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Abstract
Itis well known that the interaction of polyelectrolytes with oppositely ~ Key words
charged surfactants leads to an associative phase separation; however, =+ DNA

« Cationic surfactants

« Catanionic mixtures

« Chitosan

« Phase behavior

« Polyelectrolyte-oppositely
charged surfactant systems

the phase behavior of DNA and oppositely charged surfactants is more
strongly associative than observed in other systems. A precipitate is
formed with very low amounts of surfactant and DNA. DNA compac-
tion is a general phenomenon in the presence of multivalent ions and
positively charged surfaces; because of the high charge density there
are strong attractive ion correlation effects. Techniques like phase
diagram determinations, fluorescence microscopy, and ellipsometry
were used to study these systems. The interaction between DNA and
catanionic mixtures (i.e., mixtures of cationic and anionic surfactants)
was also investigated. We observed that DNA compacts and adsorbs
onto the surface of positively charged vesicles, and that the addition of
an anionic surfactant can release DNA back into solution from a
compact globular complex between DNA and the cationic surfactant.
Finally, DNA interactions with polycations, chitosans with different
chain lengths, were studied by fluorescence microscopy, in vivo
transfection assays and cryogenic transmission electron microscopy.
The general conclusion is that a chitosan effective in promoting
compaction is also efficient in transfection.

Introduction

The interactions in mixed solutions of
DNA with surfactants or polyelectrolytes as
co-solutes have been attracting a rapidly in-
creasing interest among physicists, chemists
and biologists as candidates for vectors of
gene transfection (Figure 1) (1), but the sys-
tems are also of general physicochemical
relevance.

Most of our work is related to the interac-
tions between DNA and quaternary ammo-

nium surfactants. Our main motivation in
these studies is the use of our knowledge of
the physical chemistry of amphiphiles in
single and complex surfactant systems and
polymer-surfactants in general, to understand
the efficiency of the DNA compaction they
induce (DNA is highly compacted within the
cells). We are interested in the complexes
formed and also in the use of negative surfac-
tants to reverse the compaction progress. It
should be noted that these amphiphiles in
general behave like the lipids used for gene
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Figure 1. A hypothetical model
of gene transfection. Three pos-
sible methods of cell entry are
indicated. Reprinted from Ref. 1,
with permission.
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delivery, so they can be used as models that
are less expensive and easier to work with.

In the present report, we review our find-
ings about DNA-surfactant systems and the
understanding we have obtained after re-
cently starting to work in the area.

DNA displays a strong associative
behavior with cationic surfactants

Phase diagrams are significant not only
in telling us about conditions of stability of
different phases but also in reporting on
intermolecular/interaggregate interactions.
The different aspects of phase separation
phenomena in polymer-surfactant systems
have only recently become understood and
investigated; they are found to be closely
analogous to the more widely studied sys-
tems of two polymers in a solvent.

For the case of interest here, that of an
oppositely charged polyelectrolyte-surfactant
pair, there is in general an associative phase
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separation over wide concentration regions,
i.e., there is a separation into one phase rich
in both polymer and surfactant and one,
often highly dilute solution phase. This phase
separation is entropically driven, determined
by the translational entropy of the counter-
ions. At higher surfactant concentrations
there is generally miscibility, i.e., “redis-
solution” takes place.

The surfactant molecules are in an aggre-
gated form in the concentrated phase, but
different types of aggregates are formed in
different systems; micelles of different shape,
cubic liquid crystalline phase, (normal or
inverse) hexagonal phase and lamellar phase
are the cases described so far (2-9). The
factors determining the type of aggregate
formed can be assumed to be the same as for
simple surfactant systems, a statement sup-
ported by some recent reports (8).

