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a  b  s  t  r  a  c  t

Photoluminescence  behavior  of ethidium  bromide  (EB)  was  studied  in  homogeneous  solvents  as  well as
in presence  of bile  acid surfactants.  A quantitative  analysis  based  on Kamlet–Taft  equation  toward  the
contribution  of  different  solvatochromic  parameters  like  solvent  polarizability  (�*), hydrogen  bond  donor
(˛) and hydrogen  bond  acceptor  (ˇ)  ability,  on  EB  spectral  properties  reveals  that  though  fluorescence
quantum  yield  and  lifetime  do not  show  any  straight  forward  correlation  individually,  the  substantial
eywords:
luorescence solvatochromism
thidium bromide
luorescence quenching
ile acid

decrease  in  these  quantities  is  due  to  the  increase  in total  nonradiative  decay  rate  in polar  protic  medium.
The  interaction  of  EB with  bile  acid hosts  gives  rise  to  large  increase  in  fluorescence  intensity  due  to
shielding  of  the  probe  in  less  hydrogen  bonding  environment.  Global  analysis  of  the  fluorescence  decay
behavior  indicates  that  more  than  50%  of  the  fluorophores  get sequestered  inside  the  micellar  sub-domain
with  an  apparent  binding  constant  of  ∼103 M−1.
lobal analysis

. Introduction

Ethidium bromide (3,8-diamino-5-ethyl-6-phenyl phenanthri-
iniumbromide, EB) is a cationic dye and an antiviral drug that

nteracts strongly and specifically with both double stranded DNA
nd RNAs. They bind DNA and RNA via intercalative mode between
djacent base pairs and elongate of double helical structure [1–8].
ecause of the appreciable change in fluorescence intensity upon
inding, EB is widely used as fluorescence bio-marker. More than 10
old increase in the emission intensity and decay time is observed
hen EB binds to DNA in comparison with the bulk water [9].  There

re numerous studies on EB with polynucleotide; however, surpris-
ngly, reports on the investigation of EB fluorescence enhancement
pon binding with DNA as well as possibility to use it as fluores-
ence probe in microenvironments other than DNA are relatively
carce. To understand the solvent dependent photophysics and
uorescence intensity change in EB, Olmstead and Kearns [10] con-
luded that the amino proton of the ethidium ion becomes quite
cidic in one of its quinoid structures (see Chart 1), even in the
round state, which further increases in the excited state so that
B donates one of the amino protons to the surrounding solvent
nvironment. This excited state proton donation process is the

ost dominant relaxation pathway and responsible for the low flu-

rescence yield in polar/protic solvents. Based on these findings
nd further investigation, Pal et al. [11] recently suggested that

∗ Corresponding author. Tel.: +91 364 2722634; fax: +91 364 2550076.
E-mail addresses: smitra@nehu.ac.in, sivaprasadm@yahoo.com (S. Mitra).

010-6030/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jphotochem.2012.06.019
© 2012 Elsevier B.V. All rights reserved.

the nonradiative pathway of EB strongly depends on the hydro-
gen bond accepting (HBA) basicity of the solvent rather than the
polarity.

Research in the field of bile acids (BAs) has received consid-
erable interest in recent times both from their biochemistry and
physiology [12–14].  BAs are steroid acids found predominantly in
the bile of mammals. Bile acids aid in fat absorption and modulate
cholesterol levels. They are produced from cholesterol in the liver
and are stored in the gall bladder. Gall bladder contraction with
feeding releases bile acids into the intestine. Bile acids undergo
enterohepatic circulation, i.e. they are absorbed in the intestine
and taken up by hepatocytes for re-excretion into bile. Measure-
ment of bile acid concentrations is, therefore, a good indicator of
hepatobiliary function, but is not specific for the type of underlying
diseases.

