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Abstract

Recent investigations of the DNA interactions with cationic surfactants and catanionic mixtures are reviewed. Several techniques have been
used such as fluorescence microscopy, dynamic light scattering, electron microscopy, and Monte Carlo simulations.

The conformational behaviour of large DNA molecules in the presence of cationic surfactant was followed by fluorescence microscopy and
also by dynamic light scattering. These techniques were in good agreement and it was possible to observe a discrete transition from extended
coils to collapsed globules and their coexistence for intermediate amphiphile concentrations. The dependence on the surfactant alkyl chain
was also monitored by fluorescence microscopy and, as expected, lower concentrations of the more hydrophobic surfactant were required to
induce DNA compaction, although an excess of positive charges was still required.

Monte Carlo simulations on the compaction of a medium size polyanion with shorter polycations were performed. The polyanion chain
suffers a sudden collapse as a function of the concentration of condensing agent, and of the number of charges on the polycation molecules.
Further increase in the concentration increases the degree of compaction. The compaction was found to be associated with the polycations
promoting bridging between different sites of the polyanion. When the total charge of the polycations was lower than that of the polyanion,

a significant translational motion of the compacting agent along the polyanion was observed, producing only a small-degree of intrachain
segregation, which can explain the excess of positive charges necessary to compact DNA.

Dissociation of the DNA—cationic surfactant complexes and a concomitant release of DNA was achieved by addition of anionic surfactants.
The unfolding of DNA molecules, previously compacted with cationic surfactant, was shown to be strongly dependent on the anionic surfactant
chain length; lower amounts of a longer chain surfactant were needed to release DNA into solution. On the other hand, no dependence on the
hydrophobicity of the compacting agent was observed. The structures of the aggregates formed by the two surfactants, after the interaction
with DNA, were imaged by cryogenic transmission electron microscopy. It is possible to predict the structure of the aggregates formed by the
surfactants, like vesicles, from the phase behaviour of the mixed surfactant systems.

Studies on the interactions between DNA and catanionic mixtures were also performed. It was observed that DNA does not interact with
negatively charged vesicles, even though they carry positive amphiphiles; however, in the presence of positively charged vesicles, DNA
molecules compact and adsorb on their surface.

Finally Monte Carlo simulations were performed on the adsorption of a polyelectrolyte on catanionic surfaces. It was observed that the
mobile charges in the surface react to the presence of the polyelectrolyte enabling a strong degree of adsorption even though the membrane
was globally neutral. Our observations indicate that the adsorption behaviour of the polyelectrolyte is influenced by the response given by
the membrane to its presence and that the number of adsorbed beads increases drastically with the increase of flexibility of the polymer.
Calculations involving polymers with three different intrinsic stiffnesses showed that the variation is non-monotonic. It was observed also that
a smaller polyanion typically adsorbs more completely than the larger one, which indicates that the polarisation of the membrane becomes
less facilitated as the degree of disruption increases.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Studies on the dilute regime have also been performed.
Fluorescence microscopy studies on large DNA molecules,
The compaction of DNA, together with the reduction of consisting of several kilo base pairs (kbp), have shown that
its charges, is believed to facilitate the uptake of nucleic acids cationic surfactants induce a discrete collapse from DNA coil
through the cellular membrarfig-5]. Since the strong bind-  to a compact globular form. For intermediate concentrations
ing of cationic surfactants to DNA allows these two effects of surfactant a region is observed where both DNA coils and
to be fulfilled, it is not surprising that the complexation with  globules coexisf19]. This coexistence region is a common
cationic lipids is one strategy for delivery of DNA to cells. phenomenon for DNA molecules on the addition of condens-
However, synthetic cationic surfactants per se cannot be usedng agents such as organic solvef88], flexible polymers
for this purpose, since the complexes of DNA and cationic [31], and multivalent ion§32—34] The coil-globule transi-
micelles do not result in effective transfection. It is a com- tion of long DNA molecules is then discrete, a (quasi-) first-
mon viewpoint to explain this low transfection by the cyto-  order transition for individual chains, but continuous for their
toxicity of surfactants and a low stability of these complexes ensemble averad80,32] Compaction of DNA is believed
upon a change in the environmé¢él. In spite of this, quater-  to be driven by attractive interactions between different parts
nary ammonium surfactants can be used, in small amounts,of the molecule, by ion correlation effects arising from the
for charging of neutral liposomes, thereby improving their presence of multivalent ions, for examjg,36], leading to
transfection efficiency; they have the advantage of lower costthe formation of a nucleation centre in the DNA chain that
when compared with other synthetic lipis7]. The degree  grows along the molecule chdi8i7]. Due to the hydrophobic
of compaction is not often discussed but it is believed to be interactions between the cationic surfactant molecules, these
important for the delivery of DNA to cells. Interestingly, and  will self-assemble and act as multivalentions, inducing DNA
opposite to what could be expected, not always the most com-compaction.
pact complexes are the most effici¢8it The compaction and packing of DNA in cells is of bi-
After delivery, DNA must become accessible to the en- ological importance. Histones, spherical positively charged
zymatic machinery of the cell. Since lipid complexation is proteins, are mainly responsible for[88—40] However a
known to inhibit at least certain DNA processing enzymes series of other positively charged agents within the cell are
such as DNAs¢9-11] it is likely that the transfected DNA  believed to also play a role. Polyamines, like spermidine and
can become active only by release from the lipid complex. spermine, constitute a group of cell components and even
In vitro such release can be accomplished by addition of an-though their functions are mostly unknown, it is believed
ionic species, like surfactants, which bind the cationic lipid that they are important in the regulation of cell proliferation
and release DNAL2,13], and there are indications that such and differentiation. Since they are always found in associa-
a mechanism may play a role also in vilig4], at least for  tion with nucleic acids it is also widely accepted that they act
oligonucleotides. Bhattacharya and Manid&] have shown  as helpers in DNA packaging.
by circular dichroism, electrophoresis and the DNAse pro-  The interactions between polyamines and DNA started to
tection assay, that after release DNA is in its native B-form. be studied some time agd1,42] and the interest for these
Because of the growing interest in this field and numerous systems has grown steadily. Polyamines interact predomi-
applications of the DNA—cationic surfactant systems, several nantly by electrostatic interactions with DNA molecuj48]
studies have been presented in the literature. The strong asinducing their compactiof44], aggregatiorf45] and pre-
sociation displayed by DNA and cationic surfactant systems cipitation [46,47} Although these systems have been much
is well-known, and it is related to some applications: in 1967 studied for decades, there are a number of interesting points
a procedure was first describficb] that used quaternary am-  which only recently have been explained. Spermine, for ex-
monium surfactants to precipitate DNA for its extraction and ample, is used in high concentrations as crystallizing agents;
purification. nevertheless, spermine molecules are usually not detected
Binding of cationic surfactant to DNA occurs at concen- in X-ray studies. It has been proposed recefd§] that
trations well below the CMC of the surfactant and the bind- the flexible polyamine molecules interact in an irregular
ing isotherms have a sigmoidal shape which demonstratesmanner with the DNA molecule, with no definite binding
the cooperative binding.6—19] The binding isotherms were  sites.
shown to be strongly dependent on the surfactant chain length  Fluorescence microscopy has also been used to study the
[16], suggesting that hydrophobic interactions are important interactions between DNA and polyamirjd8,50], and other
for the interaction and that it was analogous to the formation related agents such as chitos5®).
of micelles. Also, the binding constants were showntochange  The phenomenon of polymer, or protein, adsorption in
with the salt concentratigii6,17], indicating strong electro-  lipid monolayers or bilayers has great importance in bio-
static interactions between the negatively charged DNA and physics since many biological processes occur at interfaces
the oppositely charged surfactants. involving these components.
A number of studies have been presented on the Also the adsorption of macromolecules such as DNA
DNA-—cationic surfactant complex formatiofi8,20-22] or proteins at planar or spherical substrates is an interme-
precipitation[23], and microstructur§24-29] diate step in fabrication of drugs or gene delivery vehi-



