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The volumetric response of polymer gels on cosolute addition depends on the interaction of the polymer with
the cosolute and can be used as a simple and sensitive way of elucidating these interactions. Here we report
on DNA networks, prepared by crosslinking double-stranded DNA with ethylene glycol diglycidyl ether
(EGDE); these have been investigated with respect to their swelling in aqueous solution containing different
additives, such as metal ions, polyamines, charged proteins, and surfactants. The deswelling on addition of
metal ions occurs at lower concentrations with increasing valency of the counterion. The collapse of the gels
in the presence of trivalent ions seems to follow the same kind of mechanism as the interaction in solution,
but addition of these ions leads to DNA denaturation and formation of single-stranded DNA. Striking features
were found in the deswelling of DNA gels by chitosan, spermine, spermidine, lysozyme, poly-L-lysine and
poly-L-arginine. Chitosan is the most efficient cosolute of those investigated with respect to DNA gel collapse.
The effect of the cationic surfactant tail length on the volume phase transition of DNA gels was studied as
a function of surfactant concentration. Cationic surfactants effectively collapsed the gel from the critical
aggregation concentration (cac), decreasing with increasing length of the hydrophobic tail. In several cases,
the deswelling as a function of cosolute concentration shows a pronounced two-step behavior, which is
interpreted in terms of a combination of DNA chain condensation and general osmotic deswelling. The studies
included investigations on the state of the DNA chain after deswelling, on the reversibility of the deswelling
as well as on the kinetics. With the exception for the trivalent lanthanide ions, it appears that the DNA chain
always retains a double-helix conformation; with these metal ions, single-stranded DNA is found. The
deswelling appears to be reversible as exemplified by addition of anionic surfactant subsequent to gel collapsed
by cationic surfactant and addition of sodium bromide to gels collapsed by a polycation. An investigation of
the kinetics shows that an increase in the surfactant tail length gives a pronouncedly slower deswelling kinetics.

Introduction

Polymer gels that respond to changes in the surrounding
environment with a volume transition, often referred as respon-
sive gels, have attracted much interest in the past few years.1-8

In this group are the polyelectrolyte gels, which consist of
charged polymer networks, counterions, and solvent and are
usually synthesized by chemically cross-linking charged or
titrating polymers. The environmental conditions include changes
in different parameters such as pH,6,9-11 solvent composition,12

ionic strength,13 temperature,14,15 pressure,16 buffer composi-
tion,17 chemicals,18 surfactants,19-28 and photoelectric stimuli.29

Because of their significant swelling and syneresis in response
to external stimuli, these polymeric networks are used for a
variety of applications such as contact lenses,30 diapers, wround
dressing, membrane materials, pharmaceutical products,31 mono-
lithic drug delivery systems,32 chromatography packing materi-
als, and agriculture.33 Moreover, cross-linked gels have been
investigated for many biomedical uses, including tissue culture,34

enzyme activity controlling systems,35 and materials for im-
proved biocompatibility,36 in the design and analysis of artificial

muscles and biosensors and in the design of intelligent controlled
drug release devices for site-specific drug delivery. The scientific
interest is due to the complex interplay of counteracting forces,
which are of equal order of magnitude and which determine
the swelling of the gels.36 The main contributions are the osmotic
pressure originating from the electrostatically confined small
ions inside the gel,37 the effective electrostatic interactions
between the charged groups38-41 and hydrophobic interactions.
Factors such as the nature of the polymer, the polymer-solvent
compatibility, the degree of cross-linking, the nature of the
buffer composition, and the nature of the counterion as well
play an important role in determining the swelling behavior.42-44

Complexes of polyelectrolyte gels with oppositely charged
surfactants were intensively studied in the past decade19-28 due
to their interesting practical applications. Phase coexistence has
been observed during volume transitions of polyelectrolyte gels
following the uptake of surfactant ions from the solution.45-47

Here the transition to the collapsed state is promoted by the
favorable electrostatic interaction between the polyion and
surfactant micelles. No important differences between the
ordered micelle structures formed with cross-linked and linear
polyions have been reported so far. However, the structure and
stability of the phases have important consequences for swelling
and volume transition dynamics in gels.

Surfactants are not the only class of molecules interacting
strongly with DNA. For instance, the binding of charged
proteins, as well as poly-L-lysine and poly-L-arginine, multi-
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valent ions, and multivalent polyamines, such as spermidine or
spermine, are known to condense large DNA coils,48-51 resulting
in (associative) phase separation in sufficiently concentrated
solutions.

DNA compaction in living cells is a process of extraordinary
biological importance. The compaction of DNA in vivo is
achieved by histone proteins.52 The condensation of DNA in
vitro can be induced by a number of small polyvalent ions53,54

and by lowering the dielectric constant.55 Electrostatic interac-
tions have important effects on the physical properties of
macromolecules such as DNA, and electrostatic ion-ion cor-
relations, which go beyond traditional mean-field theory, can
explain the phenomenon known as DNA condensation. It has
been shown that the easiest way to achieve an effectively
attractive interaction between equally charged aggregates,
through a strong coupling, is by using multivalent counterions.
The observed attraction is thought to contribute to the condensa-
tion and aggregation of DNA and other highly charged
polymers.56

One of the major goals of the present time is the treatment
of diseases through gene therapy. There are several promising
studies on nonviral gene delivery systems, including “naked”
DNA and DNA condensed with agents such as cationic lipids,
polymers, and polycations.57-63 The DNA network-additive
complex may constitute a possibility for many uses in medicine
as drug delivery systems, and drug control during administration.

