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ABSTRACT: Micelle-assisted “deintercalation” of intercalated
drug/mutagen molecules from DNA is a well-established
phenomenon; however, the driving energy cost for such a
process is still not properly understood. In the present con-
tribution, we have estimated the various energetic parameters
for the SDS micelle-assisted deintercalation of a model
DNA intercalator phenosafranine (PSF) using isothermal
titration calorimetry (ITC) measurement. Both steady-state
and picosecond-resolved fluorescence measurements provide
strong evidence for the relocation of PSF molecules from the
DNA interior to the micellar interface at an SDS concentration above cmc. The overall deintercalation process has been found to
be enthalpy-wise forbidden (endothermic); however, it is strongly favored by a high positive entropy change, which can be
correlated with the change in the associated hydration structure at the macromolecular interface.

■ INTRODUCTION

Studies on the interaction of small molecules (ligands or drugs
or mutagens) with DNA and correlating those to biological
effects have been the focus of interest in science for many
years.1,2 A detailed understanding of the mechanism of how
small drug (or mutagen) molecules recognize and reversibly
bind to DNA is a prerequisite of a rational drug design. The
formation and dissociation process of drug−DNA complexes
provide useful information on DNA delivery into cells through
membrane fusion and/or endocytosis. It remains necessary to
obtain information on the structures of drug−DNA complexes,
the dynamics of complex formation, and the energetics that
drives the process. The drug−DNA interaction is believed to
proceed in three successive steps: (1) a conformational change
in DNA to accommodate the drug, (2) hydrophobic transfer of
the drug into the site and (3) establishment of noncovalent
π−π staking interaction between the drug and the DNA interior
in order to anchor the drug.2,3 Two broad classes of non-
covalent DNA binding interactions have been identified, the
intercalation and the minor groove binding. In the former one,
intercalators bind by inserting a planar aromatic chromophore
between adjacent DNA pairs, whereas in the later one, the
binders fit into the DNA minor groove. Detailed thermody-
namic studies have suggested that a large hydrophobic
contribution is responsible for the binding free energy of
intercalation;2,4,5 however, there is evidence of a large negative
enthalpy contribution opposed by a unfavorable entropy term
to facilitate the intercalation process.6 Hydration also plays a
key role in binding affinity and specificity of drug interaction

with DNA.7−9 Systematic investigation by the group of Chaires
et al.10,11 has revealed that the intercalation process involving
the common intercalators is associated with an uptake of 6−30
water molecules upon complexation. These results strongly
conclude that addition or release of water from the DNA
surface plays an important role in the intercalation process.
The surface of DNA can often be realized in the form

of charged micelles, which can be configured as a spherical
polyelectrolyte, with a charged exterior and a hydrophobic
interior. The formation and structure of charged micelles have
been studied in depth,12,13 and it has been inferred that a gain
in entropy energetically favors the formation of micelles.
Several experimental and simulation studies have revealed that
water molecules present at the surface of micelles are bound to
the surface and show properties different from bulk water.14−17

It therefore can serve as a model system to understand the inter-
calation properties of drug into DNA and more importantly
the hydrophobic transfer step that involves the equilibrium
between the intercalator and the macromolecules.6,18 Inter-
calation studies of a model drug daunomycin into SDS and
TX-100 micelles have revealed that the binding affinity of the
drug to the micelles is only slightly less than that with DNA;
however, in contrast to the DNA binding, the binding with the
micelles is associated with a favorable entropic contribution,6

