shown previously. The plot of the water
content in the supernatant gives us more information.
Also, the amount of water increases with the increase of
the surfactant concentration, due to the formation of the
precipitate, which decreases the concentration of DNAin
solution. At a mixing ratio of approximately 1.0 the
percentage of water in the supernatant reaches a maxi-
mum of almost 100. After that it decreases again, with
the increase of surfactant in solution. We can deduce from
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Figure 4. Effectof the addition of NaBr on the phase behavior
of the aqueous systems DNA—CTAB (a), DNA—TTAB (b), and
DNA-DTAB (c). Circles represent samples without salt and
triangles samples in the presence of salt. As before, open circles

refer to clear one-phase solution and filled symbols to two-
phase samples. T = 25 °C.

this that the maximum amount of precipitate takes place
atapointclose to the charge neutralization, corresponding
to one surfactant molecule to each DNA negative charge.
In Figure 5b a broken line that represents the original
amount of water in the samples is constructed. It is easily
observed that the decrease of the amount of water in the
supernatant is parallel to this line. This gives us the
indication that the surfactant added to the samples
remains in the supernatant, probably as free micelles,
and that the amount of precipitate is constant in this
region. On the precipitate curve (Figure 5a) this fact is
not visible in the experimental points. This apparent
increase in the amount of the precipitate is due, possibly,
to the supernatant that invariably stays within the sample
contributing erroneously to the weight. For low surfactant
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Figure 5. (a) Weight percent precipitate in the sample versus
the mixing ratio between surfactant and DNA, [DTAB]/[DNA],
at a constant 3 wt % DNA. (b) Dependence of the amount of
water in the supernatant on the molar ratio [DTAB]/[DNA] at
3 wt % DNA. The dashed line represents the decrease of the
amount of water due to the increase of the concentration of
surfactant.

concentrations this is negligible, but for highly con-
centrated DTAB samples this contribution cannot be
ignored.

The observation that the precipitate reaches the maxi-
mum amount near the charge neutralization and remains
constant, at least within the studied region, is in good
agreement with the nonredissolution of DNA—surfactant
complexes. Since there is no binding of the surfactant to
the complex after its neutralization, an inversion of the
complex charge is not observed, as happens with many
similar systems.?”—30

Analysis of the Precipitate in the Presence of Salt.
Samples with the same composition as those corresponding
to the salt-free system were prepared with 0.10 M NaBr.
The results are compared in Figure 6. We can observe
that the two systems’ behavior is quite similar. There is
asharp increase in the amount of precipitate in the sample
with the addition of surfactant, and the maximum of
precipitation occurs for a mixing ratio of approximately
1, corresponding to charge neutralization. By observing
the percentage of water in the supernatant, we can see
that the precipitate starts to form at higher mixing ratios
and that the amount of water remains almost constant
until R = 0.25. It can also be observed that the samples
with salt contain about 0.5 wt % less water than those of
the salt-free system. This value corresponds to the salt
contribution to the weight of the sample and means,
probably, that the major fraction of the salt is dissolved
in the supernatant.
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Figure 6. (a) Effect of the addition of salt on the weight percent
precipitate for samples versus the molar ratio between surf-
actant and DNA at a constant DNA concentration. (b) Effect
of the addition of salt on the dependence of the amount of water
in the supernatant on the molar ratio [DTAB]/[DNA] at 3 wt
% DNA. Open circles correspond to the system containing pure
water and the filled ones to the samples prepared with 0.1 M
NaBr.