If the electrostatic driving force for asso-
ciation is eliminated or screened, a segrega-
tive phase separation, characteristic of sys-
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DNA-lipid systems

tems with a low entropic driving force of
mixing, can be expected (9). Indeed it has been
observed for certain polyion-ionic surfactant
systems that two solution phases are formed,
one enriched in polymer and the other in
surfactant, when large amounts of electrolyte
have been added. At intermediate salt concen-
trations, there is no phase separation (10).
DNA-cationic surfactant systems only
partly appear to display this behavior (11).
As exemplified in the phase diagrams in
Figures 2 and 3, there is a strong associative
behavior. The associative phase separation
is enhanced as the alkyl chain length of the
surfactant increases. This has also been ob-
served for other polymer-surfactant systems
and is in line with a lower critical micellar
concentration/critical aggregation concentra-
tion (CMC/CAC) and a larger surfactant

A DNA

Non-studied
region

aggregate for longer alkyl chains (12,13).
We also observed, as previously reported
(14), that a short surfactant like octyltri-
methylammonium bromide (OTAB), al-
though able to increase the turbidity of the
system (Figure 3) and hence to form com-
plexes, does not precipitate to a large extent.
In the case of a shorter chain there is no
visible interaction between the surfactant
and DNA.

Nevertheless, some features are different
compared to previous studies of polyelectro-
lyte-surfactant interactions: 1) associative
phase separation starts at very low concentra-
tions of DNA or surfactant, 2) there is no
redissolution at high surfactant concentrations,
and 3) there is no redissolution on addition of
salt; on the contrary, depending on salt con-
centration, phase separation can increase.
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Figure 2. A, Schematic represen-
tation of the isothermal pseudo-
ternary phase diagram for the
DNA-dodecyltrimethylammo-
nium bromide (DTAB)-water sys-
tem. There is a phase separation
into two phases in almost the
entire region considered. B, Ex-
panded view of the water cor-
ner of the system (diamond) in-
cluding the DNA-tetradecyltri-
methylammonium bromide
(TTAB)-water (triangle) and DNA-
cetyltrimethylammonium bro-
mide (CTAB)-water (circle) sys-
tems for comparison. Open
symbols refer to the clear one-
phase solutions and filled sym-
bols to two-phase samples. C,
Phase map for the same three
systems in the presence of 0.1
M NaBr. T = 25°C. Redrawn
from Ref. 11, with permission.
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Figure 3. Same as Figure 2B
with results on the DNA decyltri-
methylammonium bromide
(DeTAB)-water (squares) and
DNA-octyltrimethylammonium
bromide (OTAB)-water (crosses)
systems. The open symbols cor-
respond to one-phase solutions
and the filled symbols to two-
phase samples. T = 25°C.

Braz ) Med Biol Res 35(5) 2002

Surfactant binding to polymers is in gen-
eral cooperative as shown by the fact that the
bound surfactant occurs in an aggregated
form, being often found or assumed to be in
the form of discrete spherical micelles. Ob-
servations for other polyion systems imply
that the surfactant aggregates are more or
less evenly distributed over different poly-
mer molecules. However, for DNA the ob-
servations seem to imply a different behav-
ior, i.e., a very uneven distribution of surfac-
tant between different DNA molecules (15-
17). In turn, such a “double cooperativity”
implies that surfactant binding to a DNA
molecule facilitates further binding. The
mechanism for this is not clear but should be
analyzed in terms of extended (“infinite”)
self-assemblies formed and of the polyion
compaction due to the attractive electrostatic
correlation effects discussed below. Such
compaction concentrates the polymer ionic
groups in space, possibly leading to a prefer-
ence for further surfactant binding relative to
the “naked” DNA molecules.

The other two observations mentioned

R. Dias et al.

need to be further studied; the observed “in-
solubility” may correspond to a quantitative
rather than qualitative difference from other
polymers and might then be possibly ratio-
nalized in terms of'the very high linear charge
density (18,19), one charge per 1.7 A (for the
double-helix B-form) (14).

The salt effect was shown to be complex
(11) since the associative phase separation
could be both enhanced and decreased de-
pending on the conditions. Interestingly, fur-
ther studies have shown that we have reached
the point where physical chemistry and biol-
ogy “collide”. As physical chemists we try to
keep the system as simple as possible. Our
three-component system, or better, pseudo-
ternary component system, which is DNA/
surfactant/water, is already sufficiently com-
plicated to study (see below). But some pre-
cautions are necessary when working with
biological molecules like DNA. In this par-
ticular case some electrolyte is necessary to
keep the molecule in its native state (double-
helix). Without such additives the DNA
strands drift apart due to electrostatic repul-
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DNA-lipid systems

sions (14). This could indeed explain the
unexpected results obtained: we have differ-
ent phase behaviors because we do have
DNA in two different conformations, double-
helix and denatured single stranded. Further
studies on phase diagrams are being con-
ducted in our laboratory taking into consid-
eration the salt and temperature effects on
DNA denaturation.