which infers that the binding needs to be considered in a more
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complex manner, possibly as a combination of classical12,19 and
nonclassical20,21 hydrophobic effects. In this context, it is
interesting to study the micelle-induced “deintercalation”
phenomenon22−26 in which the presence of micelles extract
the intercalated drug/mutagen out of the DNA interior and
place it in the micelles. It has been believed that micelles
modulate the drug−DNA binding equilibrium and provide a
hydrophobic sink for the drug. The detergent sequestra-
tion technique is a well-known phenomenon,27,28 and micelles
are supposed to assist the dissociation of DNA-bound drug
by absorbing the free dissociated drugs and thereby shifting the
equilibrium toward deintercalation without disturbing the DNA
structure. A detailed kinetic study by Westerlund et al.22 shows
that the rate of dissociation of cationic DNA-binding ligands
increases markedly in the presence of surfactant molecules in
monomeric as well as in micellar forms. The rate-enhancing
effect depends upon the hydrophobic chain length of the
surfactants. Such a deintercalation phenomenon has significant
prospect in many biological processes; however, a detailed
investigation on the driving force of the process is still lacking.
A proper understanding of the deintercalation process needs
a systematic thermodynamic approach, which would offer a
substantial input toward specific therapeutic applications as
surfactant molecules are present in real biological systems
(e.g., in the form of phospholipids in the cell membrane). In the
present contribution, we have investigated the energetics of
the deintercalation process of a well-known DNA intercalator
phenosafranine (PSF; 3,7-diamino-5-phenylphenazinium chlor-
ide),29−31 which can act as a model drug, against a hydrophobic
sink of SDS micelles using the isothermal titration calorimetry
(ITC) technique. The intercalation process has been inves-
tigated using both a steady-state and a picosecond-resolved
fluorescence spectroscopic technique. Our principle focus is to
initiate a preliminary study in order to understand the energetic
cost that drives a deintercalation process.

■ MATERIALS AND METHODS
Calf thymus (CT) DNA, phenosafranine (PSF, Scheme 1), and
sodium dodecyl sulfate (SDS) were purchased from Sigma

Aldrich Corporation and used without further purification. The
phosphate salts (sodium monophosphate and biphosphate)
were obtained from SRL (India) and were used as received.
The stock solution of DNA was prepared by dissolving solid
DNA in a 10 mM phosphate buffer (pH∼7). Freshly prepared
DNA solutions were used for all the experiments. The
concentration of DNA was determined spectrophotometrically
using the molar extinction coefficient εDNA = 6600 M−1 cm−1 at
260 nm.31 The purity of DNA was verified by monitoring the
absorbance ratio A260 nm/A280 nm, which was always found to be

in the range of 1.8−1.9. PSF solution was prepared in the
experimental buffer solutions. The concentration of PSF
solution was determined using its molar extinction coefficient,
ε = 33 000 M−1 cm−1 in water (measured at 521 nm).32

Circular dichroism (CD) measurements were performed in a
JASCO J815 spectrometer using 1 cm path length cuvettes. All
the experiments were carried out at 25 °C.
Steady-state absorption and fluorescence measurements were

carried out using a Shimadzu UV-2450 spectrophotometer
and a Jobin Yvon Fluorolog-3 fluorimeter, respectively. All the
steady-state emission spectra of PSF were collected at an
excitation wavelength of 510 nm. The steady-state anisotropy
(r) was obtained by measuring the fluorescence intensities with
the excitation polarizer oriented vertically and the emission
polarizer oriented vertically (IVV) and horizontally (IHV),
respectively, according to the following relation, r = ((IVV −
GIHV)/(IVV + 2GIHV)). The grating factor (G) is obtained as
G = (IHV)/(IHH). Time-resolved fluorescence measurements
were performed on a commercially available spectrophotometer
(LifeSpec-ps) from Edinburgh Instruments, Ltd., U.K. (excitation
wavelength 445 nm, 80 ps instrument response function (IRF)).
Fluorescence transients were fitted by using software F900
from Edinburgh Instruments. The details of the time-resolved
measurements can be found elsewhere.15 The time-dependent
fluorescence Stokes shifts, as estimated from TRES (time-
resolved emission spectra), were used to construct the normalized
spectral shift correlation function or the solvent correlation
function, C(t), defined as
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where, ν(0), ν(t), and ν(∞) are the emission maximum
frequency (in cm−1) at time zero, t, and infinity. The ν(∞)
values are the emission frequency at a time where we find no
more changes. The C(t) function represents the temporal
response of the solvent relaxation process, as occurs around the
probe following its photoexcitation and the associated change
in the dipole moment. For time-resolved rotational anisotropy
(r(t)) measurements, emission polarization was adjusted to be
parallel or perpendicular to that of the excitation, and anisotropy
is defined as
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where G is the grating factor determined following a long-time
tail-matching technique.32