R.S. Dias et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 250 (2004) 115-131 117

cles. One of the most studied systems of non-viral gene 2. Compaction of DNA with cationic surfactant

therapy are the so-called lipoplexes, complexes formed

between DNA molecules and liposomes, vesicular struc- Despite the interest on interaction of DNA with cationic
tures formed typically by a mixture of a neutral lipid surfactants and other compacting agents, there is a lack of
and a cationic ong53,54] The formation of such com-  studies in the literature about the dilute regime, maybe due to
plexes starts with the adsorption of DNA onto the posi- the difficulty in finding suitable techniques. We believe these
tively charged membrane. These systems have been extenstudies to be important since they give complementary insight
sively studied and even though the mechanism of forma- to the interaction mechanisms by allowing the studies on the
tion is still far from understood, the structure of the com- intramolecular level. Here we present a study in this regime,
plexes is believed to be a short ranged lamellar, composedbased on fluorescence microscopy, dynamic light scattering
of amphiphile bilayers with DNA molecules ordered and and Monte Carlo simulations.

packed between the lipid stacks. This type of structure has

been observed for systems with different lipid components 2.1. A fluorescence microscopy study

[55-58]

This, and the fact that DNA, with its unique structure, can Fluorescence microscopy (FM) is a technique that has re-
act as a good candidate for future nanodevices like templatesgently started to be used in the study of DNA conformational
biosensors, or semi-conducting molecules, lead to a greatbehaviour in the presence of various cosolutes, and its main
interest in the study of DNA at interfaces by techniques like advantage is to allow for the visualization of single molecules
ellipsometry, atomic force microscopy, neutron reflectivity, in solution.

Brewster angle microscopy, etc. DNA molecules in agueous solution present an extended

Several studies have been conducted regarding the in-conformation, migrating in the solution and exhibiting a rel-
teractions between DNA and neutral and/or cationic bi- atively slow worm-like motion, i.e., they are in the unfolded
layers. Ellipsometry studies have shown that a thick layer coil conformation. When a cationic surfactant like, for exam-
of a few DNA molecules adsorbed on an hydropho- ple, tetradecyltrimethylammonium bromide (TTAB)is added
bic surface undergoes a strong condensation into a thinto the DNA solution above a certain concentration, in this
and denser layer by the addition of cationic surfactant case 2.0< 10~° M, we observe a coexistence region of some
[59,60] DNA adsorption on cationic lipid bilayers was compact molecules in solution along with DNA coils. These
also studied by atomic force microscopy and the large compact molecules, that present a high fluorescence inten-
DNA molecules were shown to destabilize the membrane sity, and a long-axis length less than ju®, are denoted as
[61]. Also the adsorption was followed by surface plas- DNA globules. With further increase of the surfactant con-
mon spectroscop62] and by means of fluorescence mi- centration, [TTAB]=8.0x 10~° M, we reach a region where
croscopy and it was found that the molecules, when con- only DNA globules are detected. Fig. 1 we represent this
fined in two-dimensions adsorb in an extended conformation conformational change by plotting the long axis length of the
[63,64] DNA molecules versus the surfactant concentration.

Due to the obvious interest in this field the adsorption of  These results along with those for DNA conforma-
a polymer onto substrates have also been subject of manytional behaviour in the presence of cetyltrimethylammonium
simulation studies (for review see R§5]). Studies onthe  bromide (CTAB) and dodecyltrimethylammonium bromide
adsorption of a charged polymer onto an oppositely charged
homogeneous surface are the most abundant and the phenom-

ena involved reasonably well understood. 5.0
Inalamellar phase, wheninits fluid state, the lipids present 45 ¢
a relatively fast lateral diffusion, which are responsive to the 40
approach of charged objects. 35 F
In fact this demixing of the lipids and formation of do- 30
mains in mixed lipid membranes has been observed recently g 25 f
in fluorescence microscopy experiments on the adsorptionof = |

DNA [63] and proteing66] on membranes.

Recently some molecular simulation studies on heteroge- ok 3
neous surfaces, with patches of different charges and charge ‘ %% ‘% % $¢ %
densities[67,68], and theoretical studies involving mobile 03¢
ions [69] show a clear attempt of mimicking real systems. -
However, and specially in the molecular simulations, studies
on the interaction between a polyelectrolyte and a membrane
With_ ‘real” _Ch_araCteriStiCS (poss_ibility for mo_v_e_ment of the Fig. 1. Long-axis length,, of TADNA molecules, 0.5.M, vs. the concen-
particles within the membrane, inherent flexibility) are lack-  tration of TTAB. Error bars indicate the statistical error in the distribution
ing in the literature. and are given by the standard deviatidm 25°C. From Ref[96].

1.5 F

0.0 e e
60 55 50 45 40 35 3.0

log [TTAB]
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Table 1
Characterization of the interaction between DNA and cationic surfactants
Co (kM) C1 (kM) AC (uM)
CTAB 8.0 24.0 160
TTAB 20.0 800 60.0
DTAB 80.0 3000 22Q0 i —

Co represents the concentration at which globules were first detected in the
solution, andC; the disappearance of a last DNA cailC is the coexistence
interval width.T=25°C. From Ref[23].

D; (r)

(DTAB), with 16 and 12 carbons in the alkyl chain, are pre-
sented ifmable 1 By looking at the conformational behaviour
of DNA molecules in the presence of cationic surfactants of
different chain lengthsHig. 2), we firstly conclude that a
larger amount of the shorter chain-length surfactant is needed
toinduce compaction of DNA macromolecules. We observed
that the coexistence region begins for concentrations of 8.0 L
and 80.QuM for CTAB and DTAB, respectively. These re- LOOE+01 1.00E +02 LOOE=03
sults are in line with our previous results of phase map studies,
where we observed that lower concentrations of the more hy-
drophobic surfactant are needed to induce the preCipitationFig. 3. Intensity weighted distribution function of QU1 T2DNA solution
of the systenj23]. (10mM NaBr) in the absence (upper curve) and presence of CTAB. The
Compaction is driven by attractive electrostatic interac- concentrations of the cationic surfactant are from the top curve to the bottom:
tions between different parts of a DNA double helix due to ©(©nly DNA),1.0,2.0,6.0,10.0, and 3Q.04. 6 =90" andT=27°C. From
the correlation effects arising in the presence of multivalent Ret.[97].
counter-iong35,30]. Surfactants have only one charge per
molecule but, due to their self-assembly properties, form mi-
cellar aggregates in the vicinity of the oppositely charged
macromolecule at a certain critical concentratjaf], that o )
act as multivalent ions. This is evident from the fact that 2-2- A dynamic light scattering study
CTAB, the longer-chained surfactant, is more efficient com- ] ] ] ]
pacting DNA than the shorter-chained surfactant. nght' scatterl_ng techmques are very relevant in the.study
One interesting observation allowed by the used techniqueOf colloidal particles, specially in what concerns _the size of
is the critical collapse of the DNA molecules, without the macromolecules and molecular assemblies. Whlle there has
apparent existence of intermediate structures, and the coexP&€n @ number of DLS reports on the properties of DNA
istence of extended and collapsed molecules. This coexis-S0lutions (see, for example Refg1-74), studies involving
tence, common to most compacting agents, has only been c)bmtera‘ctl.ons between DNA and cationic amphiphiles are in a
served, to our knowledge by FM and atomic force microscopy VerY limited numbe{18,24,75]
(AFM), and one should keep in mind that the complexation Ve started by performing DLS measurements on the DNA

