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Abstract In this contribution we report studies on the
nature of binding of nile blue (NB), a well known DNA
intercalating drug, with three synthetic DNA oligonucleo-
tides, (CGCAAATTTGCG)2, (GCGCGCGCGCGC)2 and
(ATATATATATAT)2. The nature of fluorescence quenching
of the ligand upon complexation with the DNAs has been
studied using steady state and picosecond-resolved optical
spectroscopic techniques. The geometrical restriction on the
probe in the DNA microenvironment is measured using
picosecond-resolved rotational anisotropy measurements.
Our experiments identify both non-specific electrostatic and
intercalative modes of interaction of the probe with the
DNAs at lower and higher DNA concentrations, respec-
tively. This dual nature of binding is also confirmed
through gel electrophoresis experiments. The nature of
electron transfer (ET) reaction of GC base pairs with
intercalated NB has also been explored. Competitive
binding study reveals that binding affinity of the probe is
higher with SDS micelles than with the DNAs within its
structural integrity in presence of the micelles, as evidenced
from circular dichroism (CD) measurements. The complex
rigidity of NB with various DNAs and its fluorescence
quenching with DNAs elucidate a strong recognition
mechanism between NB and DNA.
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Introduction

Nile blue (NB) is a nontoxic fluorescent dye that can
potentially intercalate in the major groove of DNA [1, 2]. It
is a member of the benzophenoxazine class of dyes, which
has been found to be localized selectively in animal tumors
[3] and can retard tumor growth [4, 5]. Compared to the
conventional intercalators, NB has the merit of having low
toxicity and high sensitivity for DNA quantification [2].
This unique feature of this red-end dye makes its interaction
with DNA a potential field of study. In a recent study [6],
by using a microelectrode modified with NB-DNA
duplexes in cyclic voltammetry and square wave voltam-
metry, it has been demonstrated that the electrochemical
detection of nanomolar TATA binding to DNA in presence
of other proteins with a rapid and sensitive electrochemical
assay is feasible. However, only a limited number of reports
regarding its interaction with DNA are available in the
present literature [2, 7–9]. The studies of Chen et al. [2] on
the interaction of NB with calf thymus (CT) DNA
concluded that NB serves as an intercalator to the stack
base pairs of nucleic acids. They reported quenching of NB
fluorescence at low DNA concentrations and a partial
recovery of the quenching at higher DNA concentrations.
However, the detailed mechanism of the quenching process
and a subsequent release of it was lacking in their study.
Spectrophotometric studies by Huang et al. [7] reported
aggregate formation between NB-sulfate and CT DNA.
Yang et al. [8] suggested that the intercalation of NB in
DNA can be utilized to make NB a visible dye for DNA
detection. Electrochemical studies by Ju et al. [9] concluded
that the binding of NB with DNA in solution contains both
electrostatic and intercalative modes of interactions. How-
ever, photophysical properties of the NB-DNA complex on
the ultrafast time scale have not yet been examined. Very
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recently we have reported the interaction of NB with
biomimicking self organized assemblies (SDS micelles and
AOT reverse micelles) and a genomic DNA (extracted from
salmon sperm) (SS DNA) [1]. Our study identified two
different binding modes (electrostatic and intercalative) of
NB with the genomic DNA. The former is responsible for
electron transfer between the probe and DNA, which
eventually quenches the emission intensity of NB fluores-
cence in presence of low concentration of DNA. The
subsequent release of quenching has been attributed to the
intercalation of the dye in DNA base pairs. However, a
detailed mechanism of this interaction was a question to be
solved.

As a continuation of our previous study, here we report a
detailed steady state and time-resolved spectroscopic
studies of NB in three synthetic DNA oligonucleotides of
known sequences, namely Oligo1, (CGCAAATTTGCG)2,
Oligo2, (GCGCGCGCGCGC)2 and Oligo3, (ATATATATA
TAT)2 in order to understand the electron transfer mecha-
nism in detail. The polarization-analyzed anisotropy for the
DNA–NB complexes elucidates the binding rigidity of the
probe. The fluorescence quenching mechanism of NB
involving electron transfer (ET) of the probe upon
complexation with oligomers has been explored. The nature
of DNA-binding of NB in presence of SDS micelles has
also been explored in the present study. The structural
integrity of the DNAs in presence of SDS micelles has been
confirmed by circular dichroism (CD) spectroscopic stud-
ies. Such a comprehensive study of the photophysics of NB
in DNAs of known sequences is demanded to understand
the mechanism of fluorescence quenching upon interaction
with DNA and to exploit this nontoxic fluorescent dye as a
tool for DNA-recognition in biologically relevant macro-
molecular microenvironment.