Isothermal titration calorimetry (ITC) was performed on a
MicroCal VP-ITC unit (MicroCal, Inc., Northampton, MA), at
25 °C, after electrical and chemical calibrations. PSF, DNA, and
SDS solutions were degassed on the MicroCal’s Thermovac
unit prior to loading in order to avoid the formation of bubbles
in the calorimeter cell. Aliquots (10 μL for each injection) of
degassed SDS solution were injected from a rotating syringe
(311 rpm) into the isothermal sample chamber containing each
of the solutions [1.42 mL, 300 μM PSF and PSF−DNA (1:20)
complex titrated with 60 mM SDS]. Corresponding control
experiments to determine the heat of dilution for SDS were
performed by injecting identical volumes of the same con-
centration of SDS into the buffer. The duration of each
injection was 10 s, and the interval between each injection was
240 or 300 s. The initial delay before the first injection was 60 s.
Each injection generated a heat burst curve (μcal s−1 vs time).

Scheme 1. Molecular Structure of Phenosafranine (PSF)



The area under each heat burst curve was determined by
integration using the Origin 7.0 software (MicroCal) to give the
measure of the heat associated with that injection. The heat
associated with each SDS-buffer mixing was subtracted from
the corresponding heat associated with the SDS injection to the
PSF or PSF/DNA complex to give the heat of the reaction.
The resulting corrected injection heats were plotted as a
function of the molar ratio of [PSF/SDS], fit with a model for
one set of binding sites, and analyzed using Origin software
to estimate the association constant (Kb) and the enthalpy
of binding (ΔHo). The Gibbs energies (ΔGo) and entropic
contribution to the binding (TΔSo) were calculated using the
standard relationship

Δ = − = Δ − ΔG RT K H T Sln b
0 0 0

(3)

■ RESULTS AND DISCUSSION
Figure 1 (inset) depicts the steady-state emission spectra of PSF
(excited at 510 nm) in the presence of different concentrations

of SDS. PSF in buffer produces an emission peak at ∼585 nm,
which suffers a progressive blue shift with increasing SDS
concentration to produce a peak at ∼570 nm in the SDS
micellar region. We plot the relative change in fluorescence
intensity of the dye as a function of SDS concentration
(Figure 1). The relative intensity initially drops (at low SDS
concentration) and a many-fold enhancement of fluorescence
intensity is observed as the cmcSDS is approached (the cmc of
SDS is ∼8 mM, which reduces to 4.6 mM in presence of 10 mM
phosphate buffer.33) The initial decrease of the fluorescence is
due to the quenching of the PSF emission by SDS at low
concentration, as has previously been observed in the case of a
similar cationic dye (nile blue)−SDS system25 The observed
quenching had been explained in terms of the formation of
dye−surfactant ion pairs which progressively associate to form
an aggregated like structure.34 The many-fold increase in the
emission intensity at higher SDS concentration clearly suggests
a strong binding of the drug with the micelles, a phenomenon
much anticipated keeping in mind the overall positive charge of
PSF and negative surface charge of SDS micelles.31,35 However,
the binding location of the drug in the micelle is a point of
concern here. As we consider the oppositely charged drug
molecule, it is certain that PSF prefers to reside in the outer