at interfaces differs from the complexation in the bulk. We 2and surfactant (CTAB) solutions independently. For the DNA
solutions the average scattered intensity was very low. In spite

of the fact that the DNA used in these experiments is very
large (T2DNA with 164 kbp) its concentration was very low,
0.5uM in phosphate groups; thus we had no interactions
‘ o O O O Coe o 0oe ° ° | TTAB betw_een the molecules._ The intensity We_ighted correlation
function of the DNA solution (upper curvelfig. 3) presented

Ry (nm)

performed then dynamic light scattering (DLS) studies on the
DNA—CTAB system on the same dilution conditions.

‘o 00000 © 0® @ ® ® | CTAB

only one peak, corresponding to the translational mode of the

’ ©0000ee coeee | DTAB molecules giving a hydrodynamic radius of about 330 nm.

For CTAB solutions the scattering intensity was also very

65 -6 55 5 45 4 35 -3 25 low and we found no significant peaks for solutions with the
log [Surf.] maximum concentration used in this work.

When the cationic surfactant is added to the DNA solu-
Fig. 2. DNA conformational behaviour in the presence of cationic surfac- tjon in a stepwise manner, we first observe no changes and
tants CTAB, TTAB, and DTAB. The DNA charge concentration was main- then. for a CTAB concentration Of}ﬁ\/' we observe the
tained at 0..M. Open circles correspond to the coil conformational state ’ C . .
of DNA and filled ones to the presence of globular DNA molecules. Shaded appearance of a S_econc_i peak CorrESpondmg_to entities with
circles represent the coexistence between elongated coils and compactedOWer hydrodynamic radius, of about 80 nm. With further ad-

globules.T=25°C. From Ref[96]. dition of CTAB this peak increases in amplitude while the
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Table 2

Characterization of the interaction between DNA (@M in phosphates) and
polycations of different chain lengths: 1,3-diaminopropane {DApermi-
dine (SPD) and spermine (SPM)

¥,

450 F

408/F Co (M) C1 (M)
350 DAz (M?*) 400 1600
£ 300|F SPD (M) 80 120
s H
S 250 SPM (M*) 8 12
% 200 P-arginine (DP = 120) - 82

Co represents the concentration at which globules were first detected in the
solution, andC; the disappearance of a last DNA cail=25°C. Drawn
from Ref.[50].

@ The presented value does not correspond to concentration of compacting
agent but to the mixing ratio of positive and negative chargeBrom Ref.
[49].

150 £
100 E
50 F

0.0 10.0 20.0 30.0
[CTAB] (uM)

Fig. 4. Hydrodynamic radius of the DNA molecules, taken from the position  common to other system$able 2displays some results of
of the peak_s of the calculated intensity distribution functicﬁig.(s‘),vs_. the fluorescence microscopy studies presented in the literature.
concentration pfsurfactant, CTAB_. The error bars represen_t the width pf the It was observed that in the presence of polyamines DNA un-
peak at half height. The conformation of the DNA molecules is schematically . i .
depicted. From Ref97]. dergoes a discrete conformational change from coil to glob-
ule and that, even with spermine, having four charges per
pure DNA translational mode decreases, until it disappearsmolecule, an excess of positive charges was required for the
for surfactant concentrations of aM (Fig. 3). compaction to initiate. Furthermore, the concentrations of the
This is a significant result since it suggests, as observedpolycations required to induce compaction of DNA decrease
previously in FM, not a gradual change of the DNA size Substantially with the increase of the charges in the chain,
but the existence of two populations in the sample, one differing by about one order of magnitudg0,51} When
of extended DNA coils coexisting with DNA compacted longer polycations were used, charge neutralization was not
molecules. even required49].
In Fig. 4the hydrodynamic radius of the DNA molecules
is represented as a function of the surfactant concentration,

with data taken from the size distribution calculatiofig( 3). 3. Modelling of DNA compaction by polycations
If we compare this graphic witRig. 1 we see that they are
very similar. As observed for FM the coexistence of two pop- It was already mentioned the importance of the under-

ulations of DNA molecules is evident: one due to extended standing of DNA compaction in cells. Even though histones,
molecules which present some fluctuation in their shape, i.e.are the responsible for the packing in most of the cells,
size (Gaussian chain), as given by the width of the respec-polyamines like spermidine and spermine appear associated
tive peak; and another consisting of compacted moleculeswith DNA and are believed to play a role in its compaction.
presenting a smaller hydrodynamic radius and less fluctua-It is curious that the most compact form of DNA is found
tions in size. The measurements performed by DLS give alsoin sperm heads where the condensing agents are positively
an improvement relative to the FM data in what concerns the charged polymers.
size of the DNA—surfactant aggregates, since direct FM mea- The degree of compaction is an interesting property,
surements overestimate the size of the complexes, due to thé&nown to be of major importance for gene therapy and trans-
blurring effect of the DNA-DAPI complef/6]. fection efficiencies[5,8]. Varying degrees of compaction
The interactions between DNA and cationic surfactants have been predicted through molecular dynamics simulations
were studied by fluorescence microscopy and dynamic light for oppositely charged chains of the same lengtH, de-
scattering. We saw that DNA exhibits a discrete phase tran- pending on the interaction strength. Also, the characteriza-
sition in the presence of cationic surfactants from coils to tion of complexes in solutions containing positive and neg-
globules. Fluorescence microscopy experiments were madeative chains has been achieved on the basis of Monte Carlo
with cationic surfactants of different chain lengths and we simulationg78,79], showing that the nature of the complexes
concluded that CTAB, the longer-chained surfactant, is more varies with the linear charge density of the chains.
efficientin compacting DNA than the shorter-chained surfac-  Here we report on a study of polycations as compact-
tant. ing agents of a medium size polyanion by means of Monte
Looking again affable 1 we realize that, even thoughthe Carlo simulations. The systems under study are summarised
amounts required to compact DNA were very small it should in Table 3
be noticed that they correspond to a large excess of posi- The degree of compaction was determined on varying the
tive charges when compared to the concentration of DNA size of the positive chains and their number. The systems
nucleotides, 0.5.M in phosphate groups. This is a feature are characterized using a conformational analysis in which
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Table 3 0.3 T T T T — T T T
Systems studied in the present work
ads 0
System Number of L 30 beads .
Positive chains Beads/chains Counter-ions =
(Op +0) 0 0 120 oA, 02
(40p + 3) 40 3 0 5
(30p + 4) 30 4 0 N
(24p +5) 24 5 0 Naf
(12p + 10) 12 10 0 Yoo
(8p + 15) 8 15 0 ~
(1p +30) 1 30 90
(2p + 30) 2 30 60
(3p + 30) 3 30 30
(4p +30) 4 30 0 0.0
In all cases, a negative polyelectrolyte with 12 beads of unit charge is present.
Counter-ions are positive. The nomenclature of the systems is the following <Re:> / <R22>