In the present paper, we report on the swelling behavior of
covalently cross-linked DNA on addition of different cosolutes,
which include inorganic salts with different cation valency,
polyamines such as spermine and spermidine, cationic macro-
molecules such as poly-L-lysine, poly-L-arginine, lysozyme and
chitosan, and different classes of surfactants. We demonstrate
that simple gel experiments are quite useful to study not only
DNA-surfactant interactions, but also interactions between
DNA and cationic species interactions, in general. We found
that DNA gels are very interesting as “responsive” systems,
since drastic volume changes can be induced by changes, often
very small, in the composition of the swelling medium. The
swelling of the gels appears to be reversible, as exemplified by
the deswelling/swelling process induced by consecutive addition
of cationic and anionic surfactant, or chitosan and NaCl. The
contraction of DNA gels in certain cases displays a two-step
behavior not observed for other polyelectrolyte gels; this is
attributed to an initial compaction of DNA.

Materials and Methods

Materials. Deoxyribonucleic acid (DNA) (from salmon
testes, sodium salt;∼2000 base pairs),N,N,N′,N′-tetramethyl-
ethylenediamine (TEMED), sodium hydroxide (NaOH), and
sodium bromide (NaBr), all from Sigma, and ethylene glycol
diglycidyl ether (EGDE) from Aldrich were used as supplied.
Sodium, lithium, potassium, rubidium, cesium, calcium, mag-
nesium, and strontium clorides (NaCl, LiCl, KCl, RbCl, CsCl,
CaCl2, MgCl2, and SrCl2, respectively) were purchased from
Sigma. Cationic alkyltrimethylammonium bromide surfactants
(CnTAB) and sodium dodecyl sulfate (SDS) were obtained from
Serva and used without further purification. Spermine tetrahy-
drochloride, spermidine trihydrochloride, poly-L-lysine (PL,
weight Mw ) 5 kDa), and poly-L-arginine (PA,Mw ) 5 kDa)
from Sigma were utilized without further purification. Stock
solutions of spermine and spermidine in deionized water were
prepared from chloride salts of the polyamines and were adjusted
to pH 6.5( 0.2 with HCl or NaOH. Stock solutions of poly-
L-lysine (PL) and poly-L-arginine (PA) were prepared using 10

mM phosphate buffer, pH 7.4. Lysozyme (95%) from chicken
egg white, three times recrystallized, dialyzed, and lyophilized,
and chitosan from crab shells obtained by alkaline deacetylation
from chitin were obtained from Sigma (85% deacetylation,Mw

) 22 kDa). As lysozyme is very stable and to a large extent
self-buffering, no buffer solution was used. Without any buffer
the pH of the solution is 6.5 and since its isoelectric point is at
pH 11, the protein has a positive net charge of eight at this pH.
Chitosan stock solution was prepared by dissolving it in sterile
25 mM acetate buffer, pH 6.0, and then diluted to the final
desired concentration. In the case of polyamines and polycations,
gel swelling measurements were carried out at pH 6.5, and
concentrations are presented per charge. Millipore filtered water
was used in all experiments.

Preparation of Gels. Double-stranded DNA, from salmon
testes, was dissolved in water containing 3.7 mM NaBr, to a
DNA concentration of 9 wt %. DNA was chemically cross-
linked by using ethylene glycol diglycidyl ether (EGDE) at pH
9. After adding 1 M NaOH and TEMED the sample was mixed
and then transferred to test tubes and incubated for 2 h in a
water bath at 50°C. Freshly synthesized gels were neutralized
and rinsed with large amounts of 1 mM NaOH solution. The
DNA gels swelled considerably in the NaOH solution, and due
to this fact, the DNA concentration in the gels is lowered. The
concentration of DNA in the gels equilibrated with 1 mM NaOH
(reference state) was obtained by weighing gels before and after
freeze-drying. A decrease in the DNA concentration from 9 wt
%, at preparation time, to 1 wt %, after immersion of the gels
in the NaOH solution, was observed. Thus, the reference state
of the experiments is the equilibrium swelling in 1 mM NaOH
solution.