Stern layer of the micelle rather than placing itself into the
Palisade layer or deep inside the micellar core, resulting in a
considerable exposure of the drug toward the aqueous environ-
ment. In order to understand the nature of hydration as well as
the relaxation dynamics of the drug in aqueous and micellar
environments, we carry out time-resolved fluorescence measure-
ments. The average lifetime of the drug in water is found to be
∼1.0 ns, which increases to ∼1.95 ns in micellar environment
(data not shown). From the wavelength-dependent decay
transients of PSF in the micellar environment, we construct the
time-resolved emission spectra (TRES) (Figure S1, Supporting
Information). Using the TRES data, we determine the time-
resolved solvent correlation function, C(t), and it is fitted
biexponentially with the corresponding time constants of 0.12 ns
(75%) and 1.0 ns (25%) (Figure 1, inset).
The obtained time constants are retarded an order of

magnitude compared to the sub picosecond relaxation time
constant of bulk water36 and signifies a considerable interaction
of the drug with the micellar interface. However, it is interesting
to note here that we observe a very marginal time-resolved
Stokes shift of ∼50 cm−1, which is merely ∼4% of the observed
steady-state Stokes shift. The limitation of the instrumental
response time (IRF∼80 ps) refrains us from recovering the
ultrafast fluorescence signal coming from bulk water. In a
previous study,15 we recovered ∼40% of the fluorescence signal
with a hydrophobic drug 4-(dicyanomethylene)-2-methyl-6(p-
dimethylamino-styryl) 4H-pyran (DCM) embodied in the
hydrophobic layer of SDS micelles. Thus, the limited recovery
of the fluorescence signal in the present investigation affirms
the effluent aqueous exposure of PSF in SDS micelle. In order
to understand the geometrical restriction imposed to the drug
by the micellar environment, we measure the time-resolved
rotational anisotropy of PSF in micellar environment (Figure S2,
Supporting Information). The observed anisotropy decay is fitted
biexponentially with time constants of 0.12 (27%) and 1.06 ns
(73%). The faster component resembles the time constant of
PSF in bulk water,31 which re-establishes the exposure of the drug
in the aqueous environment, whereas the slower component
signifies the interaction of the drug with the micellar surface.
The fluorescence profile of PSF−DNA interaction has been

depicted in Figure 2. Increasing the concentration of DNA
quenches the PSF emission; the intensity drops first rapidly
and then gradually, a behavior much consistent with another
cationic drug (Nile Blue)−DNA interaction.25,26 The initial

Figure 1. Relative change in fluorescence intensity of PSF as a function
of SDS concentration. Corresponding emission spectra are shown in
the inset. Solvent correlation function, C(t) of PSF in SDS micelles is
shown in the other inset. Solid line represents biexponential fit.

Figure 2. Quenching of PSF fluorescence in the presence of DNA.
Inset shows the corresponding emission spectra. Steady-state
anisotropy of PSF has been shown in the other inset as a function
of the DNA concentration.



binding of a cationic dye with the DNA surface is essentially
electrostatic in nature, which produces the primary quench-
ing;37,38 at higher DNA concentrations, the drug intercalates
and quenching occurs through electron transfer.39 We have
measured the steady-state anisotropy of PSF in the presence of
DNA (Figure 2, inset), and it is found that anisotropy increases
first rapidly and then steadily to reach a plateau. The increased
anisotropy is associated with a restricted motion of the drug as
it binds to the DNA and at a concentration ∼15 times higher
than that of PSF the anisotropy then reaches a plateau, clearly
signifying the onset of the formation of the DNA−PSF inter-
calated complex.29,30,40,41 The highly quenched DNA interca-
lated PSF emission provides a very low photon count during
the time-resolved measurements to extract any meaningful
information.
The deintercalation phenomenon is observed spectrophoto-

