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Abstract

The association of cationic, anionic and neutral surfactants to

cylindrical DNA is studied, in the basis of Debye-Huckel, Bjerrum

and Manning theories. Electrostatic interaction is the leading inter-

action in the association of cationic surfactant, and hydrophobicity

determines the cooperativity of the process. For anionic and neu-

tral surfactants, hydrophobic attraction to DNA is the main factor

in complex formation, although cooperativity is also present. All hy-

drophobic interactions parameters are estimated through the binding

isotherms.
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1 Introduction

Polyelectrolyte solutions are very important systems in physics, chemistry
and biology, and also in industry [1]-[13]. These systems consist of macro-
molecules that in solution become highly ionized. The long-ranged coulomb
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interaction makes the problem a difficult one to solve, and the common exis-
tence of several other chemical species contributes to increase this difficulty.
Nevertheless these systems have been intensively studied in the literature
[14]-[27]. If the molecules are flexible, the large number of configurations
makes the problem much more difficult to address [28, 29].

A central polyelectrolyte system in biology is an aqueous solution of DNA
molecules. Among several applications we can cite the development of gene
delivery systems [30]. A common feature in DNA solutions is the presence
of many chemical species, as salt and surfactants, which determine the con-
figuration of DNA molecules. The transition of DNA from a collapsed state
to an extended state is an important fact in these systems, since the col-
lapse of DNA is a prerequisite to allow, in principle, the successfull gene
transfer across cellular membrane. Cationic surfactant molecules, for exam-
ple cetyltrimethylammonium bromide (CTAB), may be used in this process,
since the hydrophobic attraction between surfactants leads to micelle for-
mation, and electrostatic attraction to negatively charged DNA forms com-
plexes that are several times smaller than the extended molecule. In the
decompaction of DNA it can be used, for example, monovalent salt, anionic
surfactant, or cyclodextrins. In all these systems not only the electrostatic
interaction occurs, but there is also hydrophobic interaction. This leads to
cooperative association of surfactants in DNA, for example, and to decom-
paction of DNA previously compacted with cationic surfactant, when anionic
surfactant, salt, or cyclodextrin is added to the system. Solutions of DNA
with surfactant and salt have been intensively studied, in experiments, theory
and numerical analysis [31]-[50].

For cylindrical molecules the situation is a little better, since the spa-
tial configurations of the molecules does not matter. Recently a model has
been proposed for solutions of rigid polyelectrolytes [51]-[54]. The model is
based on Debye-Huckel, Bjerrum, and Manning ideas [55]-[60]. In this way
it is possible to evaluate the distribution function ρi of complexes in DNA
solutions with ions [53], and also to evaluate the binding isotherms of DNA
with cationic surfactants and ions, which has been done using a one size
approximation [54].

In this work we evaluate the distribution function ρij of complexes of
rigid DNA molecules with surfactants and ions, and construct the binding
isotherms. We consider cationic, anionic and neutral surfactants. The elec-
trostatic interaction is an important factor in the complex formation, mainly
for cationic surfactants, while hydrophobic attraction between associated sur-
factants leads to a cooperative association [54]. For anionic and neutral
surfactants, however, the interaction with DNA that leads to complex for-
mation is only the hydrophobic attraction [33]. The structure of this work
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is the following. In section II we define the model, taking into account that
the surfactant in solution may be cationic, anionic or neutral. Section III
considers solutions of DNA with cationic surfactant. Here we state the free
energy and show how the complex distribution is evaluated. This will be
used in the others systems also. Section IV considers anionic surfactants,
while section V treats solutions with neutral surfactants. Finally, section VI
discuss the results and present the conclusions.