The most important bile acids in humans are cholic acid
(CA), deoxycholic acid (DCA), and chenodeoxycholic acid (CDCA)
(Scheme 1). All bile acids consist of two  connecting units, a rigid
steroid nucleus and a short aliphatic side chain [15]. The steroid
nucleus of BAs has the saturated tetracyclic hydrocarbon perhy-
drocyclopentanophenanthrene, containing three six-member rings
and a five member ring. The one or more �-oriented hydroxyl
groups of BAs are put on the concave surface (�-face) of the steroid
backbone and the methyl groups are positioned on the opposite
convex side (�-face). Free molecules of BAs, normally cylindrical

shapes of 20 Å long with a radius of about 3.5 Å, have a great surface
activity and inclination to the formation of large aggregates, owing
to the difference in orientation of hydrophilic and hydrophobic
groups on the steroid ring systems.

dx.doi.org/10.1016/j.jphotochem.2012.06.019
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:smitra@nehu.ac.in
mailto:sivaprasadm@yahoo.com
dx.doi.org/10.1016/j.jphotochem.2012.06.019
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Table 1
Solvent parameters.

No. Solvent �f(ε,n)a ET(30)b ˛c ˇc �*c

1 1,4-Dioxane 0.03 36 0 0.37 0.55
2 Ethyl acetate 0.19 38.1 0 0.45 0.55
3 Terahydrofuran 0.21 37.4 0 0.55 0.58
4  Dichloromethane 0.22 40.7 0 0.1 0.81
5 1-Butanol 0.26 49.7 0.84 0.84 0.47
6  Dimethyl sulfoxide 0.26 45.1 0 0.76 0.1
7  Dimethyl formamide 0.27 43.2 0 0.69 0.88
8  1-Propanol 0.27 50.7 0.84 0.9 0.52
9 Isopropyl alcohol 0.27 48.4 0.76 0.95 0.48

10  Accetone 0.28 42.2 0.08 0.48 0.71
11 Acetonirile 0.3 45.6 0.19 0.4 0.75
12  Methyl alcohol 0.31 55.4 0.98 0.66 0.6
13  Water 0.32 63.1 1.17 0.47 1.09

a Polarity parameter
(

= ε−1
2ε+1 − n2−1

2n2+1

)
where, solvent dielectric constant and

(product no. C1129, D2510 and C9377, respectively) and used as
received in freshly prepared aqueous buffer solution of pH = 9.2 by

S
i

hart 1. Structures of different resonance forms of ethidium bromide (EB).

In contrast to the spherical nature of the pseudo-particle formed
ue to the self aggregation of linear surfactant molecules like
odium dodecyl sulfate (SDS), cetyltrimethyl ammonium bromide
CTAB) and/or triton-X 100 (TX-100), the BAs consist of a rigid
teroid backbone giving rise to the concave side with polar hydroxyl
roup (�-face) and the methyl groups in the convex side (�-face).
ggregation of BAs in aqueous solution is due to hydrophobic inter-
ction of the apolar �-faces of steroid backbones with possibility
f further aggregation through hydrogen bonding in the �-faces
16]. This unique arrangement based on facial amphiphilicity ren-
ers a different aggregation pattern in BAs (Scheme 1) unlike the
onventional surfactants; where, the micellar structure is mostly
pproximated to be spherical originated from the mutual arrange-
ent of the head and tail groups with different hydrophobicity

17–20]. Therefore, to study the interaction of EB with aggregated
A host seems interesting and can be approximated as a biologi-
al model to mimic  the DNA intercalation process. In this work we
eport the results of detailed steady state and time-resolved study
n the fluorescence behavior of EB in several homogeneous envi-

onments consisting of neat and mixed solvent systems, and also
n presence of BAs like CA, DCA and CDCA.

cheme 1. Structures of different bile acid (BA) used in this study. The two step aggregatio
n  the lower panel.
refractive indices are represented by ε and n, respectively.
b Reichardt solvent parameter.
c Kamlet–Taft solvent parameters.

2. Experimental

Analytical grade ethidium bromide (EB) was  procured from
Sisco Research Laboratories (SRL), India (product no. 054817) and
the purity was  checked by chromatographic techniques before use.
The organic solvents used were of spectroscopic grade (>99.5%) as
received from Alfa Aesar and, in some cases, from Aldrich Chemi-
cal Company. The solvents and the corresponding solvatochromic
parameters are listed in Table 1. The bile acids viz. CA, DCA and
CDCA were all obtained from Sigma–Aldrich Chemical Pvt. Ltd.
dissolving one buffer tablet obtained from Qualigens fine chemi-
cals (a division of GlaxoSmithkline Pharmaceuticals Ltd.), India in

n pattern of BA monomers adapted from reference [33] has also been demonstrated
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ig. 1. Normalized absorption (a) and fluorescence emission (b) spectra of 6 �M EB
he  sample in the low energy absorption region in each case.