metrically (Figure 3) as SDS is added to an intercalated

PSF−DNA complex (with a stoichiometric ratio of 1:20, which
ensures complete intercalation). As can be observed from
Figure 3, there occurs a considerable (∼10 nm) blue shift of the
emission maximum coupled with a many-fold increase in the
fluorescence intensity beyond cmcSDS. The emission maximum
obtained at ∼570 nm in presence of a high SDS concentration
strongly corresponds to that of PSF in the micellar environ-
ment (see Figure 1), which clearly identifies that the drug
relocates itself from DNA environment to the micellar
environment. To further verify this conclusion, we measured
the steady-state anisotropy of the intercalated drug−DNA
complex in presence of SDS (Figure 3).
The high steady-state anisotropy (r∼0.2) of the drug−DNA

complex undergoes a sharp decrease beyond cmcSDS and
reaches a value comparable to that in SDS micelles (∼0.07),31
and the observed fall in anisotropy is in exact confirmation of
the relocation of the drug in the micellar interface. Time-
resolved anisotropy measurements also provide a similar
conclusion, as the rotational anisotropy time constants match
in excellent agreement to that obtained for the SDS−PSF
complex (figure not shown). The complete deintercalation can
further be confirmed by monitoring the induced circular
dichroism (CD) spectra of PSF−DNA complex in the spectral
region of 450−650 nm (Figure S3, SI). A strong positive
CD band (∼555 nm) and a week negative band (∼505 nm)
develop during the intercalation of PSF into the DNA.

The induced CD spectra are generated due to the asymmetric
arrangement of the bound PSF molecules in the DNA helix.29

The positive ellipticity band increases with increasing DNA
concentration, keeping a fixed concentration of PSF (50 μM),
and ultimately reaches saturation. When SDS is added to
the intercalated PSF−DNA (1:20) complex, the positive band
decreases with increasing SDS concentration and eventually
disappears, implying a complete deintercalation of the drug.
In this regard, it is pertinent to understand the role of

hydration change during the intercalation process. The osmotic
stress method provides an easy estimate to the change in the
hydration during drug−DNA intercalation.42,43 We estimate
the binding constant of PSF−DNA in the presence of different
concentrations of sucrose using the following model: because
addition of DNA quenches the emission of PSF, the con-
centration of free drug is obtained as Cf = Ct(((F/F0) − P)/
(1 − P)), where F is the observed emission intensity under a
particular set of DNA and PSF concentrations, F0 is the emission
intensity at the same PSF concentration in absence of DNA, and
P is the ratio of the completely bound to free drug, P = (Fb)/
(F0).

44 The amount of bound drug is determined by the
difference, Cb = Ct − Cf. The total concentration of the drug (Ct)
is determined as Ct = (A520)/(ε520) (molar extinction coefficient
(ε) of PSF is 33 000 M−1 cm−1 at 520 nm and A is the measured
absorbance). The binding ratio (r) is defined as, r = (Cb)/
([DNA]total). Binding data obtained from spectrofluorimetric
titrations are cast into a Scathered plot of r/Cf versus r (Figure 4

inset). Scatchered plots are then fitted assuming a non-
cooperative binding using the following equation developed by
McGhee and Von Hippel45
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where Ki is the intrinsic binding constant to an isolated binding
site and ‘n’ is the number of base pairs excluded by the binding
of a single drug molecule. The binding affinity is observed to
decrease with increasing osmolyte concentration, a phenomenon
comparable to the other intercalators.10 The change in hydration
(Δnw) can be obtained using the relation

Figure 3. Relative changes in fluorescence intensity of the PSF−DNA
complex. Corresponding emission spectra are shown in the inset.
Steady-state anisotropy of PSF intercalated to DNA in the presence of
different concentrations of SDS is shown in the other inset.