2 The model

The model system is essentially the same previously studied by us [53, 54].
We have a solution of cylindrical DNAmolecules, positive counterions, surfac-
tants and possibly monovalent salt. DNA molecules are represented by rigid
cylinders of length L = Zb and radius a. We take as typical values b = 1.7 Å
and a = 10 Å. The number of sites in each DNA molecule is Z, hence there
are Z positive counterions for each DNA molecule, since the whole system
is neutral. All monomers, both of ions or in surfactant molecules, are taken
as spheres of diameter σ = 3 Å. The solvent is a continuous medium with
permittivity εs = 78.5 ε0, representing water, and the temperature is 25oC.

At thermodynamic equilibrium there are complexes of DNA with associ-
ated surfactants and ions, and free molecules in solution. The association of
ions is determined by electrostatic interaction between charged sites of DNA
and ions, and this process is not cooperative. The association of cationic
surfactant is determined by electrostatic attraction, while the cooperativity
in the process is determined by hydrophobic attraction between associated
surfactants. The association of anionic and neutral surfactants to DNA is
due to hydrophobic interaction, since there is electrostatic repulsion between
anionic surfactants and DNA, and no electrostatic interaction of DNA with
neutral surfactants. In all cases, the cooperative association is determined
by hydrophobic attraction between associated surfactants in DNA complexes.
The number density of a complex ij is denoted by ρij = Nij/V , where Nij is
the number of complexes with i associated positive ions and j associated sur-
factants, and V is the volume. The corresponding association fractions are
mi = i/Z and mj = j/Z. These are in fact mean association fractions, since
the associated particles are considered uniformly distributed along the DNA
molecule, i.e., we are not concernet with each particle is in each site, only
the total numbers i and j for a complex are important. However, if desired
this can also be evaluated [53]. We have also the normalization condition
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∑

ij

ρij = ρp , (1)

where ρp = Np/V is the number density of DNA molecules. The correspond-
ing density of DNA monomers is then ρm = Zρp. The range of summation
in the above equation depends on the particular case in study. We con-
sider below, separately, the cases of cationic, anionic, and neutral surfactant
molecules. There are four cases of interest, which we call Systems I, II, III
and IV. System I is the same previously studied, cationic surfactants and
ions associating in DNA molecules, with no more than one particle per site.
System II considers anionic surfactants and positive ions associating in DNA.
We can have one ion and one surfactant at the same site. System III also has
negative surfactants, but we allow two ions at a DNA site with a previously
associated negative surfactant. Thus the charge of a site with an associated
surfactant may be neutralized. Finally, System IV considers DNA and neu-
tral surfactants, with the possibility of one surfactant and one ion at the
same site.

3 System I: DNA and cationic surfactant

This system has yet been studied by us previously, but only in the one size
approximation [54]. The size distribution ρi was evaluated only for solutions
of DNA with ions [53]. Here we obtain explicitly the distribution ρij for
complexes of DNA with surfactants and ions. Note that we have positive
and negative ions in the system. Figure 1 shows schematically the system.
We have at most one particle per site.

The several number densities in the system satisfy the equations

ρaf = ρa −
∑

jρij ,

ρ+ = Zρp + ρs −
∑

iρij ,

ρ− = ρa + ρs , (2)

where ρaf is the number density of free surfactants, ρ+ of positive ions, and
ρ− of negative ions. The number density of surfactants is ρa, and of ionic
pairs of salt is ρs. Since we allow no more than one associated molecule per
DNA site, we have i + j ≤ Z. With this restriction the total number of
possible complexes is

Nc =
1

2
(Z + 1)(Z + 2) . (3)
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Figure 1: Systems of DNA and surfactants. System I: DNA with cationic
surfactants. We restrict the association process to no more than one particle
per site. System II: DNA and anionic surfactants, with the possibility of
one surfactant and one ion at the same site. System III: DNA and anionic
surfactants, with the possibility of one surfactant and two ions at the same
site. System IV: DNA and neutral surfactants. We can have one surfactant
and one ion at the same site.