(no. of polycation chains)p + (no. of beads in each chain).
Fig. 5. Shape(R3,)/(R2) distribution functions for systems (Op+0),
shape, overall dimensions, and contact of the polyanion with (40p +3), (30p +4), (24p +5), (12p+10), (8p+15) and (4p +30). Curves

the compaction agents is taken into consideration. are labelled according to the number of beads in the polycation; when the
polyanion is in the presence of monovalent counter-ions only, we use the

label 0. From Ref[98].
3.1. Effect of the chain length

For the shorter chains, the polyelectrolyte behaves close
to a Gaussian coil, as shown by the average value of the shape
factor, (R29)/(R3). As the polycation length increases, this
factor decreases to values compatible with compact sphere-

We started by looking at the effect of the positive polymer
chain lengths on the conformation of the long negative chain.

The average properties of the negative polyelectrolyte
chains are shown ifable 4 for all systems considered in
this work. like structures.

We can see that, for the larger values of the polycation dWe frecall that Fhis fﬁc.tor hgs tlhe vrglule 12 :or a rigid
chain length, a significant degree of compaction is attained. "°%: 6 for a Gaussian chain and values below 3 for compact

. . _ truct . Judging f th It teTiiol
The end-to-end d|stan¢@§e)l/2, radius of gyratmr{Ré)l/2 structures. Judging from the results presentéTaible 3 no

d ist lenat anificantly d fen th compaction occurs for the number of beads being equal to
and persistence leng . signiticantly decrease wnen the g than 4 ang = [no. polycation beads]/[no. polyanion
number of positive beads is increased in each positive chain.

The latter is calculated by using the results obtained in the beads] = 1. However, we can see that above this number of
. : : ? . : I ion ,th lyelectrol hainten fold with-
simulation for the radius of gyration through the relationship polycation beads, the polyelectrolyte chaintends tofold wit

out a significant change in the average sequential bead an-

[80], gle, (). This leads to the conclusion that compact structures
Ll 3 A I are obtained not through direct compression of the chain,

<RS> = ?p — 5+ Zzp — 2L—p2 [1 - exp(l—ﬂ 1) via bending modes, but through torsions and long-range cor-

p relations. This is analogous to the observafi®d,81] that

whereL Corresponds to the contour |ength chains stiffened by electrostatic interactions retain a hlgher

Table 4

Average properties of the negative polyelectrolyte in the different systéaime(3

System (@) (R2)™? (R2)"? (R2)/(R2) lp

(Op +0) 139.14+ 0.1 379+ 6.8 130+ 1.4 84+ 0.16 106+ 3.6

(40p + 3) 129.7+ 0.1 177+ 7.1 64+ 2.3 74+0.39 19+ 15

(30p + 4) 128.4+ 0.1 116+ 5.6 46+ 1.3 6.3+ 0.39 10+ 0.6

(24p +5) 127.9:0.1 68+ 4.3 31+07 454 0.42 4.440.2

(12p + 10) 127.3: 0.1 50+ 1.4 27+05 354+ 0.20 3.3+0.1

(8p + 15) 127.06£ 0.1 51+ 1.9 27+ 0.6 3640.24 3.2+ 0.1

(1p + 30) 134.9+ 0.1 358+ 3.5 112+ 12 102+ 0.24 70+ 0.2

(2p + 30) 130.6£ 0.1 279+ 3.9 90+ 0.9 964 0.16 42+1.0

(3p + 30) 128.3: 0.1 202+ 6.8 73+21 754+ 0.19 26+ 1.8

(4p + 30) 127.0£ 0.1 43+ 1.1 25+ 2.1 3140.15 2.7+ 0.0

(a) is the average sequential bead angle and is given in deg@sl./z is the polymer end-to-end distance, a(nlzg)l/2 the radius of gyration{R3,)/(R2)
is the shape factor, ratio between the end-to-end distance and the radius of gyration|fnegitgsents the persistence length. All distances are givén in
From Ref.[98].
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P(R<8 A)

Segment

Fig. 6. Average probability of finding a polycation bead at a distance below
8 A from each negative polyelectrolyte segment. The dotted line corresponds
to one randomly chosen individual positive bead. From [R&.

121

flexibility locally, i.e., the behaviour on short length scales
does not reflect the behaviour on a larger scale.

Shape factors for each of these systems are shokig.ib.

The probability of very compact structures drastically and
suddenly increases when the polycation changes from 4to 5
beads, although large values of this factor, significantly above
6, are present for every system. For the longer polycations
most structures are found for values well below 3, and the
largest compaction is attained for 30 beads.

Fig. 6 represents the probability of finding one positive
bead, averaged over all beads, at a distance inferiorfof 8
from each numbered polyanion segment, subsequently de-
noted simply as contact. We note that the smaller chains tend
to cover uniformly the region in the proximity of the polyan-
ion, except at the ends the probability decreases, as to be
expected from a less intense electrostatic field, irrespective
of the system. However, it is inferred that positive and nega-
tive chains become closer and closer as the polycation length
increases.

Fig. 7. Typical configurations for systems: (a) (40p +3), (b) (30p +4), (c) (24p +5), (d) (12p +10), and (e) (4p + 30). Fri@8]Ref.
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This effect is striking when looking dtig. 7 which dis- Our results, using a rather simplified model, give some
plays typical conformations for various polycation lengths. In interesting insight into the interactions between DNA and
panel (a) the polyanion displays an extended structure, with flexible cationic polymers. It should be noticed frdfig. 6
loosely bound short polycations. As we can see many posi-that compaction of the polyanion occurs when the polycations
tive chains are not under the direct influence of the polyanion are closer to the negative chain and thus thermodynamically
electrostatic field and remain scattered throughout the simu-restrained in their motion. This can be the explanation for the
lation cell. fact that large amounts of spermidine and spermine are nec-

When one bead is added to the positive chains, panel (b),essary to induce the compaction of DNA in single molecule
we can see that the polycations are somewhat closer, everexperiment$50,51]
though a loose binding is still noticeable, compatible with a
certain mobility of the smaller chains. 3.2. Varying the polycation/polyanion charge ratio