Experimental details

The fluorescent probe Nile blue (NB; Scheme 1) chloride
was obtained from Sigma. Sodium dodecyl sulfate (SDS)
was a product of Fluka. The purified (reverse phase HPLC)
synthetic DNA oligonucleotides of 12 bases (dodecamer)

with sequences CGCAAATTTGCG (Oligo1) and
GCGCGCGCGCGC (Oligo2) were obtained from Gene
Link. Oligo3 having the sequence of ATATATATATAT was
a product of Sigma Aldrich. To reassociate the single strand
DNA into self-complimentary double-strand DNAs thermal
annealing was performed as per the methodology pre-
scribed by the vendors. The oligonucleotide solutions were
dialyzed exhaustively against 10 mM phosphate buffer
prior to further use. The CD spectrum of all the dialyzed
oligomers was checked and all of them were found to
possess the physiologically relevant B-form confirming the
double strand formation in all the oligomers. The nucleotide
concentrations of the DNA samples were measured by
absorption spectroscopy using the average excitation
coefficient of nucleotide (6,600 M−1 cm−1 at 260 nm) and
considered to be the concentrations of the DNAs. It could
be noted that Oligo3 has a low melting point (∼20 °C as
reported by the vendor), and we performed all the experi-
ments with Oligo3 at 10 °C. We have also verified that
there occurred marginal differences when the experiments
with the other two oligomers were repeated at this
temperature. SDS micelles were prepared by adding
calculated amounts of SDS in known volume of buffer
solution and stirring for about 45 min. The concentration of
the dye NB in the sample solutions was maintained at
∼2.0 μM to avoid its self-aggregation.

Steady state absorption and emission were measured with
Shimadzu UV-2450 spectrophotometer and Jobin Yvon
Fluoromax-3 fluorimeter respectively. Circular dichroism
(CD) spectra were taken in a Jasco-815 spectrometer using
a quartz cell of path length of 1 cm. All fluorescence decays
were taken by using picosecond-resolved time correlated
single photon counting (TCSPC) technique. The commercial-
ly available setup is a picosecond diode laser pumped time
resolved fluorescence spectrophotometer from Edinburgh
Instrument, UK. It has an instrument response function
(IRF) of 80 ps. The experimental and analytical details of
time-resolved measurements can be found elsewhere [1, 10].
All the decay profiles are fitted using exponential decay
functions with χ2 values were close to 1. For anisotropy
measurements, emission polarization was adjusted to be
parallel or perpendicular to that of the excitation and
anisotropy is defined as, r tð Þ ¼ III�GI?

IIIþ2GI?
. The magnitude of

G, the grating factor of the TCSPC system, was determined
by using a NB solution in buffer following the longtime tail
matching technique [11]. According to this technique, G is a
number, when multiplied with the I⊥ values produces values
comparable to the III values, specially in the long time scale
(beyond 10 ns). r(t) has been fitted biexponentially as, r tð Þ ¼
r0 a1e�t=tr1 þ a2e�t=tr2
� �

following the earlier DNA-ligand
studies [12–14], where τr1 and τr2 are the rotational time
constants, and α1 and α2 are their amplitudes. Gel
electrophoresis was carried out in an APELEX-MinigelScheme 1 Molecular structure of NB
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horizontal gel electrophoresis apparatus with 2% agarose gel
using the standard protocol.