Swelling Experiments.In the swelling experiments, 4-6 gel
pieces were immersed in vials containing 8 mL of aqueous
solutions of additive. Owing to the much larger volume of the
swelling medium (a factor of more than 100) compared to the
volume of the gels, the fraction of surfactant and the other
additives bound to the gels was negligible. The equilibrium
concentration of additive in the swelling medium was, therefore,
equal to the initial concentration. All samples were equilibrated
in sealed containers for one week at 25°C and shaken slowly
during that time, to reach the equilibrium degree of swelling.
The swelling ratios are given asV/V0 ) (D/D0),3 whereV is
the volume andD is the diameter of the gel, where the subscript
0 denotes the corresponding value at the preparation time (D0

) ca. 1.4 mm). The diameters of the gels were measured with
a video camera calibrated at a 0.1 mm scale with the help of an
image computer program.64 Each data point represents the
average of ca. five measurements of D, with a variation of ca.
5%. In the kinetic experiments, a gel cylinder piece was initially
equilibrated in 1 mM NaOH. This initial solution was then
removed using a Pasteur pipet. When 8 mL of another surfactant
solution was added to the vial, a stopwatch was started. Images
were then captured automatically at constant time intervals using
the movie function in the computer program.64 Due to this
procedure, all equilibration experiments were made without
stirring. In the measurements of the equilibrium swelling, we
observe a certain variation in gel swelling among different gel
pieces. With this type of experiment, as a limitation, we have
the fact that not all the gel pieces are in the same position in
the (optically imperfect) glass vials. However, by studying the
volume change of a selected gel piece with time, it is possible
to confirm volume changes that, in the normal equilibrium
swelling measurement, would fall within the experimental error.
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This is so because the precision increases when the same gel
piece is studied at a stationary position in the test tube.

Static Fluorescence.For luminescence spectral measure-
ments a Spex Fluorolog 111 was used in 90° configuration.
Emission spectra for the system of ethidium bromide and DNA
were obtained with the monochromator set at appropriate
wavelengths.

Results and Discussion

Monovalent and Divalent Metal Ions. In pure water,
charged networks swell due to the osmotic pressure from the
counterions, which originates from their translational entropy.
The driving force of the swelling process is the presence of
mobile osmotically active counterions. The volume changes of
gels are associated with osmotic effects and not dehydration.
On addition of a monovalent electrolyte, there is a progressive
contraction of the gels as exemplified in Figure 1. Figure 1
shows the volume of the DNA gels in the presence of
monovalent salts, NaCl, KCl, LiCl, RbCl, and CsCl (V), relative
to the volume in 1 mM NaOH (V0), as a function of salt
concentration. When gels, preswollen in the 1 mM NaOH, are
placed into salt solutions at different concentrations, they shrink
due to the screening effect of the salt and mainly due to the
concentration difference of mobile ions inside the gel and the
external solution governed by the Donnan equilibrium. In the
presence of salt, the difference between ion concentrations inside
and outside the gel is reduced. Consequently, the driving force
of swelling decreases gradually with increasing salt concentra-
tion.

The nature of the monovalent counterion has only a moderate
effect on the deswelling of DNA gels. The degree of collapse
follows the order Na+ > K+ > Li + > Rb+ > Cs+, with the
sodium ion showing the highest ability in collapsing DNA gels.
Except for lithium, this dependence follows the Hofmeister
series (lyotropic series), i.e., the observed deswelling effect
increases with decreasing ionic radius Li< Na < K < Rb <
Cs. In fact, the order observed suggests that monovalent cations
with a smaller atomic number are more efficient in the collapse
of DNA gels. According to its smaller atomic number and its
higher charge density, lithium demonstrates an unexpected
behavior in this set of monovalent salts.

Recently, Horkay et al. showed that the deswelling degree
of polyacrylate gels in pure water follows the series: Li+ >
Na+ > K+ > Cs+.65 Uncharged polyvinylpyrrolidone gels show

the same cationic specificity.66 Moreover, in a study developed
by Liu et al., dimethylacrylamide/2-acrylamide-2-methylpropyl
sulfonate copolymer gels with different charge densities were
immersed in salt solutions with different combinations of
monovalent and divalent ions. The swelling degree was shown
to depend on the counterion and to follow the Hofmeister
series.67 The difference observed between K+ and Na+ was
explained by different counterion condensation according to the
Manning theory.67 Firestone and Siegel showed that the swelling
degree for cationic methylmethacrylate/dimethylaminoethyl-
methacrylate (MMA/DMAEMA) (70/30) gels, immersed in salt
solutions, was also dependent on the counterion and the swelling
degree follows the Hofmeister series for anions.68 The effect
of lithium seems to be rather specific for covalent DNA gels.
The general trend seems to be that the swelling degree of
polyelectrolyte gels with different counterions increases with
decreasing counterion binding according to the Hofmeister series
(for anions typically: high binding/low gel swelling and low
binding/high gel swelling). However, the difference is typically
quite small.

It is known that monovalent alkali cations are involved in
the regulation of important biological processes and also
influence the DNA compaction in living cells. Compaction of
DNA by monovalent cations alone does not occur but can be
promoted by an increase in the concentration of monovalent
salts.69 Studies of the influence of the cation nature on the ability
to induce DNA compaction in solution have been performed.70

In concentrated solutions of polyethylene glycol, the compaction
potentials of different monovalent salts follows the order Na+

> K+ > Li + > Rb+ > Cs+, with sodium chloride being the
most effective salt in promoting DNA compaction. The same
sequential order has been found in the collapse of DNA gels
when the effect of the same monovalent salts was studied.