Figure 4. Natural logarithm of the ratio of the binding constant at a
given sucrose concentration (Ks) relative to the binding constant in
buffer (K0) is shown as a function of solution osmolality. Solid line
represents linear fit. Inset shows Scatchared plot from fluorescence
emission data for the binding of PSF-DNA. Solid line in the inset
represents the nonlinear least-squares fit of the experimental points to
the McGhee−von Hippel equation.
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and a linear fit (Figure 4) provides an estimate of ∼70 ± 16
water molecule uptake during the intercalation process. A
positive Δnw value (uptake of water) might appear surprising at
first glance; however, it may be noted that Δnw is the difference
in the number of bound water molecules between the complex
and the free reactants. Crystallographic studies have revealed
a considerable number of apparently specifically bound water
molecules in a ligand−DNA complex,46 which are otherwise not
present in their individual hydrated form. It can also be noted
that for intercalators which possess additional subunits that can
interact with the minor groove of DNA, an additional layer of
bound water can form. These effects eventually produce a positive
Δnw value as had been observed for other intercalators.10,11

The energetic parameters of the micelle-assisted PSF
deintercalation are studied by isothermal titration calorimetry
(ITC). Figure 5 depicts representative ITC profile diagrams

of the titration of PSF and PSF−DNA complex with SDS.
The ITC profile diagram of the titration of PSF with DNA is
shown in Figure S4 (Supporting Information). Thermodynamic
parameters obtained from the ITC experiments are summarized
in table 1. It can be observed that the intercalation of PSF into
DNA is an exothermic process (ΔH0 = −2.96 kcal mol−1)
associated with a large positive entropy contribution (TΔS0 =
4.59 kcal mol−1), resulting in an overall feasibility of the binding
process (ΔG0 = −7.55 kcal mol−1) at 25 °C. The moderate
negative enthalpy change for a “large” singly charged drug PSF
can be interpreted as the dispersion of hydrogen bonds in
the formation of cavity for the drug.47 Apart from the poly-
electrolyte contribution, the intercalative binding free energy
(ΔG0) of a drug into DNA could be deconvoluted into several
contributions, namely,2 conformational changes in DNA
(ΔGconf), loss of translational and rotational degrees of freedom

(ΔGr+t), hydrophobic transfer of the drug from bulk to the
DNA (ΔGhyd), and weak covalent bonds (ΔGmol). While the
first two terms add unfavorable contributions, the high negative
value of the third term overwhelms to favor the binding
process. For most of the intercalators, ΔGconf contributes a
share of +4 kcal mol−1,4 while (ΔGr+t) offers a considerable
unfavorable contribution of ∼15 kcal mol−1. The ΔGhyd has
been reported to be −7.8 kcal mol−1 for PSF−DNA binding,30

concluding a favorable ΔGmol value of ∼17 kcal mol−1

associated with the process, which is comparable to that
obtained in other intercalators like ethidium and propidium,
among other.2

The PSF−SDS binding is exothermic (ΔH0 = −2.77 kcal
mol−1) with a high positive entropy change (TΔS0 = 4.50 kcal
mol−1), both favoring the spontaneity of the binding process
(ΔG0 = −7.27 kcal mol−1). The high positive entropic
contribution and an overall exothermicity determines that the
binding of PSF with SDS involves a possible disruption of the
hydrogen-bonded water structure about the micellar surface, as
has also been inferred in the spectroscopic investigation.
Because PSF−DNA and PSF−SDS have comparable binding
energetics, it is interesting to investigate what drives the
deintercalation process. The ITC experiment reveals that
addition of SDS micelles into a fully intercalated PSF−DNA
(1:20) complex involves a small positive enthalpy change
(ΔH0 = 0.12 kcal mol−1) with a large positive entropy con-
tribution (TΔS0 = 6.62 kcal mol−1), making the overall
deintercalation process energetically favorable (ΔG0 = −6.49
kcal mol−1) (Table 1).
The deintercalation process can be modeled as the sum of

two independent steps

− ⇆ +[PSF DNA] DNA PSFhyd hyd hyd (Process I)