If Z = 50, for example, we have 1326 possible complexes, and for Z = 100
this number increases to 5151, and each summation in the above equations
will have the corresponding number of terms. Below we consider Z = 100 for
DNA with cationic surfactant, Z = 80 for DNA with anionic surfactant, and
Z = 70 for neutral surfactant. This is done in order to facilitate the complex
distribution evaluation, since increasing Z increases obviously the number of
possible complexes. Although real DNA molecules can be much larger than
this, we will consider real monomer densities, hence we expect this is not
a shortcoming. After all, the results will prove to be at least qualitatively
correct.

The inverse Debye screening length is

κ2 = 4πλB(ρ+ + ρ− + ρaf ) , (4)

where λB = βq2/4πεs is the Bjerrum length. Other parameters are q, the
proton charge, and β = 1/kT , with k the Boltzmann constant.

3.1 The Helmholtz free energy

We write the Helmholtz free energy of the system as a sum of contributions,
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F = Fid + Fent + Fion + Fh + Fel . (5)

The ideal term is simply

βFid =
∑

Nk[ln ρ
∗
k − 1] , (6)

with the summation extending over all present species, and we define the
dimensionless density of species k as ρ∗k = ρkσ

3.
The entropic term Fent describes all possible configurations for i ions and

j surfactants at Z sites, with the restriction of at most one particle per site.
This will be changed below for anionic and neutral surfactants. The number
of configurations is then

Ωij =
Z!

i!j!(Z − i− j)!
, (7)

which leads to

βFent = −
∑

ij

Nij ln Ωij ,

= Z
∑

ij

Nij[mi lnmi +mj lnmj

+(1−mi −mj) ln(1−mi −mj)] . (8)

The electrostatic interaction between sites of the DNA molecule is de-
scribed by

βFion =
λB
b
S
∑

ij

Nijp
2

ij , (9)

where the valence of each site of a ij complex is

pij = −1 +mi +mj , (10)

and

S =
1

2

Z
∑

i 6=j

1

|i− j|
= Z[ψ(Z)− ψ(1)]− Z + 1 , (11)

with ψ the digamma function [61]. Note that the above sum is done over one
chain, and has the same value for all chains. This is a direct consequence of

6



taking associated particles uniformly distributed along the DNA chain. That
is, a ij complex has all sites with the same valence pij.

The hydrophobic interaction between associated surfactants is a cooper-
ative phenomena, and we approximate this contribution by [54]

βFh = −βε(Z − 1)
∑

ij

Nijm
2

j . (12)

The energy ε is an adjustable parameter, which fixes the transition in surfac-
tant association to DNA. A term like this leads to a discontinuous transition
in the binding isotherm, in the one size approximation [54]. When evaluated
exactly, this contribution leads to a smooth transition [62]. We shall see that
the above free energy contribution leads to a smooth transition after the com-
plex distribution is found, with no need to evaluate exactly its contribution
to the free energy of the system.

The electrostatic interaction between complexes and the ionic solution is
given by a Debye-Huckel term [53, 54, 63, 64],

βFel =
ZλB
b

K0(κa)

κaK1(κa)

∑

ij

Nijp
2

ij , (13)

with Kn the modified Bessel function of second kind [61].
The complete free energy of the system is then a function of the densities,

F = F ({ρij}, ρaf , ρ+, ρ−) . (14)

The configuration equilibriu is obtained minimizing the free energy with re-
spect to the densities, which leads to the mass action law,

ρ∗ij = (ρ∗+)
i(ρ∗af )

j exp{−β(µex
ij − iµex

+ − jµex
af )} , (15)

where the µ′s are the chemical potentials. We solve the above equations
iteratively, obtaining then the complex distribution ρij.