DNA Phase Behavior in Very Diluted Samples. In
a previous section we observed the effect of surfactant
chain length on the DNA interaction with cationic
surfactants, at relatively high DNA concentrations, i.e.,
in a “macroscopic” study. To better understand this
interaction, it is pertinent to study the same system by
using a microscopic scale. Fluorescence microscopy is a
technique that has been recently used in the study of DNA
conformational behavior in the presence of various co-
solutes, and its main advantage is to allow for the
visualization of single molecules in solution. DNA mol-
ecules in aqueous solution present an extended conforma-
tion, flowing in the solution and exhibiting a relatively
slow wormlike motion; i.e., they are in the unfolded coil
conformation. When, for example, TTAB was added to
the DNA solution above a certain concentration, 2.0 x
1075M, we observed a coexistence region of some compact
molecules in solution along with DNA coils. These compact
molecules that present a high fluorescence intensity, and
a long-axis length less than 1.0 um, are denoted as DNA
globules. With further increase of the surfactant concen-
tration, [TTAB]=8.0 x 107°M, we reached a region where
only DNA globules were detected. These results along with
those for DNA phase behavior in the presence of CTAB
and DTAB are presented in Table 1.

By looking at the conformational behavior of DNA
molecules, we first conclude that a larger amount of the
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Table 1. Characterization of the Interaction between
DNA and Cationic Surfactants®

Co (uM) Ci1 (uM) AC (uM)
CTAB 8.0 24.0 16.0
TTAB 20.0 80.0 60.0
DTAB 80.0 300.0 220.0

a Cp represents the concentration at which globules were first
detected in the solution, and C; is the disappearance of a last DNA
globule. AC is the coexistence interval width. T = 25 °C.

shorter chain length surfactant is needed to induce the
compaction of DNA macromolecules. We observed that
the coexistence region begins for concentrations 8.0 and
80.0 uM of CTAB and DTAB, respectively. These results
are in good agreement with the results of previous sections,
since we observed that a higher concentration of DTAB
is needed for the formation of precipitate. We can associate
the precipitation with the formation of globules by taking
into account the difference in the DNA concentration in
both systems. A valuable parameter of DNA—amphiphile
interaction is the width of the coexistence region. We can
see that the coexistence interval is narrower for DNA—
CTAB systems and becomes wider for the shorter-chained
surfactants. It was emphasized before that the binding of
the surfactant molecules to DNA is highly cooperative
being as described by binding isotherms.® In the sigmoi-
dally shaped plots, the amount of surfactant bound to the
polymers, binding degree, f§, is plotted against the free
surfactant concentration. By using binding isotherms,®
Kwak et al. have shown the effects of surfactant chain
length in the DNA—surfactant interactions. For the longer
surfactant chains the binding isotherm has an abrupt
behavior, while for a short surfactant alkyl chain the plot
has a less steep profile. It is not surprising that the slope
of the cooperative part of the binding isotherm was
attributed to the coexistence region.3® Our results with
TTAB and DTAB are in a good agreement with these
observations. It should be, nevertheless, taken into account
our disagreement with the use of the term “binding degree”
and what it represents in these systems.*®4! The DNA
molecules undergo a discrete or a first-order phase
transition in the presence of cationic surfactants.
Associative phase behavior is well-documented for
mixed aqueous systems of a polyelectrolyte and an
oppositely charged surfactant!6:25-27.30.32-36.38.39 gnd so is
also the effect of surfactant on the polyion conforma-
tion.26-28323339 However, the findings for the flexible
polyions of lower charge density differ qualitatively from
what we find here for DNA. Thus, in previously studied
cases, like hyaluronan and polyacrylate, high concentra-
tions of surfactant have to be added before phase separa-
tion occurs. Furthermore, the change in polyion extension
is gradual, with no indication of two dominating states.
With the flexible low charge density cases it can be inferred
that while surfactant binding is cooperative, in that it
results in surfactant self-assembly aggregates and is
characterized by a well-defined critical association con-
centration, there is an essentially uniform distribution of
surfactant aggregates among the different polyions. Phase
separation takes place when the net charge of polyion—
surfactant aggregates attains a low value, and the
distribution explains why rather high amounts of surf-
actant are needed for phase separation in these cases. For

(39) Mel'nikov, S.; Segeyev, V.; Yoshikawa, K. J. Am. Chem. Soc.
1995, 117, 9951—9956.