Let us finally point out that our descrip-
tion of phase diagrams in two-dimensional
plots is basically incorrect and can be mis-
leading. A system of two electrolytes, with-
out common counterions, and a solvent in
general cannot be treated as a ternary sys-
tem. One consequence is that the composi-
tions of separate phases do not usually lie on
the “conventional” mixing plane used (cf.
Figure 2). The preferred presentation is in a
pyramidal phase diagram (20,21), as illus-
trated in Figure 4. Unfortunately, even a
sketchy three-dimensional phase diagram
determination is a considerable undertaking.

Attractive ion-ion correlation
effects for DNA in the presence
of multivalent ions

The interaction between DNA and oppo-
sitely charged surfactants or polyelectrolytes
is dominated by electrostatic interactions.
For charged systems in general - surfactant
self-assemblies, polyelectrolyte, surfaces -
the Poisson-Boltzmann approach has offered
a standard and widely accepted treatment
which has provided a broad understanding
of the interactions (22); it has very success-
fully described different aspects of polyion-
surfactant interactions.

However, as shown early by H. Wenner-
strom and Bo Jonsson and their coworkers
(23), the Poisson-Boltzmann treatment be-
comes inappropriate for highly charged sys-
tems in the presence of multivalent counter-
ions. Here the assumption of uncorrelated
positions of the counterions does not hold
any longer. The role of counterion correla-

tions as charge density and counterion va-
lency increase is best illustrated by an ex-
ample from recent calculations by Khan et
al. (24,25), an example with direct relevance
for DNA. Figure 5 shows the end-to-end
distance for a polymer as it is progressively
charged up. With a monovalent counterion
we have the familiar electrostatic expansion
leading to an increased end-to-end distance.
However, with multivalent counterions there
is not only an inhibition of the expansion but
the polymer chain becomes more compact as
it is charged than when it is uncharged: there
is a compaction of the polyion due to attrac-
tive counterion correlation effects. These
attractive electrostatic correlation effects
have been well documented for widely dif-
ferent systems, including ionic surfactant
systems with divalent or more highly charged
counterions (26,27).

These effects are central in our studies of
DNA-surfactant-polyion systems and of
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Figure 4. Pyramid representation
of the phase diagram for a sys-
tem of solvent (water), DNA salt
and surfactant. Four monovalent
ions are present: DNA- (DNA
polyanion), S* (surfactant cat-
ion), An- (simple anion), and Cat*
(simple cation).

Figure 5. The end-to-end dis-
tance is shown as a function of
monomer charge for different
valences of the counterions. No
salt was added (N =80, c, =5.4
mM, and b = 6 A). Reprinted
from Ref. 25, with permission.
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Figure 6. Fluorescence images
of T4 DNA molecules moving
freely in the buffer solution with
the stepwise addition of cetyltri-
methylammonium bromide
(CTAB). Existence of coil confor-
mation of T4 DNA molecules (A),
globule conformation (B), and
coexistence of coil state and
globule state (C). Reprinted from
Ref. 30, with permission.

Braz ) Med Biol Res 35(5) 2002

DNA compaction in general. Since surfac-
tant molecules are self-assembled in their
interaction with DNA they will effectively
appear as multivalent counterions.

DNA is compacted by cationic
surfactants

The compaction of DNA can be conve-
niently monitored by fluorescence microscopy,
atechnique established some time ago (28,29)
and which has become widely employed. The

10.0 ym
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general aspects of DNA compaction by cat-
ionic surfactants have been monitored by
Yoshikawa’s group (6,15,16,30-32) and oth-
ers and by our group recently (11,33). Some
illustrative fluorescence micrographs are pre-
sented in Figure 6. The important observations
are: 1) on addition of a cationic surfactant to a
DNA solution there is a compaction of DNA
molecules; 2) compaction is typically not
gradual for individual DNA molecules but
occurs in a narrow range of surfactant concen-
trations; 3) at high surfactant concentrations,
there is acompaction of all DNA molecules. In
abroad intermediate concentration range there
is coexistence of extended DNA molecules,
“coils”, and compacted ones, “globules”; 4)
compaction is correlated with the binding iso-
therm; 5) as the surfactant alkyl chain length
increases, compaction occurs at a lower sur-
factant concentration; 6) compaction can be
reversed upon addition of electrolytes.