The interaction between cross-linked DNA gels and divalent
metal ions is illustrated in Figure 2. The deswelling on addition
of the divalent salts CaCl2, MgCl2, and SrCl2 occurs at
considerably lower salt concentrations, and the deswelling
appears to be more pronounced, as compared with the monova-
lent metal ions mentioned above. Qualitatively, we expect this
observation since in order to maintain electroneutrality, adding
one divalent cation to the gel requires the exchange of two
monovalent cations. However, in the presence of divalent metal
ions the shrinking process of DNA gels seems to follow a
different behavior; there is a marked deswelling at low metal

Figure 1. Swelling isotherm (V/V0) for DNA gels (1% cross-linker)
immersed in solutions of the monovalent ions NaCl, KCl, LiCl, RbCl,
and CsCl. Temperature 25°C, pH 9.

Figure 2. Swelling isotherm (V/V0) for DNA gels (1% cross-linker)
immersed in solutions of the divalent ions CaCl2, MgCl2 and SrCl2.
The concentration range from [X2+] ) 0 to 10 mM is also represented
in detail (see inset). Temperature 25°C, pH 9.

8446 J. Phys. Chem. B, Vol. 111, No. 29, 2007 Costa et al.
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ion concentrations followed by a region where deswelling occurs
more progressively with concentration. This two-step process
is suggested to involve, in a first step, a compaction of individual
DNA chains induced by the presence of divalent ions and in a
second step a general osmotic deswelling. This two-step process
seems to be specific for DNA since there is no evidence in the
literature for this kind of behavior involving other polyelectro-
lytes or polymers.

The collapse ratios for these gels show a trend in the order
CaCl2 > MgCl2 > SrCl2, with calcium being the most effective
ion on collapsing DNA gels. Tamura et al. studied the swelling
ratios of poly(R-hydroxyacrylic acid) (PHA) gels in solutions
with six different divalent counterions. They showed that the
gel deswelling occurred at a significantly lower concentration
with Ca2+ than with Mg2+, referred to as a strong binding of
Ca2+ to PHA, whereR-OH groups are believed to also be
involved in complex formation.71

There are only a few studies reported where DNA structural
transitions, similar to a DNA transition into a compact state,
were induced by divalent metal ions in aqueous solutions at
room temperature.72,73 In particular, Hackl and co-workers
suggested that in solution, the mechanism of DNA compaction
under the action of divalent ions is not dominated by electrostat-
ics. According to these authors, the effectiveness of these ions
to induce DNA compaction correlates with the affinity of these
ions to DNA bases.74 Interaction with DNA bases may be
responsible for DNA compaction due to the fact that this
interaction can cause bends and reduction in the persistence
length of DNA. Ca2+ and other divalent ions such as Zn2+ and
Mn2+ should bind both to DNA phosphate groups and bases
while Mg2+ ions only to phosphate groups of DNA.74 This may
explain the observed difference in the DNA gel collapse ability
between calcium and magnesium ions.

Trivalent Metal Ions . The swelling behavior of DNA gels
was also studied in the presence of trivalent lanthanide ions.
The lanthanide ions terbium (Tb3+), cerium (Ce3+), and eu-
ropium (Eu3+) were used at different concentrations. The results
are shown in Figure 3. As for DNA condensation in solution,
the effect of mono- and divalent ions is less pronounced in the
gel collapse than that of trivalent lanthanide ions.

The addition of these ions has no large effect on the gel
volume until 0.05 mM, a concentration at which the gel size

starts to decrease. For a better visualization of this region, see
the inset of Figure 3. From this concentration is observed, first,
an abrupt decrease in the gel volume and afterward, in the
concentration range from 0.3 to 1 mM, the gel volume decreases
more slowly with concentration. As in the presence of divalent
metal ions, the deswelling of gels on addition of trivalent ions
seems to follows a two-step process, suggested to involve a
compaction of individual DNA chains. Clear differences in the
efficiency of gel collapse were found between the trivalent ions,
with terbium being the most efficient. Considerably lower
concentrations of terbium are required to induce a decrease in
the gel volume, when compared to cerium and europium, with
the degree of collapse being in the order Tb3+ > Ce3+ > Eu3+.
In a previous work,75 using luminescence spectroscopy, we
found, in solution, a selective binding of the lanthanide ions to
DNA involving the phosphate groups and also the nitrogen
bases, such as guanine. In addition, we reported75 on the
dehydration of the terbium ion on binding to DNA. The
interaction of terbium ions with DNA involves the substitution
of the bound water molecules by coordination with the
phosphate groups of DNA. It seems that the same kind of
interaction holds for the DNA gels in the presence of the same
trivalent ions, but extended to higher concentrations than in
solution. As in the DNA gels, terbium interacts in solution75

more strongly with DNA than cerium and europium ions. Also,
the DNA coil-globule transition induced by trivalent metal ions
observed in solution76 occurs at lower concentrations than in
the network.