+ → −[SDSmicelle] PSF [PSF micelle]hyd hyd hyd (Process II)

where all the species are in their respective hydrated forms in
the aqueous solution. The model is a rather simplified one
and assumes that any other transient steps associated with the
two major processes either contribute a minor share or that
their contributions are taken care of by the overall equilibrium
thermodynamic parameters. Assuming that the binding
process is reversible, the unbinding of PSF−DNA should
offer an endothermic contribution (ΔH0

Process I ∼ 3 kcal mol−1).
Because ΔH0

Process II ∼ −2.8 kcal mol−1, an overall unfavorable
endothermic contribution of ∼0.2 kcal mol−1 can be estimated.
This value is in excellent agreement with that obtained in the
ITC experiment (Table 1), which supports the assumption that
Process I and Process II occur successively. The overall
feasibility (ΔG0 = −6.49 kcal mol−1) of the deintercalation
process therefore receives significant contribution from the
entropy change. The contributions from the monomeric
hydration of PSF cancel out. Thus, one needs to consider the
other four energy terms only. The total free energy change is a
cumulative contribution of two broad interactions, namely,
electrostatic interaction (ΔGel

0 ) and nonpolar interaction
(ΔGnp

0 ). The electrostatic term originates from the interactions
between the various charged species present (i.e., PSF, micelle,
and DNA). The total free energy due to these electrostatic
interactions can be summarized as

Δ = Δ + Δ + Δ− − −G G G Gel
0

DNA PSF
0

micelle PSF
0

DNA micelle
0

(6)

Generally, the contribution of the nonpolar interaction is higher
than the corresponding electrostatic contribution,48 which,

Figure 5. Representative ITC profiles for the titration of PSF (A) and
the PSF/DNA (1:20) complex (B) with SDS. Top panels represent
the raw data for sequential injection of SDS into PSF and the PSF/
DNA complex, and bottom panels show the integrated heat data after
correction of heat of dilution against the molar ratio of PSF/SDS. Data
points are fitted to the one-site model, and the solid lines represent the
best-fit data. Top panel, upper curve is the dilution of SDS into
phosphate buffer (not in scale) at pH ∼ 7.0.



however, could not be neglected a priori. In order to understand
the contribution of the electrostatic effect on the deintercalation
process, we perform the ITC measurements for the PSF−SDS
binding and SDS-assisted PSF−DNA deintercalation in pre-
sence of Na+ salt at two different concentrations, viz., 20 and
50 mM. The results are depicted in table 1. As evident from the
table, the binding constant of PSF with SDS decreases by orders
of magnitude with increasing salt concentration, and the process
becomes less favorable (decrease in the overall ΔG0 value). The
observed decrease in the binding affinity can be explained in
terms of the shielding of the effective charge of the SDS micellar
surface by the salt, which eventually inhibits the otherwise
favorable electrostatic binding of the cationic dye PSF. On the
other hand, the deintercalation process has been found to
be almost indifferent to the addition of salt. Both the binding
constant and the overall ΔG0 values suffer only a marginal
decrease, affirming that the electrostatic contribution does not
provide a major share in the deintercalation process, as has been
predicted by Professor Marcus.48 Apart from the electrostatic
interaction, there is a major role played by the various hydration
terms. It is known that the disruption of the water structure
around the aromatic moiety and solvation shell of the cationic
dye upon intercalation contributes to the positive entropy.
There is, however, release of “hydrophobic water”, and that is
weaker than that re-formed in the bulk.47 A similar situation
prevails in the case of the binding of the ligand with the micelles.
However, a net gain in the entropy perhaps lies in the extent of
disruption of the solvation shell of the ligand in the two different
binding processes; similar to DNA, it is strongly bound to the
hydrophobic core of the DNA, while in micelle, its binding is
relatively eased. Thus, the entropic contributions from the terms
[PSF−DNA]hyd and [PSF−micelle]hyd are different, and this
difference contributes a major share toward the observed ease of
the deintercalation process.
Our present investigation is initiated to understand the thermo-