Results and discussion

Figure 1a depicts the absorption spectra of NB in 10 mM
phosphate buffer in absence and presence of Oligo1 of
varying concentrations. It is found that NB in buffer
produces a peak at λmax ∼635 nm. When Oligo1 is added
into it ([DNA]=10 μM), a hump at 605 nm develops with a
considerable decrease in the absorbance. On further
increase in the Oligo1 concentration to 25 μM, absorbance
is increased with a red shift of the peak to 640 nm. When
the concentration of DNA is increased to 100 μM, the peak
is further red-shifted to 652 nm with higher absorbance than
that in the buffer solution. The appearance of a hump in the
blue region of the spectrum signifies the possibility of
formation of a probe-DNA complex in the ground state.
Previously Huang et al. [7] reported the formation of an
aggregate between NB-sulfate and DNA with a binding
constant of 3×103 L mol−1. Figure 1b depicts the emission
spectra of the NB-Oligo1 systems. Fluorescence intensity
of NB is reduced considerably at [DNA]=2 μM with no
change in the peak position with respect to the buffer
solution (λmax ∼672 nm). At 10 μM DNA, fluorescence is

significantly quenched and the peak has a little red shift to
675 nm. However, at 20 μM DNA, the intensity of NB
fluorescence increases compared to that of 10 μM DNA.
With further increase in DNA concentration, intensity
gradually increases with a red shift in the peak position.
The absorption spectra of NB in presence of Oligo2 and
Oligo3 resemble that of Oligo1 with the appearance of a
hump in the blue region confirming the formation of a
ground state complex (figures not shown). The fluorescence
spectra of NB in presence of Oligo2 (Fig. 1c), however,
differ significantly from that of Oligo1, wherein the
fluorescence of NB is quenched by Oligo2 throughout the
studied concentration range and quenching is not released
to any extent up to 100 μM of Oligo2. The fluorescence
spectra of NB in presence of Oligo3 are depicted in Fig. 1d.
As can be observed from the figure, when Oligo3 is added
into NB at low concentration (2 μM) the fluorescence is
quenched with no change in the peak position, similar to
that obtained in case of Oligo1 and Oligo2. Upon gradual
increase of Oligo3 concentration up to 7.5 μM, the
fluorescence intensity decreases. As the concentration is
increased to 10 μM, the intensity increases with a little red
shift of the fluorescence peak. When the Oligo3 concentra-
tion is increased further, fluorescence intensity increases
and at a high Oligo3 concentration, the fluorescence
intensity is found to be higher than that in the buffer

Fig. 1 a Absorption spectra of
NB in presence of Oligo1 of
different concentrations, (1) 0,
(2) 10, (3) 25, (4) 50 and (5)
100 μM. b Fluorescence spectra
of NB in presence of Oligo1 of
different concentrations, (1) 0,
(2) 2, (3) 10, (4) 20, (5) 50 and
(6) 100 μM. c Fluorescence
spectra of NB in presence of
Oligo2 of different concentra-
tions, (1) 0, (2) 10, (3) 25, (4) 50
and (5) 100 μM. d Fluorescence
spectra of NB in presence of
Oligo3 of different concentra-
tions, (1) 0, (2) 2, (3) 5, (4) 10,
(5) 30 and (6) 100 μM
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solution. It could be noted that the quenching of NB, which
has never been released in Oligo2 and only partially been
released in case of Oligo1, is completely released in Oligo3.

Figure 2a shows the fluorescence quenching of NB in
presence of the oligomers wherein we plot fluorescence
intensity (at the peak) against concentration of the DNAs. It
is evident from Fig. 2a (inset) that Oligo1 produces an
inverted bell-shaped profile in which fluorescence is
quenched at low DNA concentration and the quenching is
released beyond 12.5 μM DNA concentration. A similar
profile was reported by us for SS (salmon sperm) DNA [1]
and Chen et al. [2] for CT (calf thymus) DNA. On the other
hand, Oligo2 exhibits a different phenomenon in which
fluorescence intensity decreases sharply up to 15 μM and
then moderately to reach a plateau. The profile for Oligo3
resembles that of Oligo1, but for the former oligomer
fluorescence intensity starts increasing at a lower DNA
concentration and also the rise in intensity is steeper than
that observed in case of Oligo1. The plots of I0/I against the
DNA concentration for all the oligomers in the entire
concentration region are shown in Fig. 2b. It can be
followed that for Oligo1, I0/I increases linearly up to 10 μM
DNA, beyond which it decreases indicating the release of
quenching, a phenomenon similar to that obtained in SS
DNA [1] and CT-DNA [2]. A Stern-Volmer equation,
I0
I ¼ 1þ KSV Q½ �, (where, I0 and I are the fluorescence
intensities in absence and presence of the quencher (Q) and
KSV is the formation constant of the quenching complex) is
fitted in the quenching regime. A good linear fit is obtained
with a corresponding quenching constant (KSV) of 2.6×
105 L mol−1 for Oligo1 (Table 1). The obtained KSV value
is an order smaller than that reported for SS DNA (1.6×
106 L mol−1) [1] and CT-DNA (3.2×106 L mol−1) [2]. For
the other two oligomers also, I0/I follows a linear
dependency with DNA concentration with corresponding
KSV values of 2.1×105 and 2.0×105 L mol−1 for Oligo2
and Oligo3, respectively.