Polyamines and Other Polycations.The swelling behavior
of DNA gels was studied in the presence of poly cationic
species, which include chitosan, spermine (Spm), spermidine
(Spd), lysozyme, poly-L-lysine (PL) and poly-L-arginine (PA).
The results are summarized in Figure 4. Chitosan has the highest
potential to induce collapse of DNA gels in the range of
concentrations studied. The deswelling process starts already
at very low concentrations of chitosan, 0.1 mM. In similar
studies, using other cations, higher concentrations of the cosolute
are needed. This is the case of the polyamines, which are needed
in higher amounts to induce the collapse of the gels. Moreover,
the cationic protein lysozyme has the capability to collapse DNA
gels but to a smaller extent than the agents mentioned. The
addition of the polypeptides, poly-L-arginine and poly-L-lysine,
leads to a gel deswelling but at higher concentrations. No
significant changes in the volume of the gels were observed

Figure 3. Swelling isotherm (V/V0) for DNA gels (1% cross-linker)
immersed in solutions of the trivalent ions terbium (Tb3+), cerium
(Ce3+), and europium (Eu3+). The concentration range from [Ln3+] )
0 to 0.1 mM is also represented in detail (see inset). Temperature 25
°C, pH 9.

Figure 4. Swelling isotherm (V/V0) for DNA gels (1% cross-linker)
immersed in solutions of chitosan, spermine, spermidine, lysozyme,
poly-L-lysine and poly-L-arginine. Temperature 25°C, pH 6.5. Con-
centrations are presented in mM on a charge basis.

J. Phys. Chem. B, Vol. 111, No. 29, 20078447

D
ow

nl
oa

de
d 

by
 P

O
R

T
U

G
A

L
 C

O
N

SO
R

T
IA

 M
A

ST
E

R
 o

n 
Ju

ne
 2

9,
 2

00
9

Pu
bl

is
he

d 
on

 M
ay

 1
0,

 2
00

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

jp
06

79
17

q



until 0.5 mM. Poly-L-lysine is the weakest agent in the collapse
of DNA gels.

The properties of chitosan in solution depend on its molecular
weight, the degree of deacetylation and pH. Since the pKa of
chitosan is about 6.5, chitosan is fully protonated at low pH
(3.5-4), but as the pH is increased, more of the polyelectrolyte
segments will become uncharged. At acidic pH, according to
the general electrostatic effect, the positively charged chitosan
associate to the DNA networks and condenses it, to an extent
which is dependent on the chitosan concentration. When the
gels collapsed, due to the addition of chitosan, are immersed in
NaBr solutions at different concentrations, they reswell due to
the screening effect of the salt, as shown in Figure 5. This can
be explained by a competition effect where the multivalent
counterions are significantly replaced by the monovalent ions.
The V/V0 returned to 90% and 100% of the initial state; thus,
swelling-deswelling appears to be quite reversible. As chitosan
is a nontoxic and easily biodegradable polymer, delivery systems
based on chitosan are being used for a wide range of drugs.77

This reversible swelling-shrinking process will increase the
potential of chitosan as a nonviral vehicle for transferring drugs
into cells.

The polyamines spermine (Spm4+) and spermidine (Spd3+)
are essentially fully protonated at physiological pH (i.e.,
ammonium ions). Comparison between the swelling curves of
the gels in the presence of spermine and spermidine could be
made in terms of the different charges carried by these cationic
species. The higher charge of spermine compared to spermidine
evidently makes spermine bind more strongly to DNA with a
concomitant higher gel collapse potential. We also checked for
the reversible swelling/shrinking transition by the addition of
NaBr, at different concentrations, to the gels collapsed by the
polyamines. In the same way as with chitosan, the swelling ratio,
V/V0, returned to the initial state (data not shown).

As a protein we used lysozyme here, an enzyme that breaks
down bacterial cell walls by hydrolyzing the polysaccharide
component of the cell wall. This small globular protein is
positively charged in acidic medium. At the pH we used,
lysozyme has a net positive charge of eight. Due to this high
number of positive charges, we expected a very efficient collapse
of DNA gels by lysozyme. Instead, it is a weaker agent in the
deswelling when compared to chitosan and the polyamines. A

considerably larger concentration of lysozyme was needed to
reach a corresponding collapse of the gel.

Regarding the poly amino acids, theR-COOH andR-NH2

groups in amino acids are capable of ionizing, as are the other
acid and basic R-groups of the amino acids. The pKa values
for arginine and lysine are pK1 (COOH) ) 1.8, pK2 (NH2) )
9.0, and pK3 (radical group)) 12.5 and pK1 (COOH) ) 2.2,
pK2 (NH2) ) 9.2, and pK3 (radical group)) 10.8, respectively.
The observed difference in the swelling isotherms of DNA gels
in the presence of poly-L-arginine and poly-L-lysine could be
due to the presence of an additional imino group in poly-L-
arginine. This imino group increases the extent of association,
and thus, the collapse of the gels occurs at slightly lower poly-
L-arginine concentrations.