Panels (b) and (c) illustrate the degree of compaction in-
duced when the number of charges in the positive chain in- |5 Taple 4we also present the polyanion chain proper-
creases from 4 to 5. A further increase in this number of ties as the number of positive chains is increased ypa
charges promotes, although to a lower extent, additional com- systems (1- 4p + 30)). We see that the clearly stretched sys-
pactioninthe longer chain (panels (d) and (e)). For these threeyem (1p + 30) slightly folds when a new polycation is added
lastrepresentations, all the polycations are associated with theyng the same happens with a third one. However, with four
larger polyelectrolyte. The difference between the polyanion polycations the chain abruptly adopts a very compact struc-
conformation when in the presence of polycations of 4 or tre Table 3andFig. 8 show that the average shape factor
5 beads is dramatic, and this sudden collapse of the longeriengs to increase from system (Op +0), in which the polyan-
negatively charged polymer is in line with the coil-globule jon, js in the presence of its small counter-ions only, to sys-
transition of large DNA molecules, observed by fluorescence tem (1p + 30), then slightly decreasing to system (2p + 30),
microscopy and dynamic light scattering. although above that of (Op+0). It again slightly decreases

An analysis of the contacts of each individual polycation for (3p +30) and then, suddenly, presents a very small value
bead with the polyanion has also been performed. A repre-j, system (4p + 30), confirming the collapse of the chain.
sentative example is shown iig. 6 (dotted line), in which In Fig. 9are presented the polyanion—polycation contact
the probability of contact of one individual randomly chosen propapilities. With one polycation chain, we observe a pref-
positive bead of a 30-bead polycation is given. Itis seen that erential positioning in the central part of the longer chain,
each bead interacts with a significant portion of the longer zjthough a significant coverage of the polymer can also be
chain (typically with more than 60% of the latter) which jnferred.
points to an unhindered motion of the smaller chains, in-  Ag pefore, the probability tends to decrease as we ap-
dicating a good coverage of the configurational space, and aproach either end. For two positive chains, their positions are
fair mobility along the polyelectrolyte chain. It also shows  correlated and they are essentially placed at equal distances
maxima of probability for beads significantly far apart, that from the centre of the polyanion, which to some extent is

may be related to the fact that polycations tend to position ayoided. This may be explained in terms of repulsion effects.
themselves so as to promote bridging between different parts

of the polyelectrolyte.
We note that interactions between DNA and spermi- Tt
dine or spermine have been studied by techniques like X-
ray diffraction[48,82], neutron scatterinfB3], and Raman
spectroscopy84], and by more or less complicated models
[48,51,85,86]but the binding properties of the polyamines =
to DNA are still not clear. Several types of binding have
been proposed in the literature, like the location of spermine ",
molecules in the major groove with a single contact with the
polyelectrolytg82], or that the spermine is present in higher
concentration close to the minf86]; also, that polyamines
bind to DNA simply by non-specific electrostatic interac-
tions[83,84] It is, however, widely accepted that the flexi-
ble polyamines have different binding sites, interacting in an
irregular way with different sites on DNAM8], forming a
short-lived and non-structurg¢86], mobile[84] atmosphere
of ions around the macromolecule. This is the proposed rea- . N _ . . .
Fig. 8. Shape distribution functions for different numbers of positive chains

son for the fact that spermine molecules, for example’ are (systems (- 4p + 30)). Alsoincluded, for reference, is the shape distribution

not easily detected by X-ray methods, even though they areofthe polyanion in the presence ofits small counter-ions. Curves are labelled
present at a high concentratipt8]. according to the number of polycation chains. From Fas].
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Fig. 9. Probability of finding a polycation bead at a distance beldWrdm
each negative polyelectrolyte segment for the systenfsgf8. From Ref.

[98].

60
bead

A similar picture is found for three chains, now with two min-
ima in the probability. Whep = 1 is attained, no preferential
positioning can be discerned. A direct observation of the il-
lustrative snapshots &fig. 10further indicates that a slight
folding characterizes the part of the chain in contact with the
polycation (forg < 1).

If we relate the mobility of the polycations along the neg-
ative chain, e.g. expressed in terms of the width of the contact
between positive and negative beads, with the degree of com-
paction, we note a significant pattern. When only one chain
is present, it covers a substantial length of the polyanion, the
latter being characterized by stretched conformations. When
two chains are present, they repel each other but, typically,
each still covers more than 35% of the polyanion, again giving
rise to unfolded shapes. A more drastic effect occurs for three
chains, additionally reducing mobility and slightly increasing
the degree of compaction. Finally, when four polycations are
considered, definite compaction is achieved and the system
is characterized by the lowest mobility.

(b)

(d)

Fig. 10. Configurations for different numbers of positive chains interacting with the negative one (systemp $130)). Key: (a) 1, (b) 2, (c) 3, and (d) 4

polycation chains. From Re8].
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For simplicity, some of the systems treated in this work sequently, influence the process of a transmembrane DNA
did not contain counter-ions. These have been included onlydelivery.
for B # 1 to achieve electroneutrality. The compaction action ~ Mixtures of cationic and anionic surfactants are known as
took place in most of the considered systems in the absencecatanionic mixture§87] and have, due to their rich phase be-
of counter-ions. For system (4p + 30) we have duplicated the haviour and interfacial properties, been the subject of many
calculations, now in presence of counter-ions and co-ions, studies (for reviews see Ref87,88)). By varying the mixture
so as to check the effect of counter-ion release in the de-composition, i.e., total surfactant concentration and mixing
gree of compaction. Results in this modified system have ratios, one can obtain aggregates with different geometries,
shown conformation indicators very similar to those obtained ranging from spherical, to cylindrical and planar. The most
from the original one. At least for these model systems, it is notable structures these systems form are vesicles, and catan-
apparent that the electrostatic interactions clearly surmountionic vesicles are believed to be thermodynamically stable;
counter-ion release effects. We believe that when the com-in fact they are formed spontaneously and reversibly, and
pacting agent approaches the chain, this release takes placeemain stable for a long period of tinj&9].
and entropically favours substitution of the counter-ion cloud = The system used in this work is the aqueous mixture of
by more strongly bound arrays of charges. However, in these CTAB and sodium octylsulfate (SOS), studied by Kaler and
systems, it was shown that the electrostatic interaction wascoworkerd90,91] and FM was used to follow the conforma-
sufficient to counterbalance the entropy loss resulting from tional changes of long DNA in the presence of the catanionic
fixation of the longer polycations and reduced polyanion vol- vesicles.
ume.