Once the complex distribution has been obtained we may evaluate the
mean values of i and j, or the mean association fractions,

m̄i =
1

Zρp

∑

ij

iρij , m̄j =
1

Zρp

∑

ij

jρij . (16)

We can also define the complex distribution

fij =
ρij
ρp

, (17)

and write m̄i =
∑

ij mifij, etc.
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4 DNA and anionic surfactant

The most common type of surfactant interacting with DNA is cationic, since
the electrostatic attraction obviously plays the central role in complex for-
mation. However, DNA solutions with surfactants, both positive, negative
and neutral, have also been studied [33]. The authors emphasize the leading
role of hydrophobic interaction between anionic and neutral surfactants with
DNA. In this and the next sections we estimate this hydrophobic interaction
energy constructing the binding isotherms. Although experimental binding
isotherms of DNA with anionic and neutral surfactants are unknown by us
until now, in the case of cationic surfactants this is a useful procedure, hence
we adopt it also for anionic and neutral surfactants. The cationic surfac-
tant is CTAB (za = 16, M ∼= 364 g/mol), which is commonly used in DNA
solutions. The anionic surfactant is LAS (M ∼= 346 g/mol). The neutral
surfactants is NP-10 (M ∼= 640 g/mol). We use za = 15 for LAS and za = 29
for NP-10 as chain lenght estimatives, comparing molecular weights. The
DNA density is ρm = 6.154 mM. The surfactant densities range from 10−5 M
to ∼= 0.4 mM. The density of LAS and NP-10 ranges from 0.1 mg/mL to 2
mg/mL. For LAS this corresponds to concentrations between 0.289 mM and
5.78 mM in monomers, or between 0.019 mM and 0.38 mM in chains. For
NP-10 this corresponds to concentrations between 0.156 mM and 3.125 mM
in monomers, or between 5.38 µM and 0.108 mM in chains.

4.1 System II: DNA and anionic surfactant, with at

most one surfactant and one ion per site

We consider in this section a solution of DNA with anionic surfactant. The
repulsion between the negatively charged sites of DNA and any negative
particle makes this system different from the previous one. If there is no
other type of interaction we have no association of surfactant to DNA. The
hydrophobic attraction is in this case the interaction responsible for asso-
ciation of particles with the same charge. We can have one ion and one
surfactant at the same site, since after a surfactant binds to a DNA site
the charge becomes more negative, which increases the attraction of positive
ions. Note that in salt free solutions, the case we consider here, there are not
negative ions. The system is shown schematically in figure 1.

The densities are now given by
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ρaf = ρa −
∑

jρij ,

ρ+ = Zρp + ρs + ρa −
∑

iρij ,

ρ− = ρs . (18)

The summations above depend on the ranges of i and j. We consider
here the possibility of one ion and one surfactant binding at the same site,
hence we have i ≤ Z and j ≤ Z. With this condition the total number of
possible complexes is

Nc = (Z + 1)2 . (19)

If Z = 50 for example, we have 2601 complexes, while for Z = 80 there are
6561 possible complexes.

The Helmholtz free energy is essentially the same as before, with a few
changes. The net valence of a ij-complex is now −Z + i − j. This affects
the electrostatic terms Fion and Fel, since now we have pij = −1 +mi −mj.
Note that now we have −1 ≤ pij ≤ −2. The hydrophobic term is also
changed. There is the cooperative interaction between associated surfactants
as before, described by the energy parameter ε, but this works for surfactants
already associated. We define a second energy parameter ε2, describing the
attraction between DNA and anionic surfactants. Without this term there
is no association of negative surfactants to DNA. Hence we have

βFh = −βε(Z − 1)
∑

ij

Nijm
2

j − βε2Z
∑

ij

Nijmj . (20)

The entropic term Fent is also changed. Now we can have i and j both
ranging from 0 to Z. The number of possible configurations of associated
particles in a ij-complex is then

Ωij =
(Z!)2

(Z − i)!(Z − j)!i!j!
, (21)

which leads to

βFent = −
∑

ij

Nij ln Ωij ,

= Z
∑

ij

Nij[mi lnmi +mj lnmj

+(1−mi) ln(1−mi) + (1−mj) ln(1−mj)] . (22)
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4.2 System III: DNA and anionic surfactant, with at

most one surfactant and two ions per site

This system also has anionic surfactant, but we allow two ions and one sur-
factant at the same site. This is depicted also in figure 1. This can be a more
realistic possibility than the previous one, since after a negative surfactant
associates to a DNA site the net valence becomes -2, hence it is reasonable
to suppose that two positive ions may be attracted to this site, as shown in
the figure.