dynamic parameter that drives the deintercalation process.
We have used an approximated two-step model, which is
a simplification of a rather complicated phenomenon. First,
the effect shown by a negatively charged surfactant assembly
is surprising because a Coulombic charge repulsion inhibits a
close proximity of DNA and SDS micelles. In this regard, it is
important to know whether addition of SDS perturbs the
structure of the DNA. We carry out CD and absorption spectro-
scopy measurements of the DNA in the presence of SDS at
different concentrations (Figure 6).
It can be observed that the DNA retains its native B form

even in the presence of 10 mM SDS, and also the absorption
spectra does not suffer any remarkable change upon addition of
SDS. This study thus affirms that SDS does not directly interact

with the DNA. It may be argued that the positive charge of
the ligand screens the surface charge of DNA, facilitating the
approach of the micelle; however, such an effect is of
considerable interest for ligands with multiple charges,22 and
for PSF with a single positive charge, the effect is only marginal.
It has been speculated that surfactant molecules bring down
the activation energy barrier for the dissociation of the DNA−
ligand complex. Perhaps the hydrophobic environment of
micelles favors a transit opening of the otherwise compact
DNA duplex structure, providing a sink for the exposed
hydrophobic moiety of the intercalated ligand driving Process I
in a forward direction.22 The binding of the free drug with
the micelle is further catalyzed by the Coulombic attraction.
Because Process I serves as the rate-limiting step, hydrophobic
contribution offers a key role. It should be understood that the
entropy change obtained from the ITC experiment is an overall
equilibrium picture which manifests from an interplay of a
number of processes occurring in the system including
structural reorganization of the DNA due to deintercalation,
hydration change, water layer dislocation, water uptake, and
probably other effects, and a one-to-one correlation of the
entropy change and enthalpy change is not very straightfor-
ward. Our study provides a simplified approach toward the
understanding of the process, and it will be complementary
to study whether the charge type and the overall hydro-
phobicity of the micelle, base pair sequence in DNA, charge
type of the ligand, and so forth contribute toward the overall
feasibility of the process, and such a study is underway in
our lab.

Table 1. Thermodynamic Parameters Derived from ITC Experiment

system association constant (Kb × 105) (M‑1) ΔH0 (kcal mol‑1) TΔS0 (kcal mol‑1) ΔG0 (kcal mol‑1)

PSF−DNA
buffer 3.65 ± 0.09 −2.96 ± 0.02 4.59 −7.55 ± 0.02

PSF−SDS
buffer 2.14 ± 0.54 −2.77 ± 0.04 4.50 −7.27 ± 0.04
20 mM Na+ 0.23 ± 0.012 −1.99 ± 0.03 3.96 −5.95 ± 0.03
50 mM Na+ 0.05 ± 0.002 −1.34 ± 0.01 3.72 −5.07 ± 0.03

PSF−DNA complex + SDS
buffer 0.58 ± 0.04 0.12 ± 0.004 6.62 −6.49 ± 0.01
20 mM Na+ 0.37 ± 0.04 0.10 ± 0.009 6.32 −6.21 ± 0.02
50 mM Na+ 0.27 ± 0.018 0.093 ± 0.006 6.14 −6.04 ± 0.02

Figure 6. CD spectra of CT DNA in presence and in absence of SDS
at different concentrations. Inset shows the corresponding UV-
absorbance spectra.



■ CONCLUSIONS
We have studied the energetic parameters of micelle-assisted
deintercalation of a model drug PSF from CT DNA. It has been
found that binding of PSF to both DNA and SDS micelles offers
comparable favorable free energy cost assisted by a negative
enthalpy and positive entropy change. The deintercalation
process is enthalpy-wise forbidden; however, the process is
assisted by a considerable entropic gain. A simplified two-step
process reveals that the dissociation of the cationic dye from
the DNA interior is assisted by the surfactants, which is also
manifested in the corresponding hydration change.
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