Figure 3 depicts a representative fluorescence transient
and rotational anisotropy of NB in presence of the
oligomers at 100 μM DNA concentration. NB in buffer

Fig. 2 a Fluorescence intensity of NB (at the peak emission) vs.
Oligo2 concentration profile. Similar profiles for the Oligo1 and
Oligo3 are presented in the inset. The solid lines are guide to eyes. b
Stern Volmer plot of NB in Oligo1, Oligo2 and Oligo3. The solid lines
are guide to eyes

Table 1 Numerical fitting parameters of the time resolved fluorescence lifetime and rotational anisotropy studies of NB in various
environmentsa,b

System KSV (L mol−1) τ1 (ns) τ2 (ns) τ3 (ns) r0 τr1 (ns) τr2 (ns)

Buffer – 0.34(100%) – – 0.38 0.16(100%) –
Oligo 1 2.6×105 0.10(63%) 0.40(29%) 1.3(8%) 0.37 0.06(36%) 2.3 (42%)
Oligo 2 2.1×105 0.07(49%) 0.35(48%) 1.2(4%) 0.33 0.05(50%) 0.25(28%)
Oligo 3 2.0×105 – 0.42(46%) 1.5(54%) 0.37 0.08(20%) 2.5(57%)
SS DNAc 1.6×106 0.08(54%) 0.35(25%) 1.2(21%) 0.37 0.07(31%) 2.0(13%)

a. The figures in the parenthesis represent relative contribution of the component
b. Concentration of Oligo1, Oligo 2, Oligo 3 and SS DNA is 100 μM
c. A genomic DNA extracted from salmon sperm
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produces a single-exponential decay with time constant of
0.34 ns (Fig. 3a, Table 1). At 3 μM Oligo1, a bi-
exponential decay is observed with time constants of
0.3 ns (97%) and 1.2 ns (3%). The decrease in the faster
lifetime indicates quenching as has also been evidenced in
the steady-state experiments. With 10 μM DNA, the time
constants obtained are 0.27 ns (85%) and 0.8 ns (15%). The
τ0/τ value (where, τ0 is the excited-state lifetime of the
probe in absence of the quencher and τ is that in presence
of the quencher) for the former case is 1.13, whereas it is
1.25 for the latter and both of them are considerably smaller
than the I0/I values (1.74 and 3.53 respectively) in the
quenching regime confirming the static nature of the
quenching [15]. However, with increase in Ologo1 concen-
tration beyond the quenching regime, the transients get
slower. The fluorescence decay with 100 μM oligo1
(Fig. 3a) is well fitted tri-exponentially with time constants

of 0.1 ns (63%), 0.4 ns (29%) and 1.3 ns (8%) (Table 1).
The 0.1 ns component represents the highly quenched NB
bound to the DNA whereas, the slow component of 1.3 ns
represent NB molecules intercalated into the DNA. It could
be noted that the 0.4 ns component is slower than that of
NB in buffer but faster than that intercalated in DNA and
might represents NB in monomeric or weakly DNA-bound
form. To compare this result with that of a genomic DNA
we measure the fluorescence decay of NB in 100 μM
genomic DNA (extracted from salmon sperm) and the
results are presented in Table 1. It can be found that for the
genomic DNA also, similar time constants are obtained.
The rotational anisotropy of NB in 100 μM Oligo1 is
strikingly different from that of NB in buffer wherein it
produces a single component of 0.16 ns (Fig. 3a). In
Oligo1, the rotational anisotropy is associated with time
constants of 0.06 ns (36%) and 2.3 ns (42%). The presence
of a fast component in rotational anisotropy indicates the
existence of a weakly bound NB at the DNA surface and/or
wobbling dynamics of the probe NB at the site of
intercalation [16]. The time constant of 2.3 ns is compara-
ble to the tumbling motion of the oligomer [17]. The slow
rotational time constant is indicative of the intercalative
binding of NB with the oligomer. Similar rotational time
constants are also obtained for the genomic DNA (Table 1).
The large offset value (66%) obtained for the genomic
DNA represents the rotational motion of the whole DNA
molecule which is not complete within the experimental
time window.