For a deeper understanding of the mechanism of binding of
polycations to DNA, further experiments on the basis of
modeling will be reported soon.

Cationic Surfactants.Figure 6 shows swelling isotherms for
DNA gels on addition of a number of cationic surfactants. As
can be seen, the surfactants have no effect at lower concentra-
tions but there is a marked deswelling at higher concentrations,
which becomes more important the longer the surfactant alkyl
chain. We note that the concentration of onset of deswelling
varies by orders of magnitude between different surfactants. We
also note that the plateau value obtained at high surfactant
concentrations is lower the longer the alkyl chain length. The
pronounced chain length dependences directly suggest a domi-
nant role of surfactant self-assembly.

In the bulk phase and at low concentrations, the surfactant
molecules are dissolved as unimers, whereas at higher surfactant
concentrations a self-assembly into aggregates occurs. For the
single-chain surfactants studied here, the aggregates formed in
this self-assembly are commonly spherical micelles with micelle
formation starting at a well-defined concentration, the critical
micelle concentration (cmc). The cmc depends on the chemical
structure of the surfactant, surfactants with longer hydrophobic
tails having lower cmc values. In the presence of an oppositely
charged polyelectrolyte, the micelle formation of an ionic
surfactant is strongly facilitated leading to a major lowering of
the cmc; the cmc in the presence of a polymer is often referred
to as the critical association concentration, cac. The stabilization
of micelles due to an oppositely charged polyelectrolyte is

Figure 5. Swelling isotherm (V/V0) for DNA gels (1% cross-linker)
pre-collapsed first in solutions of chitosan and then immersed in
solutions of NaBr. Temperature 25°C, pH 6.5. Chitosan concentrations
are presented in mM on a charge basis.

Figure 6. Swelling isotherm (V/V0) for DNA gels (1% cross-linker)
immersed in solutions of the cationic surfactants C16TAB, C14TAB,
C12TAB, and C8TAB. The concentration range from [CnTAB] ) 0 to
0.2 mM is also represented in detail (see inset). Temperature 25°C,
pH 9.
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mainly an entropic effect, due to a release of counterions.
Therefore, the critical aggregation concentration, for the sur-
factant in the presence of DNA, cac, is lower than the critical
micellization concentration, cmc. The fact that the cationic
surfactant binding occurs preferentially to anionic polyelectro-
lytes of high charge density further enhances this behavior.78,79

The DNA gels are highly swollen due to the osmotic pressure
arising from the counterions, which are confined to the gel. After
the immersion of the swollen DNA gels in the solutions of the
oppositely charged surfactants, the surfactant ions migrate into
the network and replace the network counterions, which are
released. In comparison with the regular micellization involving
counterion binding, this process is as for bulk solution extremely
favorable from the point of view of translational entropy of the
counterions, due to the release of condensed counterions of both
polymer network and surfactant micelles. Adsorption of a
considerable amount of CnTA+ ions leads to a transition of the
swollen network to the collapsed state. The main reason for
this transition is thus the aggregation of surfactant ions within
the DNA gel due to hydrophobic interactions between their
hydrocarbon chains. As a consequence of this, the mobile
counterion concentration in the network decreases, leading to a
significant decrease in the internal osmotic pressure in the gel.
Furthermore, the surfactant aggregates will act as multivalent
counterions and by ion correlation effects contribute to the
contraction of the gel.80,81

In particular, these results for the different alkyl chain lengths
confirm that the deswelling occurs below the normal critical
micelle concentration of the surfactant. The cmc values for C16-
TAB, C14TAB, C12TAB, and C8TAB are 0.9, 0.23, 15, and 144
mM, respectively. We found that the surfactants induce the
volume transition starting at a certain rather well-defined
concentration∼0.02 mM for C16TAB,82 ∼0.05 mM for C14-
TAB, ∼0.1 mM for C12TAB, and ∼1 mM for C8TAB; these
values are similar to the observed cac values in bulk solution.
The initial plateau, indicating no volume transition of the gels,
in the concentration range under study, is thus very narrow for
C16TAB but increases for C14TAB and C12TAB, while C8TAB
shows a very large plateau. This effect was also shown for
EHEC gels in solutions with alkyl-TABr:s83 and for HEC gels
in solutions with sodium alkyl sulfates.7 The gel collapse
disappears when the hydrophobic tail is too short.

The differences in the swelling ratio,V/V0, and also aggregate
size should at least partly be due to differences in the
concentration of the free surfactant, which acts as a screening
electrolyte; as noted above, salt addition to collapsed gels leads
to gel swelling. However, the degree of binding is also higher
for a surfactant with a longer hydrophobic tail, because of larger
micelles. This contributes to a larger collapse of the gels.