We have studied the action of polycations as compacting 4.1. DNA behaviour in the presence of negatively
agents of a medium size anionic polymer. Although some dif- charged catanionic mixtures
ferences may be found between typical experimental systems
involving DNA and the model system in this work (persis- Upon addition of DNA stock solution to the samples
tence length of the polyelectrolyte, concentration, etc.) we containing negatively charged vesicles no change in the
believe that our observations can be extended to the formerconformational behaviour of individual DNA molecules
Results have shown that the degree of compaction is deterwas detected. This result seems plausible, taking into ac-
mined by the size of the positive chains and their number. count the strong repulsive interactions between the similarly
The role of electrostatic interactions is paramount in the com- charged objects, however, since the vesicles contain individ-
paction process and, an increase in the number of moleculesial cationic surfactants, these could be extracted and interact
of the compacting agent or in the number of charges on eachwith DNA. Since no globular DNA's were found in solution
molecule causes sudden collapse of the polyanion moleculewe decided to check on the stability of the DNA globules
Compaction is associated with polycations promoting bridg- formed in the presence cationic surfactant upon the addition
ing between different sites in the negatively charged polymer. of anionic surfactant.
Another interesting finding is that the interaction for polyca- We started by compacting DNA with CTAB. For the cho-
tion/polyanion charge ratios significantly below 1 produces sen concentration of surfactant, 3:260~* M, we could ob-
only a small degree of intrachain segregation, allowing for serve, by fluorescence microscopy, that all DNA molecules
significant translation freedom of the agent along the chain. were in the compacted state, according to the results pre-

An important conclusion is that monovalent counter-ions sented above. Then the anionic surfactant, SOS, was added
play only a minor role in the folding process. stepwise. No visible effect was noted while the concentra-

tion was below 3.16: 10~* M. When the SOS concentration
reached 3.& 1074 M, unfolded DNA coils were found in

4. DNA interactions with catanionic mixtures: the sample solution together with DNA-CTAB globules. A
DNA-surfactant complexes decompaction by anionic further increase in the anionic surfactant concentration re-
amphiphiles sulted in the complete unfolding of DNA—-CTAB complexes

at [SOS]=6.31x 10~3 M. All DNA molecules were in the
The interest in liposomes, and their interactions with coil conformation Fig. 11).

DNA, have grown since they appeared as promising carriers
for gene delivery and transfectigh3]. Despite the numer- 4.2, Dependence on the anionic surfactant chain length
ous studies of DNA interaction with liposomes, constituted
by cationic and neutral lipids, there has been very little at-  We investigated also the influence of the anionic surfac-
tention on the DNA behaviour in the presence of mixtures of tantchain length as well as the role of the cationic amphiphile
two oppositely charged surfactants. Nevertheless these syshydrophobicity on the dissolution of the DNA—cationic sur-
tems present certain interest for the pharmaceutical appli-factant complexes.
cations since variations on the mixing ratios between op- We observed that for a longer chained anionic surfactant,
positely charged amphiphiles may strongly affect the lin- sodium dodecylsulphate (SDS), a smaller amount of surfac-
ear dimensions and the charge of individual DNA and, con- tant was required to induce decompaction. As observed in
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Fig. 11. Dependence of the conformational behaviour of single TADNA
molecules, 0.5.M in aqueous buffer solution and a constant DTAB concen-
tration of 3.16x 10~ M, on the stepwise addition of SDS and SOS. Filled
circles correspond to the globular DNA conformation, and shaded circles
to the coexistence between elongated coils and compacted DNA molecules
whereas open circles correspond to the extended conformation of DNA.
T=25°C. From Ref[13].

Fig. 12. Dependence of the conformational behaviour of single DNA
molecules, 0.5.M in aqueous buffer solution at constant concentrations
of cationic surfactants CTAB, TTAB and DTAB, 3.2610* M, on the to-

tal SDS concentration. Symbols are the same &gnll T=25°C. From
‘Ref.[13].

“transfer” of molecules is occurring between two different
_ ) 5 surfactant aggregates, it will not depend on the surfactant
Fig. Il a concentration of 8.7& 10> M was enough to start  chajn length, or alternatively expressed there is a cancella-

the DNA unfolding and for 2.8% 10~*M, below charge tjon in the alkyl chain length effects in forming the two types
neutralization, all DNA molecules were in the coil confor-  of aggregates.

mation.
This is easy to understand from the chain length depen-4 4. Surfactant aggregate structures
dence of surfactant self-assembly. On adding the anionic sur-

a certain concentration it will associate and form mixed self- petween the oppositely charged surfactants is stronger than
assemblies with the oppositely charged amphiphile and re-he gne between DNA and cationic amphiphiles. A question
lease DNA back into the solution as a coil. The onset of this that remains is then, what type of aggregates will the sur-
association can be defined in terms of a critical micellar con- f5ctants form. To answer this we performed some cryogenic
centration for the mixture of the two surfactants (CM)- transmission electron microscopy (cryo-TEM) experiments,
Since SDS is more hydrophobic than SOS, the Gior since this technique allows a good visualization of nm-size
that surfactant will be smaller than the shorter chained one. objects.
We found structures of crystalline appearance in most of
4.3. Dependence on the cationic surfactant chain length  the samplesKig. 133). This is not unexpected since both
surfactants had the same chain length and approximately the
As mentioned we also performed experiments to deter- same concentrations. Itis known that most catanionic systems
mine the dependence of DNA decompaction on the chain precipitate at equimolar concentrations even at very high wa-
length of the compacting amphiphile, CTAB, TTAB, and ter content$88].
DTAB. Following the same procedure as above we started  Along with the precipitate we observed, under other con-
by compacting DNA with 3.16c 10-*M of CTAB, for ex- ditions, the formation of vesicle$ig. 13). The formation
ample, and added the anionic amphiphile stepwise. Contraryand stability of vesicles are dependent on the surfactant chain
to the experiments varying the anionic surfactant we found type and length. Thus, vesicle regions are usually larger when
no variation on changing the cationic surfactant chain length one of the amphiphiles has a double chain or when two single
(Fig. 12, that is, the amount of negatively charged surfactant chained surfactants have asymmetric chains, which has been
necessary to unfold DNA is independent of the hydrophobic- attributed to optimal packing conditiofi82]. The presence
ity of the compacting amphiphile. of vesicles in the sample is then due to a large excess of the
This can be explained as follows. Above a cer- anionic surfactant and an asymmetry in the surfactant chain
tain CMGixt, dependent on the anionic surfactant chain lengths, SOS versus DTAB9,93]
length, two types of structures can be formed in so-  These findings led us to enquire whether it was possible to
lution, DNA—cationic surfactant (DNA-3 globules and predict the structures formed by the surfactant mixture, sub-
cationic—anionic surfactant aggregate$«S-). In the case  sequent to DNA compaction and decompaction, if we had the
of CTAB and SOS, for example, when we observe an unfold- knowledge of the phase diagram of the mixture. In particular
ing of DNA molecules, there is a dissociation of DNA-CTAB  we investigated this issue by additional cryo-TEM experi-
globules, with CTAB molecules leaving DNA-CTAB com- ments. We chose a point in the CTAB/SOS/water phase dia-
plexes and transferring to CTAB—SOS aggregates. Since thisgram[90,91], with 9.88 mM of CTAB and 43.00 mM of SOS,
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(2)

(b)

Fig.14. (a) Cryo-TEMimages of an aqueous solution of SOSx4.6-2 M,

and CTAB, 9.88< 103 M in the absence (a) and presence (b) of DNA,
5.0x 10~7 M. (a), (b), and (c) unilamellar vesicles. Black arrows denote
Fig. 13. Cryo-TEM images of the surfactant structures formed subsequent"eSides' whereas the white ones indicate crystallized water. Redrawn from
to the DNA compaction with DTAB and addition of the anionic amphiphile  R€f-[13]-

SDS (0.5uM of TADNA in buffer solution; 3.16< 104 M of DTAB). In

(a) [SDS]=8.13x 10~*M and in (b) [SOS]=7.94 103 M. Crystals are

denoted by white arrows and vesicles by black arrows. Redrawn from Ref.