It seems that, in view of the high molec-
ular weight of DNA, we can to some extent
regard this compaction as an associative
phase separation at the single molecule level.
We see indeed that this “microscopic phase
behavior” parallels the macroscopic one re-
viewed above, with the possible exception
of item 6, which deserves further attention.

The most notable observation appears to
be the coexistence of coils and globules in a
sizable concentration range. This leads to
the same observation as made in conjunction
with the phase diagrams: surfactant mol-
ecules are very unevenly distributed between
DNA molecules and binding shows a coop-
erativity above that of surfactant self-assem-
bly, i.e., the onset of surfactant binding to
one DNA molecule facilitates further bind-
ing. This can again be discussed in terms of
the attractive electrostatic interactions and
the large size of surfactant aggregates formed.
However, the latter effect is apparently not
required since in studies of DNA compac-
tion induced by other co-solutes, organic
solvents, electrolytes, etc., a coexistence of
coils and globules is also found (25,34).
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DNA compaction can occur on the
surface of cationic vesicles

Mixed systems of DNA and different
types of vesicles have been rather widely
investigated (1). An important approach of
these studies has been the potential use of
such systems as transfection vectors and the
bilayers of the vesicles modeling the bilayers
of cell membranes. Vesicles of different
charges have been investigated, with a focus
on cationic ones.

Essentially all of these studies have con-
cerned vesicles which are not thermody-
namically stable. In our group, we have been
investigating for some time vesicles in mixed
cationic + anionic surfactant systems which
form spontaneously, have an apparently un-
limited life-time and are believed to be ther-
modynamically stable (21,35). The vesicles
are polydisperse with sizes in the approxi-
mate range of 0.05 to 0.5 um although there
are also a few larger ones; the larger ones can
be visualized directly by light microscopy
while the smaller ones have been conve-
niently studied by cryogenic transmission
electron microscopy (36,37). In our work we
have introduced investigations of the inter-
actions between these “catanionic” vesicles
and DNA (38).

In the phase diagram (39) there are two
regions of stable vesicles; in one they have a
net negative charge and in the other a net
positive charge. In solutions of anionic vesicles
and DNA, no interaction is observed; for ex-
ample, there is no compaction of DNA. This
indicates that there is no extraction of cationic
surfactant from the mixed vesicles, at least for
low DNA concentrations, and suggests that
the surfactant-surfactant interaction is stron-
ger than the surfactant-DNA interaction.

If DNA is mixed with cationic vesicles,
on the other hand, a strong interaction is
clearly demonstrated. A direct demonstra-
tion is the compaction of DNA. For the
larger vesicles, both the compacted DNA
and the vesicles can be visualized under a

light microscope (Figure 7). Interestingly,
DNA compaction occurs in a wide range of
conditions on the surface of intact vesicles.
By monitoring the temporal replacement of
DNA in fluorescence microscopy studies, it
was easy to distinguish from DNA com-
pacted onto vesicles or DNA compaction
involving micelles. The self-diffusion is
slower by orders of magnitude in the case of
vesicles. There are two nontrivial points in
this respect. First, why is DNA compacted
into a globular state and does not associate
and extend over the vesicle surface? Second,
why does the vesicle state remain intact?
Under conditions of higher DNA concen-
trations, the situation becomes different, in-
cluding vesicle disruption, vesicle-vesicle floc-
culation, and the formation of a precipitate
with a lamellar structure. Similar effects have
been reported for other vesicle systems (7).

DNA-surfactant aggregates display
a rich interfacial behavior

The interfacial behavior of mixed cat-
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Figure 7. Light microscopy images of single T4 DNA globules adsorbed onto the surface of
positively charged catanionic vesicles. Arrows indicate single DNA globules. Reprinted from

Ref. 38, with permission.