The decay pattern of NB in 100 μM Oligo2 is presented
in Fig. 3b. It is observed that the decay is faster than the
corresponding aqueous system with time components of
0.07 ns (49%), 0.35 ns (48%) and 1.2 ns (2%). It could be
noted that the faster component is decreased further
compared to that in Oligo1 along with a subsequent
decrease in the contribution of the slower component. The
fluorescence decay of Oligo3 is depicted in the inset of
Fig. 3b. As can be observed from the figure, the decay is
considerably slower than the other two oligomers and can
only be fitted biexponentially with time constants of 0.42 ns
(46%) and 1.5 ns (54%) (Table 1). The absence of a fast
component in this decay transient confirms the complete
removal of the NB fluorescence quenching upon intercala-
tion with Oligo3 as has also been evidenced in the steady
state measurements (Fig. 2).

Fluorescence quenching of NB upon complexation with
the synthetic DNAs clearly indicates that up to 7.5–15 μM
DNA concentrations the nature of binding is different from
that at higher DNA concentrations. The identical KSV

values (∼2×105 L mol−1) obtained for all the oligomers in
this concentration range identifies the quenching process to
be similar in nature for all the oligomers. For other cationic
intercalators it has been shown earlier that at low DNA

Fig. 3 Picosecond resolved fluorescence transients of NB in presence of
100 μM Oligo1 (a), Oligo2 (b) and Oligo3 (inset of b). The time
resolved anisotropy, r(t) profile for Oligo1 is given in the inset of Fig. 3a
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concentration, the probe molecules undergo electrostatic
binding (non-specific) and at higher DNA concentration the
probes intercalate into the DNA [18–20]. For the interca-
lator ethidium bromide (EB), it is found that the probe
changes its mode of interaction with DNA from electro-
static to intercalative at [EB]:[DNA]=1:6 [20]. It can be
argued that quenching of NB fluorescence in the low
concentration region (up to 10–15 μM) is due to the
formation of ligand-DNA complex in the ground state (as is
also evidenced from the absorption spectra) which has its
origin in the electrostatic interaction between the positively
charged probe and negatively charged DNA surface, an
effect resembling the quenching of fluorescence by heavy
anions through electrostatic interaction [21–23]. Time-
resolved study confirms the static nature of the quenching,
which corroborates well with the present argument. The
formation of such a complex is associated with a charge-
transfer mechanism, which contributes to the quenching
process. The intermediate complex might also facilitate the
inter system crossing (ISC) to the triplet state of the
acceptor (DNA) [24]. It can be noted that the KSV value
obtained with oligomer-NB pair is smaller than that of the
SS DNA-NB (Table 1) [1] and CT DNA-NB [2] system.
The formation of a ligand-DNA complex is a consequence
of close approach and fruitful collision of the reacting
species. It has been reported earlier that collision between a
heavy and a small particle is more probable than those
between equal sized particles [25], which signifies the
lower KSV value in oligomers compared to that in the
genomic DNAs.

The release of quenching at a higher Oligo1 and Oligo3
concentration can be correlated with the intercalation of the
ligand within the base pairs of DNA. It should be noted that
intercalation of NB in the close vicinity of GC base pairs
might lead to electron transfer (ET) reaction [26, 27] from
guanine base as evidenced by earlier studies [28]. The
quenching of NB fluorescence due to ET reaction is
associated with various rate constants, which are the
consequences of direct and hopping mechanism of ET,
revealing significant deviation from typical Stern-Volmer
plot as observed in case of Oligo2 (Fig. 2b). It has been
reported that guanine mediated electron transfer is associ-
ated with two time scales of ∼5 ps and ∼75 ps [28]. In the
time resolved lifetime measurements we perhaps miss a fast
component (of the order of a few picoseconds) due to the
limitation of instrumental resolution (IRF ∼80 ps), however,
the 0.07 ns component (which is well within the instru-
mental resolution) as obtained in case of Oligo2 is
consistent with the slower time scale of ET reaction as
reported earlier [28]. On the other hand, in the case of
Oligo1 (mixture of AT & GC) the intercalation of NB
between two AT base pairs protect the NB from the ET
process [26, 27] and the quenching of the probe due to