(40) Mel'nikov, S.; Sergeyev, V.; Mel'nikova, Y.; Yoshikawa, K. J.
Chem. Soc., Faraday Trans. 1997, 93, 283—288.

(41) Mel'nikov, S.; Sergeyev, V.; Yoshikawa, K.; Takahashi, H.; Hatta,
1. J. Chem. Phys. 1997, 107, 6917—6923.



DNA Phase Behavior

DNA, the very low values of surfactant concentration at
which phase separation starts demonstrate a different
binding situation and an all or none binding: as binding
to DNA starts, further binding is facilitated and one DNA
double-helix molecule is saturated before binding starts
at another; i.e., there is a double cooperativity. This is
directly confirmed by the fluorescence microscopy results,
demonstrating the coexistence of original extended coils
and globules compacted to the final state.

It is important to emphasize the role of attractive
interactions in compaction and phase behavior. Compac-
tion and phase behavior are driven by attractive interac-
tions between different parts of a DNA double helix and
between double helices, respectively. As argued below we
ascribe these attractive interactions to attractive elec-
trostatic interactions due to the correlation effects arising
in the presence of multivalent counterions.*?

With surfactant binding occurring in the form of discrete
micelles, this can be understood if the local perturbation
of the conformation of the DNA chain facilitates micelle
association in adjacent parts. However, there are strong
indications that the surfactant binding to DNA leads to
the formation of highly extended aggregates; X-ray
diffraction patterns have been interpreted to suggest the
presence of reversed hexagonal phase.*® With preferred
very large, “unlimited”, aggregates the highly cooperative
DNA folding can be easily understood. However, we know
that the cooperative folding of DNA is not limited to self-
aggregating cationic surfactants; it also occurs for cationic
polymers and multivalent counterions. It appears, there-
fore, that we best consider the cationic surfactant self-
assemblies as attractive correlation interactions between
different parts of a DNA molecule, thus inducing a
compaction; the role of ion—ion correlation effects in DNA
compaction has been discussed elsewhere.? The complex
effect of added salt can be referred to an interplay between
the effect of monovalent ions on surfactant self-assembly,
on DNA chains and chain—chain association, the latter
also promoted by the attractive interactions. However,
DNA—DNA association is probably kinetically unfavorable
under most experimental conditions for high molecular
weight DNA.

(42) Gullbrand, L.; Jénsson, B.; Wennerstrom, H.; Linse, P. J. Chem.
Phys. 1984, 80, 2221—-2228.
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Conclusions

A study of the phase behavior of the DNA—CTAB/TTAB/
DTAB aqueous system was carried out. These systems
show a strong associative behavior having a large tendency
to phase separate even for low surfactant and DNA
concentrations. As predicted, a smaller amount of the
longer chain length surfactant is needed to promote the
phase separation. An asymmetry of the two-phase region
with respect to the stoichiometric line was observed. The
redissolution of the precipitate was not achieved by adding
an excess of surfactant, probably due to the formation of
a stoichiometric complex.

Unexpectedly, an enlargement of the asymmetry was
obtained with the addition of NaBr. This fact was explained
by screening of the electrostatic interactions between the
DNA and surfactant aggregates, which leads to an increase
of the cac and delays the formation of precipitate from one
side. On the other hand, we could not explain the facilitated
formation of precipitate for lower amounts of DNA and
higher surfactant concentrations.

For the same systems the conformational behavior was
studied for very diluted solutions by fluorescence micros-
copy. The results from both studies are in good agreement,
since a larger concentration of DTAB is needed to observe
the compaction of DNA molecules. Also, we observed that
the coexistence interval is narrower for CTAB and becomes
wider for the surfactants of shorter chains.

Despite showing a similar associative phase behavior
as other polyelectrolytes in the presence of oppositely
charged surfactants, DNA demonstrates a different bind-
ing situation. The double cooperativity had been already
observed by fluorescence microscopy and explains the very
low values of surfactant concentration at which phase
separation starts. This behavior gives strong indications
that the surfactant binding to DNA leads to the formation
of highly extended aggregates.
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