Then in a ij-complex we have 0 ≤ j ≤ Z, 0 ≤ i ≤ Z + j, or in terms of
association fractions, 0 ≤ mj ≤ 1, 0 ≤ mi ≤ 1 +mj. The total number of
possible complexes is now

Nc =
1

2
(3Z2 + 5Z + 2) . (23)

If Z = 50 for example, there are 3876 possible complexes, and if Z = 80
there are 9801 possible complexes.

The free energy is almost the same. We have also pij = −1 + mi − mj

with the redefined ranges of mi, mj. The entropic term is the changed one.
In a ij-complex the number of configurations is now

Ωij =
Z!

(Z − j)!

(Z + j)!

(Z − i+ j)!

1

i! j!
, (24)

which leads to

βFent = −
∑

ij

Nij ln Ωij ,

= Z
∑

ij

Nij[mi lnmi +mj lnmj

+(1−mj) ln(1−mj)− (1 +mj) ln(1 +mj)

+(1−mi +mj) ln(1−mi +mj)] . (25)

5 System IV: DNA and neutral surfactant

A DNA molecule with associated neutral surfactants is also shown in figure
1. The association of neutral surfactant to DNA is now determined only
by hydrophobic interaction. The intensity of this energy will be estimated
again through binding isotherms. We have the possibility of one ion and one
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surfactant at the same site. All ions are positive, coming from DNA sites.
The densities are

ρaf = ρa −
∑

jρij ,

ρ+ = Zρp + ρs −
∑

iρij ,

ρ− = ρs . (26)

The situation is similar to the case of anionic surfactant and a counterion
per site. We have

Nc = (Z + 1)2 . (27)

For Z = 70 we have 5041 possible complexes. We have also mi ≤ 1 and
mj ≤ 1, but now pij = pi = −1 +mi. The factor Ωij is identical to eq. (21)
for System II,

Ωij =
(Z!)2

(Z − i)!(Z − j)!i!j!
. (28)

6 Results and Conclusions

The results obtained for System I, DNA with cationic surfactant, are shown
in figures 2-5. We use the experimental densities of [31] and [32]. In [31] we
have ρm = 2 mM, ρs = 20 mM, za = 12, ρca = 2.5 mM, ρcaf = 1.5 mM. We
obtain this transition in our model for ε = 3.3. In [32] we have ρm = 0.616
mM, ρs = 20 mM, za = 12, ρca = 1.208 mM, ρcaf = 0.9 mM. We obtain this
transition for ε = 3.86. We fix Z = 100. These two transitions are shown
in figure 2. Note that we have m̄i + m̄j ≤ 1. The shape of the figures is
typical of a cooperative association, determined by the energy parameter ε.
In System I we have only this hydrophobic energy.

For negative and neutral surfactants we estimate the values of the hy-
drophobic interactions ε and ε2 at the transition. The results for System II,
DNA with anionic surfactant, are shown in figure 6. We use Z = 80 and
βε = 13, βε2 = 16. The DNA density is ρm = 6.154 mM [33]. For these
values ρcaf = 4.5 mM. Note the cooperative surfactant association, and the
small values of mj compared to System I, figure 2. This is expected, since an
anionic surfactant is repelled from negative sites of DNA. This explains the
high values of ε and ε2. Note that we can have m̄i+ m̄j > 1, since it is possi-
ble that more than one particle are associated at the same site. Although we
obtain a transition in the binding isotherm, the surfactant densities used in
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Figure 2: Mean association fractions m̄i of positive ions (black line), and m̄j

of positive surfactants (red line), as functions of free surfactant density, for
System I. We use Z = 100, za = 12, βε = 3.3. The densities are ρm = 2 mM,
ρs = 20 mM, ρcaf = 1.5 mM [31]. The small graphic shows m̄i and m̄j for
βε = 3.86 and densities ρm = 0.616 mM, ρs = 20 mM, ρcaf = 0.9 mM [32].
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Figure 3: Complex distribution fij as function of i, for j = 77 and ρa = 2.5
mM, βε = 3.3.