In addition to the studies of the steady-state gel volumes, the
kinetics of DNA gel deswelling was also studied using surfac-
tants with different hydrocarbon chains. Figure 7 shows the
transient volume changes of a DNA gel piece for different
concentrated solutions of the cationic surfactants C16TAB, C14-
TAB, C12TAB, and C8TAB. The range of concentration used
was chosen according to the critical micellization concentration
(cmc) values of the surfactants. A slowing down of the collapse
process was observed on using surfactants with longer hydro-
phobic tails. In fact, C16TAB presents the slowest kinetics in
contrast with the behavior for the DNA gel-C8TAB system,
reaching its collapse equilibrium faster than the other systems
studied. As the diffusion of surfactant to the DNA chains inside
the gel is dependent on both the surfactant ion mobility and the
surfactant activity (equalling the free surfactant concentration),

there are two possible explanations for this observation. The
first is related to the translational diffusion of an individual
surfactant molecule, which becomes slower for a longer
hydrophobic tail, and the second related to the fraction of fast-
diffusing surfactant monomers, which is lower in case of a lower
cmc/cac. The latter, varying by orders of magnitude between
surfactants, is certainly the most important effect. Isogai et al.
also found, in another gel/surfactant system, interesting changes
with increasing alkyl chain length.84

We also investigated the effect of the addition of an anionic
surfactant to DNA gels collapsed by a cationic surfactant, as
this would illustrate the degree of reversibility of the swelling
process. This study concerned the addition of different concen-
trations of a cationic surfactant, C16TAB, followed, after gel
collapse, by the addition of different concentrations of an anionic
surfactant, sodium dodecyl sulfate (SDS). Figure 8 shows the
behavior when collapsed DNA gels were immersed in SDS
solutions. The most important aspect is that the relative V/V0

returned to between 90% and 100% of the initial state. Thus,
the swelling of DNA gels appears to be reversible. We argue
that, as in our previous studies of the behavior of DNA in the
presence of a mixed cationic-anionic surfactant system,85 the
interaction between the two surfactants is stronger than that

Figure 7. Transient volume changes (V/V0) of a DNA gel (1% cross-
linker) immersed in solutions of 1 mM of the cationic surfactants C16-
TAB, C14TAB, C12TAB, and C8TAB. Temperature 25°C, pH 9.

Figure 8. Swelling isotherm (V/V0) for DNA gels (1% cross-linker)
pre-collapsed first in solutions of the cationic surfactant C16TAB and
then immersed in solutions of the anionic surfactant SDS. Temperature
25 °C, pH 9.
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between a cationic surfactant and DNA; in these studies we
found that DNA after compaction by a cationic surfactant is
decompacted on addition of an anionic one. The dynamic
deswelling-swelling process could be useful in the control of
the release rate of solutes from gels via “on-off” switching.86

In the system with cationic and anionic surfactant described
above, we predict the formation of mixed aggregates of C16-
TAB and SDS. Since we added SDS to the DNA gels collapsed
by C16TAB, there is an excess of SDS in the final swollen gel.
Mixed surfactant aggregates like vesicles will then be formed.
To confirm the existence of ordered structures, the swollen DNA
gels were checked for optical birefringence by positioning them
between crossed polarizers. The samples appeared birefringent
(anisotropic) indicating the existence of ordered structures.

On the DNA Conformation in the Collapsed Gels.Infor-
mation about the conformation of the DNA molecules in the
collapsed gels was obtained by fluorescence measurements using
ethidium bromide, as a fluorescent probe. Ethidium bromide is
a dye that binds to double-stranded DNA by intercalation
between the base pairs and is characterized by a high quantum
yield of fluorescence.87 In a previous study,82 we found evidence
for a double helix arrangement of DNA in the cross-linked DNA
network in the swollen state. In the present study, we checked
for the conformation of DNA in the DNA gels collapsed by

the cationic agents mentioned above. We used the collapsed
gel obtained by the addition of the most concentrated solution
of the cationic agent. The conformation of DNA in the gels
collapsed on the addition of the different classes of surfactants,
mono- and divalent ions, chitosan, spermine, spermidine,
lysozyme, poly-L-lysine, and poly-L-arginine was found to be
the same. Thus, a double-stranded conformation of the DNA
helices was found for all these DNA gel systems. As an
example, we show the data for the DNA gels collapsed by
chitosan; the same kind of data was obtained for the DNA gels
collapsed by the other cationic species. Figure 9 shows the
fluorescence spectrum of ethidium bromide in the presence of
a collapsed DNA gel for a DNA concentration of 1 wt %; as a
reference and for the same concentration, the spectrum is
represented in the absence of the DNA gel. In the inset of this
figure, the spectra of ethidium bromide in aqueous solution and
in aqueous solutions of double-stranded DNA and single-
stranded DNA, at the same concentration as in the gel (1 wt
%), are shown. When EtBr is bound to nucleic acids, a marked
enhancement in its fluorescence is observed; however, this
increase depends on the configuration of the DNA. As ethidium
bromide in the presence of the collapsed DNA gels presents
the same fluorescence intensity as that in the solution of double-
stranded DNA, we can assume that ethidium bromide binds to

Figure 9. Fluorescence spectra of ethidium bromide in the absence and presence of DNA gel (1% cross-linker) collapsed by chitosan, and in the
presence of reference solutions of ds-DNA 1% and ss-DNA 1% (inset). Temperature 25°C.