proton transfer in the buffer [29, 30] which eventually
releases the quenching partially in case of Oligo1 and
genomic DNA [2]. In case of Oligo3, the probe is
intercalated in a purely AT environment wherein the ET
possibility is very low [28] and subsequently the quenching
is fully released in comparison to Oligo1, wherein quench-
ing is only partially released due to the presence of certain
extent of GC. This points out to the fact that the GC base
pair is responsible for the observed quenching of NB
fluorescence.

To reconfirm the dual binding nature of NB with the
oligomers, we perform gel electrophoresis experiment using
NB and another well known DNA intercalator, ethidium
bromide (EB) [14, 31] in both low ([NB]:[DNA]=1:2.5] (in
the electrostatic binding regime) and high ([NB]:[DNA]=
1:25] (in the intercalative binding regime) concentrations of
DNA. The results are depicted in Fig. 4. Note that we have
not used Oligo3 for the gel electrophoresis study as it has a
very low melting point and might not retain its physiolog-
ically relevant conformation at room temperature. As can
be observed from the figure, distinct band is obtained for
NB at high DNA concentration in both the oligomers (lane
F and H), specially for Oligo 2, identical to that obtained
for the EB system. The distance traveled by NB-DNA is
comparable to that of EB-DNA confirming the intercalative
nature of binding of NB with DNA. On the other hand, for
low DNA concentration systems, the bands are not
prominent and the lanes are smeared for NB-DNA (lane B
and D), whereas EB-DNA travel identical distances (lane A
and C) as that in the high DNA concentration systems (lane
E and G). It could be noted that DNA is negatively charged
at neutral pH and during an electrophoresis measurement
when an electric potential is applied in it, it moves to the
positive pole. As NB is positively charged and electrostat-
ically binds with DNA, it neutralizes the charge of DNA
surface resulting in the slow movement of the DNA in the

Fig. 4 Electropherogram for diluted DNA samples ([NB]:[DNA]=
1:2.5]: (a) EB-Oligo 1, (b) NB-Oligo 1, (c) EB-Oligo 2, (d) NB-Oligo
2; concentrated DNA samples([NB]:[DNA]=1:25]: (e) EB-Oligo 1, (f)
NB-Oligo 1, (g) EB-Oligo 2, (h) NB-Oligo 2
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low DNA concentration regime. Also, while moving
through the lane, DNA releases weakly surface-bound
(electrostatically) NB and makes the lane smeared. Thus
the gel electrophoresis study confirms both electrostatic as
well as intercalative binding mode of NB with DNA.