[33] are in the range 0.2 ∼ 0.4 mM, much smaller than the densities in figure
6. However, below we find a function that gives the density of transition for
given values of ε and ε2, and hence the transitions at small densities will be
considered.

The results for System III are shown in figure 7. We use Z = 80, za = 15,
βε = βε2 = 9.5. The transition density is ρaf = 7.5 mM. Although the
surfactant is anionic as in System II, we allow now for two ions at one site.
This is more realistic than the previous system, since a site can be neutralized.
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Figure 4: Complex distribution fij as function of j, for i = 7 and ρa = 2.5
mM, βε = 3.3.
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Figure 5: Complex distribution fij as function of i and j, for βε = 3.3. From
top to bottom, ρa = 2 mM, 2.5 mM, 2.7 mM.
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Figure 6: Mean association fraction m̄j of anionic surfactants, as function
of free surfactant density for System II. We use Z = 80, za = 15, βε = 13,
βε2 = 16. The small graphic shows the mean association fraction m̄i of
positive ions. We can have one ion and one surfactant at the same site. The
DNA density is ρm = 6.154 mM [33].

In fact, this explains the small values of the energies ε and ε2. Note also that
we can have m̄i + m̄j > 1.
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Figure 7: Mean association fraction m̄j of anionic surfactants, as function of
free surfactant density for System III. We use Z = 80, za = 15, βε = βε2 =
9.5. The small graphic shows the mean association fraction m̄i of positive
ions. We can have two ions and one surfactant at the same site. The DNA
density is ρm = 6.154 mM [33].

The results for System IV are shown in figure 8. In this case the surfactant
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is neutral. There is no electrostatic repulsion between surfactant and DNA.
We use ε = 4.5, ε2 = 6, Z = 70, za = 29. The density at transition is
ρaf = 1.8 mM. The mean association fraction m̄i of positive ions to DNA
remains constant at ∼=0.77. Hence, after the transition, we have m̄i+m̄j > 1.
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0,6

0,8

0,0005 0,001 0,0015 0,002 0,0025 0,003
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0
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1

Figure 8: Mean association fraction m̄j of neutral surfactants, as function
of free surfactant density for System IV. We use Z = 70, za = 29, βε =
4.5, βε2 = 6. The association fraction m̄i of positive ions to DNA remains
constant at value 0.77. The DNA density is ρm = 6.154 mM [33].

The above results are specific examples of transitions for fixed values of
densities and energies. In figure 9 we show the free density of surfactant at
the transition, as function of ε, for different values of ε2, for the different
systems. As expected, for large values of ε, the value of the free density
of surfactant at the transition decreases. In the cases of anionic and neutral
surfactants, the free density of surfactant at the transition decreases for large
values of ε2. The parameters for cationic surfactant solution are Z = 100,
za = 12, ρm = 2 mM, ρs = 20 mM. The parameters for anionic surfactant
solution are Z = 80, za = 15, ρm = 6.154 mM, ρs = 0 mM. The parameters
for neutral surfactant solution are Z = 70, za = 29, ρm = 6.154 mM, ρs = 0
mM. Note the difference in the axis scales. The hydrophobic parameter ε,
which is present in all systems, is responsible for the cooperative association
of surfactants, and has the small values for cationic surfactants, as expected.
In this case the electrostatic attraction determines the association. The sit-
uation in systems II, III, IV is different, with the parameter ε being large,
which is also expected, since in these three systems electrostatic interaction
does not contribute to the surfactant association. For anionic surfactants
this is indeed an obstacle to be overcome, this is why for system II ε and
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ε2 have the large values. In System III we can have DNA sites neutralized,
so the hydrophobic parameters are smaller than for System II, although the
surfactant is anionic for these two systems. Finally, System IV present the
small values of both parameters, since there is no electrostatic repulsion, and
after a surfactant associates, the DNA site is still negative, which allows an
ion to associate.