Braz ) Med Biol Res 35(5) 2002
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Low molecular weight
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ionic surfactant-DNA systems clearly de-
pends strongly on the surface. DNA adsorbs
strongly to cationic surfaces and weakly to
nonpolar surfaces but shows no adsorption
to negatively charged surfaces. Cationic sur-
factants adsorb strongly to anionic and non-
polar surfaces, but show no adsorption to
positively charged surfaces.

In situ null ellipsometry investigations
have been started (40) in an attempt to eluci-
date basic aspects of the adsorption as well
as of the structure of the adsorbed layer in
mixed systems. By this technique, both the
(total) adsorbed amount and the thickness of
the adsorbed layer can be monitored in the
presence of solutions. Both equilibrium/
steady-state adsorption and kinetics of ad-
sorption and desorption were investigated.
Two types of surfaces were used, an anionic
polar surface, silica, and a nonpolar hydro-
phobic surface, hydrophobized silica, both
in combination with DNA of different mo-
lecular weights and with hexadecyltrimethyl-
ammonium bromide (CTAB) as surfactant.

On the polar surfaces there is an adsorp-
tion of aggregates between low molecular

High molecular weight

\_/\.-——\/

AR

|

AMANARATY

IUIRN ,

|

Phase separation

ATV REE AT
ANTAVETERNERTINT T

l

Phase separation

Surfactant concentration ++

A

Figure 8. Schematic representation of DNA-cetyltrimethylammonium bromide (CTAB) ad-
sorption on silica. For low molecular weight DNA, adsorption is observed for a wide range of
CTAB concentrations. With high molecular weight DNA, precipitation appears to dominate
over a very wide range of CTAB concentrations.
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weight DNA and CTAB while no adsorption
is detected with high molecular weight DNA.
CTAB adsorbs both in the absence and pres-
ence of DNA but with low molecular weight
DNA adsorption is facilitated, as shown by a
displacement of the adsorption isotherm to
considerably lower concentrations. With low
molecular weight DNA, further addition of
CTAB leads to precipitation; however, with
high molecular weight DNA precipitation
appears to dominate over adsorption over a
very wide range of CTAB concentrations;
this is in line with the “double cooperativity”
of surfactant binding inferred from the phase
diagram and compaction studies discussed
above. The adsorption characteristics are
schematically displayed in Figure 8.

Intriguing findings were obtained for hy-
drophobic surfaces. Both co-solutes adsorb
individually, with noncooperative charac-
teristics and when DNA is preadsorbed, ad-
dition of CTAB leads to surfactant adsorp-
tion to the polymer layer. Interestingly, meas-
urements of the thickness of the surfactant
layer show dramatic changes in the structure
of the adsorbed layer. This is demonstrated
by the opposite variations of adsorbed amount
and layer thickness illustrated in Figure 9.
When a solution of low molecular weight
DNA contacts the surface there is a slow
adsorption into a very open layer character-
ized by a plateau adsorption of ca. 0.2 mg/m?
and a thickness of ca. 20 nm. As surfactant is
added, the adsorbed amount greatly increases
to almost 3 mg/m? but the adsorbed layer
compacts very strongly. The effect is re-
versed by rinsing with water: with rinsing,
surfactant desorption is fast but polymer de-
sorption is slower by orders of magnitude.
Therefore, the adsorbed layer becomes de-
pleted with respect to surfactant and reverts
progressively to a highly expanded layer of
DNA alone.

These studies clearly demonstrate the
possibility of monitoring central aspects of
DNA conformational behavior and its com-
paction on surfaces and demonstrate clear
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analogies between the bulk and the interface
behavior.

DNA compaction can be triggered by
pH for certain surfactants

The clearest and best understood example
of DNA delivery and DNA compaction is
represented by cationic surfactants. In at-
tempts to control delivery, the most suitable
appears to be to control the charge of the
surfactant (aggregate). This can be achieved
most naturally in mixed surfactant systems
by varying the mixing ratio or by employing
a surfactant with a degree of protonation
which varies with pH in arelevant range. We
consider here a surfactant, dodecyldimethyl-
amine oxide (DDAO), which is cationic at
low pH and nonionic at high pH. The pK,
value of the monomeric surfactant is 5.0
(41,42) but will depend on the state of aggre-
gation.