Intercalation of small ligands into the base pairs of DNA
requires formation of an intercalation cavity, into which
drugs/ ligands may penetrate, followed by the formation of
additional molecular interactions (like hydrogen bonding,
Van der Walls stacking etc.) to anchor the complex.
Thermodynamic studies reveal that binding of intercalators
is clearly driven by large favorable enthalpy contribution
and is opposed by entropy [32]. Base pair separation upon
intercalation costs energy, which is partially regained upon
intercalation by the formation of base pair-drug stacking.
Also anchoring interactions like hydrogen-bond formation
between drug and nearby bases provide additional favor-
able enthalpy. Intercalation results in both lengthening and
stiffening of the DNA duplex, along with a damping of
motions within the helix [33]. This rigidity of the DNA
ought to extract an entropic cost making intercalation an
entropically forbidden process. To check whether the gain
in enthalpy is sufficient to compensate the entropic cost
under stressed conditions, we study the effect of SDS
micelles on the photophysical properties of NB in presence
of the oligomers. Formation of micelles is a strongly
entropy driven process [34] and its hydrophobic core can
accommodate small hydrophobic molecules like NB. The
effect of SDS micelles on the DNA-binding of NB at DNA
concentration of 100 μM is shown in Fig. 5. As evident
from Fig. 5a, in the presence of DNA a red shift of the
fluorescence maximum occurs along with a decrease in the
intensity. Upon addition of 50 mM SDS, the peak suffers a
blue shift with a huge increase in fluorescence intensity
indicating a protected residence of the dye in micellar
environment, compared to that in the DNA. To check the
structural integrity of DNA in presence of SDS micelles, we
perform the CD experiment on 20 μM Oligo1 in absence
and presence of 50 mM SDS (Fig. 5b). As evidenced from
Fig. 5b, the DNA retains its native B-form in presence of
SDS micelles. The corresponding time-resolved study is
presented in Fig. 5c. It can be observed that in presence of
50 mM SDS, the contribution of the fast component,
originally present in Oligo1 becomes insignificant with a
slow component of 1.2 ns as the major one, similar to that
of an SDS micellar system. Identical conclusion can also be
drawn from the anisotropy study (inset of Fig. 5c) wherein
a clear indication of a migration of the dye NB from DNA
to micellar environment is evidenced. Similar trends are
also observed for the Oligo2 and Oligo3 systems.

Exclusion of the intercalated dye from the oligomers by
SDS micelles is interesting because the DNAs and SDS
micelles are supposed to be non-interacting owing to their

Fig. 5 a Fluorescence spectra of NB in (1) water, (2) 100 μM Oligo1,
(3) 100 μM Oligo1 in presence of 50 mM SDS. b Circular dichroism
(CD) spectra of 20 μM Oligo1 in absence and presence of 50 mM
SDS. c Picosecond resolved fluorescence transients of NB in presence
of 100 μM Oligo1 and 50 mM SDS. The corresponding time resolved
anisotropy, r(t) profiles are given in the insets
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similar surface charge. Izumrudov et al. [35] earlier
proposed that an exclusion of intercalated EB from DNA
in presence of cationic micelles was prompted by hydro-
phobic interactions between the planar aromatic ethidium
ring and the surfactant tail group. It could be noted that the
intercalation process of a small ligand into the base pairs of
DNA is a dynamical equilibrium process in which ligand
monomers are in equilibrium with the intercalated ones
[36]. The present study shows that in presence of SDS
micelles, the equilibrium process is shifted toward the
dissociation of intercalated NB monomers from the DNAs.
This result infer that in order to affect the rate of
dissociation of NB from DNA, the SDS micelles have to
bind or at least have to get very close to the negatively
charged DNA surface. However, the presence of aromatic
ring systems in combination with positive charge of NB
might produce transient electro-neutral regions on the DNA
surface that attracts the negatively charged SDS micellar
surface [37]. Also the hydrophobic environment of SDS
micelles might favor transient openings of the otherwise
quite compact DNA duplex structure, which provides a safe
residence for exposed hydrophobic moieties of the interca-
lated ligands. A detailed thermodynamic study of the
intercalated NB-DNA dissociation and free NB-SDS
micelle association is of potential importance and is
underway in our laboratory.

Conclusions

In the report we explore the nature of binding interaction of
a fluorescent dye/drug Nile blue (NB) with synthetic
oligonucleotides of known sequences. Picosecond resolved
fluorescence quenching and polarization analyzed anisotro-
py of NB in the DNAs clearly reveal the interaction of the
probe with the DNA molecules. Our studies depict two
types of binding modes of the probe drug with DNAs; non-
specific electrostatic at lower DNA concentration and
intercalative at the higher DNA concentration in the
solution. The former is responsible for quenching of NB
fluorescence, whereas the latter partially releases the
quenching in Oligo1 and fully in Oligo3. The nature of
photo induced electron transfer (ET) reaction of NB upon
intercalation into the DNA base pairs, are also evident from
our studies. The nature of the binding of NB in presence of
the oligomers and SDS micelles reveals more stable NB-
micelle complexation compared to that with the DNA
revealing entropic contribution in the process of NB-
complexation with other macromolecules. The structural
integrity of the DNAs in presence of SDS micelles is
confirmed by CD studies. Our studies can be effectively
used to understand the complexation mechanism of the
non-toxic drug NB with DNA.
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