Figure 10. Fluorescence spectra of ethidium bromide in the absence and presence of DNA gel (1% cross-linker) collapsed by terbium, and in the
presence of reference solutions of ds-DNA 1% and ss-DNA 1% (inset). Temperature 25°C.
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the collapsed gel in the same way as it binds to ds-DNA.
Quantitatively, the maximum fluorescence intensity, at 626 nm,
for both reference DNA solutions are for ss-DNA and ds-DNA
respectively, 2.37345 E6 and 2.57807 E6. In Figure 9, the EtBr-
DNA gel has a fluorescence intensity of 2.599107 E6 at 626
nm confirming a double-stranded conformation. We conclude
that, for these collapsed gels, DNA molecules are in their
double-stranded conformation.

A quite different behavior was observed for the DNA gels
collapsed by the trivalent metal ions. Figure 10 shows the
fluorescence spectrum of ethidium bromide in the presence of
a DNA gel collapsed by terbium, for a DNA concentration of
1 wt %; as reference and for the same concentration, the
spectrum is represented in the absence of the DNA gel. In the
inset of this figure, the spectra of ethidium bromide in the
aqueous reference solutions described above are shown. In this
case, ethidium bromide presents the same fluorescence intensity
as in the solution of single-stranded DNA. In Figure 10, the
gel presents a value of 2.38251 E6 confirming a single-stranded
conformation of DNA.

We conclude that, for the gels collapsed by terbium, DNA
molecules are in their single-stranded conformation. The same
kind of DNA conformation was found for gels collapsed by
the addition of cerium and europium ions (data not shown).

Terbium is known to interact with DNA by destabilizing the
double helix through the breaking of hydrogen bonds, which
leads to a lowering of the melting point (Tm).88 Once a base
pair of a turn in a double helix is separated, terbium can bind
directly to the bases. Single-stranded DNA molecules have the
hydrophobic bases more exposed than double-stranded DNA,
which can lead to the formation of more binding sites, along
with strong electrostatic interactions. In a previous study,75 we
have reported on the transition from double to single-stranded
DNA molecules in solution on adding terbium. We found that
this transition was pH dependent; at pH 4.7 and 7, the double
helix arrangement was maintained, and the main interaction
involves the negatively charged phosphate groups, while at pH
9 there is denaturation of the DNA. This suggests that at pH 9,
terbium denatures DNA and binds to single strands, probably
by interacting also with the nitrogen bases. Changes in the
mechanism of binding with pH showed differences in the
number of water molecules in the coordination sphere of
terbium.75 As mentioned above, it seems that the same kind of
mechanism holds for the cross-linked DNA networks, in the
presence of these lanthanide ions. In the gel formation process
described in the experimental section, we have used pH 9 in
the cross-linking reaction. The use of this pH value favors the
DNA denaturation in the presence of terbium, cerium and
europium, according to the mechanism of binding described
above.

Conclusions

We have demonstrated that the gel swelling experiment is a
simple and useful method to study DNA-cosolute interactions;
this approach of elucidating polymer-cosolute interactions has
previously been successfully elaborated by Piculell and co-
workers.7,19,83Changes in the binding of cationic agents to DNA
are accompanied by changes in the gel volume. The deswelling
of the DNA gels on addition of different metal ions does not
follow the pronounced surfactant-induced shrinking behavior
but appears to be of a more progressive type; it occurs at lower
ion concentrations with increasing valency of the counterion.
In the presence of divalent metal ions, the deswelling can be
described as a two-step process. The effect of the trivalent metal

ions is more pronounced than that of the mono- and divalent
ions. In the presence of the lanthanide ions, the DNA molecules
in the gel are in their single-stranded conformation. The addition
of different cationic agents such as chitosan, polyamines and
charged proteins leads to a strong gel collapse. Introducing salt
solutions at different concentrations to the collapsed gels shows
that the swelling/deswelling process is reversible.

The gel swelling behavior in solutions of cationic surfactants
is governed by the surfactant properties, the surfactant self-
assembly being the most important factor. It is generally
straightforward to detect the onset of surfactant binding in cases
where this occurs at a critical association concentration (cac).
The method relies only on the appearance of a drastic volume
change of the gel starting at this concentration. The DNA gels
bind alkyltrimethylammonium bromides, with the collapse of
the gels depending on the length of the hydrophobic tail, and
being facilitated by the surfactant hydrophobicity. The swelling/
deswelling transition on addition of the cationic surfactant, C16-
TAB, followed by the addition of the anionic surfactant SDS,
appears to be reversible. The same holds for the coil-globule
transition, observed for DNA in solution and in the presence of
the same surfactants.

Since a nonviral gene delivery system in gene therapy is
expected to be a preferred choice in the future, these features
on the DNA gel swelling can make them useful for the
development of efficient and safe systems. In fact, the collapse
of convenient DNA gels by interaction with oppositely charged
species may represent a potential tool, in the gene therapy field,
allowing the condensation and transfer of a considerable amount
of DNA into cells.
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