DNA compaction was studied by fluo-
rescence microscopy as a function of pH for
the surfactant in micellar form (Figure 10)
and in vesicular form (in mixture with the
bilayer-forming lipid dioleoylphosphatidyl-
ethanolamine) (33). At low pH, where the
surfactant is cationic, compaction is easily
induced at low concentrations of surfactant,
while at high pH even high concentrations of
surfactant are unable to induce compaction.
Inabroad pH range, the concentration needed
for compaction increases strongly with pH
and there is a coexistence of the coil and
globular forms of DNA over wide concen-
tration ranges.

A significant observation is that vesicles
are much more efficient than micelles in
inducing compaction; lower concentrations
are needed and the change over from glob-
ules to coils occurs ata higher pH for vesicles.
There are different possible causes for this
such as the higher aggregation number of the
vesicles, leading to a higher total charge
number even if the cationic surfactant is
diluted by the zwitterionic one. However,

517

probably more important is the fact that, in
the case of vesicles, the surfactant aggre-
gates are preexisting, while in the case of
micelles, surfactant self-assembly is induced
by the polyion, with a concomitant free en-
ergy cost.

The structure of DNA-surfactant
complexes is important

Due to hydrophobic interactions, surfac-
tants, like other amphiphiles, self-assemble
in aqueous systems. Depending on the bal-
ance between the polar and nonpolar parts, a
large number of self-assembly structures is
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Figure 9. A, Adsorbed amount (open squares) and adsorbed layer thickness (triangles) as a
function of time. The DNA (700 bp) is added at time 0 (0.06 mg/ml), at t 5000 s cetyltri-
methylammonium bromide (CTAB) is added at a concentration of 1.5 x 106 M. Then the
CTAB concentration is increased stepwise up to t 17,000 s when rinsing is started.
Reprinted from Ref. 40, with permission. B, Schematic representation of the system. With
no surfactant added DNA adsorbs slowly onto the surface. With the addition of the
surfactant the adsorbed amount increases but the adsorbed layers compact strongly.
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Figure 10. Phase map of the T4 DNA-dodecyldimethyl-

1.0 L — T T T amine oxide (DDAO) system at 25°C in 50 mM NaCl
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Figure 11. Multilamellar structures formed in DNA-
dodecyldimethylamine oxide (DDAO):dioleoyl-
phosphatidylethanolamine (DOPE) mixtures under
acidic conditions (pH = 5.5). A, Cryo-TEM image of
vitrified DNA-mixed vesicles complexes in 50 mM
NaCl aqueous solutions (scale bar = 90 nm). B,
Magnified detail of the multilamellar pattern from
A. C, Fourier transforms of B. D, Precipitated DNA-
(DDAO:DOPE) complexes (DNA:DDAO molar ratio
is 1:1). Reprinted from Ref. 51, with permission.
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possible, as established in phase diagram
work for many systems (43-45). Only re-
cently have we started to learn about how
polymers modify surfactant self-assembly
structures (2,3,9,46).

The first studies probing the surfactant
aggregates in the concentrated phase in a
phase separated polyion-surfactant system
revealed by fluorescence that the aggregates
are discrete and have low aggregation num-
bers; they are small globular, closely spheri-
cal micelles (47-50). Later work has demon-
strated the rich morphology possible. The
best studied systems are mixtures of sodium
poly(acrylate) with cationic surfactants (8).
Here, in addition to spherical micelles, a
micellar cubic liquid crystalline phase has
been demonstrated as well as hexagonal and
lamellar phases. There appear to be no re-
ports for other systems of either bicontinuous
cubic phases or reversed structures (reversed
hexagonal, cubic or micellar).

For mixed systems of DNA and cationic
surfactants, it appears that only lamellar and
hexagonal structures have been clearly estab-
lished by small angle X-ray and neutron dif-
fraction (3,7); the hexagonal phase was in-
ferred to be of the inverse type. Indications in
our laboratories of a cubic phase (as inferred
by small angle X-ray diffraction) are in line
with observations for other polyion-surfactant
systems and for simple surfactant systems and
are not unexpected, but need to be further
studied. Figure 11 illustrates observations of
microstructure in DNA-surfactant systems.