[13]. of CTAB, all DNA molecules presented a compact confor-

mation; with the addition of the anionic surfactant, SOS at
which corresponds to the region of negatively charged vesi- 43.00 mM, only coils were present in solution. These concen-
cles. This region was selected since vesicles are self-assemblyrations of amphiphiles were enough to induce compaction
structures easy to observe and recognize as well as one of thand decompaction of the DNA molecules. Observing then the
most interesting for application purposes. surfactant aggregates, by cryo-TEM, we realized that there
Inthe solution, as expected, we observed only the presencavas no visible difference between this sample and the previ-
of somewhat polydisperse unilamellar vesicles with sizes ous one, prepared by mixing surfactants aldfig.(14b ver-
ranging from 20 to 100 nnHg. 14a). sus a). Again, only small unilamellar vesicles were present
A sample with the same surfactant concentrations was in solution. Note that these findings provide support for ther-
prepared using the normal FM procedure: we observed in modynamic stability of the vesicles, still a matter somewhat
the microscope that in a DNA buffer solution with 9.88 mM  controversial.

(b)
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The ability of controlling the structures formed by the sur-
factants is significant and promising for a number of applica-
tions. For example, when using cationic surfactants to com-
pact DNA for purification purposes, the addition of an amount
of anionic surfactant would both release DNA back into so-
lution and form a precipitate with the oppositely charged sur-
factant. This would enable a simple and efficient separation of
DNA from the surfactants in solution. From another point of
view, for an eventual application of these types of systems to
gene therapy, the presence of crystals would be catastrophic
for the cells.

All of this discussion was conducted by focusing on
the amphiphile aggregates and the DNA conformational be-
haviour. There is no indication that the DNA molecule under- g
goes denaturation and/or degradation during the compaction <
and release process. It has been repdtgfithat the DNA
released from cationic lipid complexes by the addition of an-
ionic additives was in its native B-form conformation. 10 pym

Itwas accordingly observed that anio.nic amphiphiles can Fig. 15. Optical microscopy images of single TADNA globules ad-
be PS?d to unfold and release DNA prewqusly C_OmpaCted by sorbed onto the surface of positively charged catanionic vesicles
cationic surfactants. We found that by using anionic surfac- (ctag]=17.27mM and [SOS]=15.00 mM). The DNA concentration is
tants with longer chains the decompaction of DNA isS more equal to 4.54nM in phosphate groups. Arrowheads indicate single DNA
efficient, while it does not depend on the hydrophobicity of globules. From Ref94].
the compacting amphiphile. Our results also suggest that one
can predict and control the aggregates the oppositely charged. Interaction between polyelectrolytes and
surfactants will form, subsequent to DNA folding and re- catanionic surfaces
lease, simply from the added amounts of the amphiphiles
and knowledge of their phase map. The interaction of polyelectrolytes and surfaces bearing

charges is a phenomenon of paramount importance in a va-
riety of biological, technological and industrial processes.

5. DNA interactions with catanionic mixtures: DNA Differences in the characteristics of the surfaces (curvature,
compaction and adsorption onto positively charged charge, charge density) induce different behaviours in the
vesicles binding of the polyelectrolyte. For highly charged surfaces

with sign opposite to that of the polyelectrolyte, binding is
Contrary to the results obtained for anionic-rich catan- so strong that the dynamics of the polyelectrolyte backbone
ionic mixtures, the addition of oppositely charged mixtures can be studied in two dimensiof$4], if other particles in
to DNA solution leads to the collapse of individual DNA the solution are not taken into consideration. In some cases
chains. It was noticed that the diffusion rate of the DNA glob- surfaces may display both negative and positive charges. In
ules was substantially lower than for DNA globules formed these cases, the heterogeneity of the charge distribution also
in the presence of simple cationic surfactant. This apparenthas some impact in the behaviour of the adsorbed polyelec-
increase in size was due to the adsorption of the DNA glob- trolyte [68].
ules onto the positively charged vesicles as supported by the As we have seen a significant amount of experimental
results of optical microscopy observatiofsg. 15. In this work in our group has been focused on the interaction be-
particular experiment we illuminated the samples with both tween catanionic vesicles and DN®4,58]. The interaction
UV- and visible light simultaneously. Therefore the observa- caused both a certain degree of compaction in the polymer
tion of both fluorescently labelled DNA and large catanionic backbone, as observed through fluorescence microscopy, and
vesicles was possible. The vesicles in the samples were quitea change in the shape in the vesicles, consistent with the geli-
polydisperse and some big enough to allow for their obser- fication of the latter.
vation with the use of the optical microscope. These experimental results have prompted a Monte Carlo
In conclusion, our results suggest that the positively study[95] of a model system in which mobile charges are
charged catanionic vesicles may be successfully applied toconfined to a layer, with a thickness corresponding to the di-
induce the folding transition of a large single DNA and ad- ameter of the surface charges. They are thus able to move in
sorption of the DNA globules onto the surface of the vesicles. thexy plane, but are fixed along tlzeaxis. A “negative bead
Recharging the vesicles through change of the molar ratio be-and spring” polyelectrolyte with a varying degree of rigid-
tween cationic and anionic lipids in solution leads to DNA ity interacts with this surface. Surface and/or polylectrolyte
unfolding and release to the bulk solution. monovalent counter-ions are introduced so as to render the
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Fig. 17. Density of particles along tteaxis, i.e., the direction normal to

the surface. The solid line corresponds to polyelectrolyte (the most flexible
is indicated by arrows), and the dashed-line to the respective counter-ions.
From Ref.[95].

of more highly charged positive regions (from +2t6 +7e),
while decreasing the number of squares close to electroneu-
trality and, again, increasing the number of negative, but less
charged ones{leto —5¢€). Although this effect may appear
Fig. 16. Model for the polyelectrolyte—catanionic membrane interaction, |ess significant, it should be recalled that we are observing
including dimension_s of si[nulation box. All particles, represented as hard- the effect of a polyelectrolyte described by 50 positive mono-
spheres, have a raditis=2A. - . . e
valent beads in a surface comprising 500 positive and 500

negative charges.

The above observations indicate that the adsorption be-
Y haviour of the polyelectrolyte must be, to a significant de-
gree, influenced by the response given by the membrane to
its presence. It can be seenhig. 19 that the number of
adsorbed beads increases drastically with an increasing flex-
ibility of the polyelectrolyte. In fact, calculations involving

system electroneutral. We have used periodic boundary con-
ditions in the plane of the surface and hard walls exactl
below the surface charges, and at a distance of3306m
this surface. The polyelectrolyte beads may thus be found
above or within the layer, but not below. The illustration in
Fig. 16summarises the model setup.