1 2 3 4
0

0,002

0,004

0,006

0,008

0,01

ρ a
f(M

)

5 10
0

0,01

0,02

0,03

0,04

5 6 7 8 9 10
βε

0

0,02

0,04

0,06

0,08

0,1

ρ a
f(M

)

2 2,5 3 3,5 4 4,5 5

βε

0

0,05

0,1

0,15

0,2

14

15

16

5

6

4

9

8

10

I II

III IV

Figure 9: Free density of surfactant at the transition for the four systems, as
function of βε. The numbers indicate the values of βε2.

We have constructed several binding isotherms for DNA with surfactants,
for given values of the energies ε and ε2. The surfactant density at the transi-
tion obviously depends on these values. Here we find the general dependence
of the surfactant density at the transition on ε and ε2 for anionic and neutral
surfactants, systems II-IV. This is done adjusting the curves in figure 9 with
a function given by

ρaf (M) = a0 exp{−a1βε} . (29)

The values of a0 and a1 for the several curves in figure 9 are shown in table
1.

Now that we have the function (29) we can find the values of βε for given
values of ρaf (M) and βε2 at the transition, since

βε = −
1

a1
ln

(

ρaf (M)

a0

)

. (30)
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βε2 a0 a1
14 0.058334 0.13469

System II 15 0.030442 0.12560
16 0.025107 0.15679
8 1.1361 0.51674

System III 9 0.68562 0.5145
10 0.41325 0.51432
4 1.1006 0.98969

System IV 5 0.46074 1.0306
6 0.11417 0.91395

Table 1: Values of a0 and a1 obtained by adjusting the curves in figure 9
with the function (29).

The values of βε for some densities of surfactant at the transition are shown
in table 2.

System II System III System IV
βε2 ρaf (mM) βε βε2 ρaf (mM) βε βε2 ρaf (mM) βε

0.1 47.2 0.1 18.0 0.1 9.4
14 0.2 42.1 8 0.2 16.7 4 0.2 8.7

0.4 37.0 0.4 15.4 0.4 8.0
0.1 45.5 0.1 17.1 0.1 8.2

15 0.2 40.0 9 0.2 15.8 5 0.2 7.5
0.4 34.5 0.4 14.5 0.4 6.8
0.1 35.2 0.1 16.2 0.1 7.7

16 0.2 30.8 10 0.2 14.8 6 0.2 6.9
0.4 26.4 0.4 13.5 0.4 6.2

Table 2: Values of βε for some densities of surfactant at the transition,
obtained with eq.(30).

In conclusion, we have estimated the values of hydrophobic interactions
in DNA surfactant systems. For cationic surfactants, the main interaction re-
sponsible for complex formation is the electrostatic attraction between DNA
and surfactants. The cooperative association of surfactants is determined
by the hydrophobic energy parameter ε, between associated surfactants. For
anionic and neutral surfactants, the interaction leading to complex formation
is hydrophobic attraction between DNA and surfactants, which we represent

17



by the energy parameter ε2. Hence we have two hydrophobic energy param-
eters, ε2 for association of anionic and neutral surfactants to DNA, and ε
for the cooperative association of the three kinds of surfactants. Although
we have no knowledge of experimental binding isotherms of DNA with an-
ionic or neutral surfactants, our estimatives show that for this to occur the
hydrophobic attraction must be much stronger than in the case of cationic
surfactant.
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