The type of surfactant aggregate present
is expected to be important, not least for the
mechanism of gene transfection using cat-
ionic surfactant systems as vectors. In cur-
rent work the transfection efficiency is gen-
erally correlated with the chemical structure
of the surfactant/lipid used as vector. In our
opinion, the aggregate structure plays a domi-
nant role and correlations of aggregate mor-
phology with transfection efficiency should
be more fruitful. Besides the surfactant or-
ganization on shorter and longer length scales,

we also need to establish how DNA mol-
ecules are located, in particular within dif-
ferent periodic surfactant structures.

DNA compaction can be reversed in
mixed surfactant systems

The relevance of investigating DNA com-
paction in mixed systems of a cationic surfac-
tant and of an anionic surfactant/polymer re-
lates to the control of DNA compaction, to the
possibility of reversing compaction, and to the
fate of compacted DNA in a biological system,
where it will be interacting both with anionic
lipids and anionic polysaccharides.

Figure 12 illustrates how a mixed surfac-
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Figure 12. A, T4 DNA molecules
in the compacted conformation
due to the presence of the cat-
ionic surfactant cetyltrimethyl-
ammonium bromide (CTAB), in
solution. B, For intermediate
amounts of the anionic surfac-
tant sodium octylsulfate (SOS),
we can see a coexistence be-
tween the two DNA conforma-
tions, i.e., coils and globules. C,
With further addition of SOS all
molecules undergo decompac-
tion. T = 25°C.
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Figure 13. Dependence of the conformational behavior
of T4 DNA molecules in aqueous buffer solution at
constant log[DTAB] = -3.5 on the concentration of so-
dium dodecylsulfate (N = 12) and sodium octylsulfate
(N = 8). Filled circles correspond to the globular DNA
conformation, shaded circles to the coexistence of elon-
gated coils and compact globules, and open circles to
the coiled conformation state of DNA. T = 25°C. DTAB,
dodecyltrimethylammonium bromide.

Figure 14. A, Effect of chitosan chain length (or number
of charges) on DNA condensation. A change in distribu-
tion of long-axis length of T4 DNA in aqueous solutions
of different chitosan oligomers is observed ([chitosan]:
[DNA] charge ratio is equal, 5:1). B, Correlation be-
tween the transgene expression of chitosan oligomer/
polymer-plasmid DNA complexes and the T4 DNA con-
formational state for the same oligomer/polymer for-

mulations as visualized by fluorescence microscopy.

(W) - Formulations prepared in water (pH 6.1), (B) -
formulations prepared in acetate buffer (pH 5.0). UPC =

ultrapure polymeric chitosan. Reprinted from Ref. 51,
with permission.

tant system can be used for control of com-
paction. DNA compacted by means of a
cationic surfactant is decompacted when an
anionic surfactant is added. Three observa-
tions should be noted: first, decompaction
occurs as compaction via an intermediate
situation of coexistence between coil and
globules. Second, even a weakly amphiphil-
ic (in this case an octyl chain) surfactant is
effective in decompaction, showing the pre-
dominance of surfactant-surfactant interac-
tions over polyion-surfactant interactions;
the former involve both hydrophobic and
electrostatic interactions. Third, by increas-
ing the hydrophobicity of the negative sur-
factant, lower amounts of it are required to
release DNA into a solution (Figure 13).
The dependence of the positive surfac-
tant chain length on the decompaction, as
well as the structures that both positive and
negative surfactants form is being studied.

A polycation compacts DNA in a
similar way as a surfactant aggregate

As discussed earlier, the counterion va-
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lency has an important influence on
DNA conformation and a standard way of
compaction is to use counterions like sper-
mine and spermidine. A polycation will
be even more effective and here we will
review some results obtained with a cationic
polysaccharide, chitosan. In these studies
the molecular weight, and thus also the va-
lency, could be varied over wide ranges due
to access to well-defined oligomers and poly-
mers (51).

The studies do indeed demonstrate, as
exemplified in Figure 14A, the critical role
of valency; thus the higher the molecular
weight of chitosan, the lower is the concen-
tration needed for compaction. Salt may re-
verse compaction, but also, as well as lower-
ing of the pH, induce precipitation of DNA-
chitosan complexes. The studies with
chitosan also involved studies of transfec-
tion. The general conclusion is that a chitosan
effective in promoting compaction is also
efficient in transfection (Figure 14B).
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