The number of particles confined to the surface was kept
constant (1000) in our studies, but the overall surface charge
was varied from +1008to —200e, whereeis the elementary
charge. The polyelectrolyte length was also varied (25 and
50 beads) and so was its intrinsic stiffness. 02

The mobile charges in the surface react to the presence
of the polyelectrolyte and a globally neutral membrane with
the above characteristics determines a drastic degree of ad 0.15
sorption. Thez-axis density function ofig. 17indicates that
the 50 bead long polyelectrolyte resides essentially in close 5
contact with the surface. The polyelectrolyte counter-ionsare == .1
also in the vicinity of the surface, i.e., travel in association
with the polyion. The presence of the polyion polarises the
membrane. We have divided the 280« 200A surface in 0.05
100 squares and plotted the probability density function for
the charge of these squaresHigy. 18 For a neutral mem-

0.25

arge)

brane in the absence of the polyelectrolyte this distribution 0 =
is centred in zero and decays rapidly for both negative and -10 5 0 5 10
positive values. On average, 10 charges are to be found in Charge

each square, so the maximum net charge would amount to
ca. +1@ or —10e. It can be seen from that figure that the Fig. 18. Probability distribution of charge in the catanionic surface, corre-

bability of findi ith bsolut | fth sponding to a subdivision in square areas 0RA2020A. The solid line
probability of inding squares with an absolute value ot tne corresponds to the surface without polymer, the dashed-line to the system

charge exceedingeSs very close to zero. The presence of yith the flexible polyelectrolyte (50 beads) and the dotted-line to the semi-
the polyelectrolyte causes a visible increase in the numberflexible one. From Ref95].
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0.2 concentration of DTAB, the shorter chained surfactant, is
0.18 needed to observe the compaction of DNA molecules.
Z 016 The discrete phase transition from DNA coils to globules
8 o4 observed by FM in the presence of cationic surfactants was
2 oo also observed by dynamic light scattering, where the size of
2 o1 4 the complexes could be discerned more precisely.
e 008 A simulation study on the compaction of a medium size
iﬁ 0'06 | ST anionic polymer by polycations was presented. The degree
g J AN of compaction was found to be determined by the size of
0.04 7 Y \ the polycations and their number. The role of electrostatic
002 7 / N interactions is crucial in the compaction process since an
0ttt L S — increase in the number of charges per chain or in the number
0 10 20 30 40 50

of chains of the compacting agent leads to a sudden collapse
no. adsorbed beads of the polyanion molecule, which is in agreement with the
fluorescence microscopy observations.
Fig. 19. Probabilityofnumberofadsorbed beads. Thesolid!ine corresponds |+ \vas found that the compaction is associated with poly-
to the flexible polyelectrolyte (50 beads) and the dashed-line to the corre- . . L .
sponding semi-flexible polyelectrolyte. cat|0n_s promoting bridging betwee_n dlffere_znt parts of the
negatively charged polymer. The interaction for polyca-
tion/polyanion charge ratios below one produces only a small
three values for the imposed intrinsic stiffness have shown degree of intra-chain Segregation a”owing asigniﬁcant trans-
that this variation is not monotonic. In ascending order of the lational freedom of the po|ycations a|ong the |0nger Chain,
average number of adsorbed beads we have values for thgyhich suggests that a loss of this translational entropy of the
angular sequential three-bead angular force constant of 0,compaction agent is required for the collapse of the polyan-
3.4E-24 and 1.0E-20 Jdeg?. The usual picture inwhicha jon. This is in agreement with the experimental results. Fi-
more flexible polymer faces alarger entropic resistance to ad-nally, an important conclusion was that the counter-ions play
sorption, related to the decrease in the conformational degreegnly a minor role in the folding process.
of freedom, is not followed. Apparently, the concentration of We found that DNA does not interact with negatively
opposite charges in the surface of the membrane is dictateccharged catanionic vesicles even though they carry some pos-
partially by the conformation in bulk, but smaller degrees itjvely charged molecules. However it was found to compact
of polarisation (compatible with more stretched backbones) and adsorb in the form of a globule onto the surface of posi-
may also favour adsorption. In other words, a flexible poly- tively charged vesicles. We also showed that it is possible to
electrolyte concentrates negative charge and induces morejissociate DNA—cationic surfactant complexes by the addi-
positive charge in a localised zone of membrane, thus ad-tjon of an oppositely charged amphiphile. The decompaction
sorbing easily. However, for more stretched ones, this con-was followed and it was found that by using anionic surfac-
centration is not necessary, and it may adsorb without atants with a longer alkyl chain the decompaction was more
large degree of disruption in the random charge distribu- efficient, that is, less surfactant was required for the dissolu-
tion. tion of the DNA-surfactant complexes. However, it does not
We have also observed that a smaller polyion (25 beads)depend on the hydrophobicity of the cationic surfactant. The
typically adsorbs more completely than the larger one (50 decompaction occurs due to the formation of mixed surfactant
beads). This indicates that the polarisation in the membraneaggregatesl The results presented also suggest that it is possi-
becomes less facilitated as the degree of disruption increasesple to predict the structures that the surfactant will form, sub-
A globally negative membrane (comprising 505 negative sequent to DNA folding and release, from the knowledge of
partiCleS and 495 pOSitive OneS) still induces a Significant their phase map and, Consequenﬂy, from the added amounts
degree of adsorption, but for a total charge-&0, the polyion of both amphiphiles.
consisting of 50 beads tends to stay in the bulk. These observations can be interesting from an ap-
plication viewpoint, since the balance between com-
pacted/decompacted DNA molecules with different concen-
7. Concluding remarks trations of oppositely charged lipids, the aggregates of which
can be controlled, can be of interest to applications like DNA
Our investigation of the interactions between DNA and purification or controlled DNA delivery.
alkyltrimethylammonium bromide surfactants of various Finally Monte Carlo simulations were performed on the
chain lengths has been reviewed. adsorption of a polyelectrolyte on catanionic surfaces. The
The systems were studied in the dilute regime, for DNA model system consisted of a negatively charged polymer with
concentrations of 0.AM, by fluorescence microscopy and a varying degree of rigidity and length, and a surface consist-
conformational maps were drawn illustrating the surfactant ing of mobile charges confined to a layer able to move only in
hydrophobic interactions present in the compaction; a larger thexyplane but fixed along theaxis. As predicted the mobile
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charges in the surface react to the presence of the polyelec20] S. Bhattacharya, S.S. Mandal, Biochim. Biophys. Acta 1323 (1997)

trolyte enabling a high degree of adsorption even though the
membrane was globally neutral. Our observations indicate [21]

that the adsorption behaviour of the polyelectrolyte is influ-

enced by the response given by the membrane to its presence.

29.

W.J. Jin, Y.S. Wei, C.S. Liu, G.L. Shen, R.Q. Yu, Spectrochim. Acta
A 53 (1997) 2701.

[22] V.A. lzumrudov, M.V. Zhiryakova, A.A. Goulko, Langmuir 18
(2002) 10348.

One interesting observation was that the number of adsorbed23] R. Dias, S. Mel'nikov, B. Lindman, M. Miguel, Langmuir 16 (2000)

beads increases drastically with the increase of flexibility of
the polymer. In fact, calculations involving polymers with
three different intrinsic stiffness showed that the variation is

non-monotonic. We also observed that a smaller polyanion

9577.

[24] S. Guillot, D. McLoughlin, N. Jain, M. Delsanti, D. Langevin, J.
Phys.: Condens. Mat. 15 (2003) S219.

[25] R. Ghirlando, E.J. Wachtel, T. Arad, A. Minsky, Biochemistry 31
(1992) 7110.

typically adsorbs more completely than the larges one, which [26] S.M. Mel'nikov, V. Sergeyev, K. Yoshikawa, H. Takahashi, I. Hatta,

indicates that the polarisation of the membrane becomes less

facilitated the more it is “disturbed”.
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