00 ml  water. The water used as solvent in all the measurements
as obtained from Elix10 water purification system (Millipore

ndia Pvt. Ltd.). All experiments were carried out at ambient tem-
erature of 293 K. EB is sparingly soluble in some of the organic
olvents studied here. In those cases, the working solution in the
oncentration range of about 5–10 �M was prepared by diluting

 very small quantity of stock EB solution in acetone with excess
mount of desired solvent (>95%, v/v) and subsequent removal of
cetone with slow evaporation, wherever possible. The final con-
entration was estimated photometrically by checking the optical
ensity at 480 nm (ε480 = 5860 cm−1 M−1) [21]. It is already known
hat EB forms the dimer in solution at the concentration range of
10−3 M and because of the very low value of the dimerization

onstant (∼50 M−1 in aqueous medium at 293 K), the possibility of
ormation of higher aggregates is negligible [22,23]. The concentra-
ion range of EB used in this study is less by about three orders of

agnitude and rules out the possibility of the presence of EB dimer
nd/or any higher order aggregates.

Steady-state absorption spectra were recorded on a Perkin-
lmer model Lambda25 absorption spectrophotometer. Corrected
uorescence spectra were taken in a Hitachi model FL4500 spec-
rofluorimeter. Quartz cuvettes of 10 mm optical path length
eceived from PerkinElmer, USA (part no. B0831009) and Hellma,
ermany (type 111-QS) were used for measuring absorption and
uorescence spectra, respectively. In both fluorescence emission
nd excitation spectra measurements, 5 nm bandpass was  used
n the excitation and emission side. Fluorescence quantum yields
�f) were calculated by comparing the total fluorescence intensity
F) under the whole fluorescence spectral range with that of qui-
ine bisulfate in 0.5 M H2SO4 solution (�s

f
= 0.546 [24]), using the

ollowing equation.

i
f = �s

f .
Fi

Fs
.
1 − 10−As

1 − 10−Ai
.

(
ni

ns

)2

(1)

here, Ai and As are the optical density of the sample and standard,
espectively, and ni is the refractive index of solvent at 293 K. The
elative experimental error of the measured quantum yield was
stimated within ±10%.

The fluorescence decay curves in homogeneous solvents as well
s in presence of bile acids were obtained using LED based time
orrelated single photon counting (TCSPC) system obtained from

hoton Technology International (PTI). The excitation was done
t 525 nm.  The instrument response function (IRF) was  obtained
y using a dilute colloidal suspension of dried non-dairy coffee
hitener. The experimentally obtained fluorescence decay traces
ion in some selected solvents. The fluorescence emission was  collected by exciting

I(t), collected at the magic angle (54.7◦) to eliminate any contri-
bution from the anisotropy decay, were expressed as a sum of
exponentials (Eq. (2))  and analyzed by non–linear least–square
iterative convolution method based on Lavenberg–Marquardt [25]
algorithm as implemented in the data analysis software (FelixGX
version 4.0) from PTI.

I(t) =
∑

i

˛iexp
(−t

�i

)
(2)

where, ˛i is the amplitude of the ith component associated with
fluorescence lifetime �i such that

∑
˛i = 1. The reliability of fit-

ting was  checked by numerical value of reduced chi-square (�2),
Durbin–Watson (DW) parameter and also by visual inspection of
residual distribution in the whole fitting range [26].

3. Results and discussion

3.1. Steady state and time-resolved fluorescence in homogeneous
media

Fig. 1 depicts some representative absorption and emission
profile of EB in homogeneous solvents; whereas, the spectral
parameters are collected in Table 2. As noted earlier, EB shows an
intense UV band along with one weaker charge transfer absorp-
tion at ∼500 nm in all the solvents. Excitation at both the major
absorption bands leads to emission at ca. 600 nm.  The fluorescence
decay time (�f) of EB in different solvents is also incorporated
in Table 2. In most of the solvents EB fluorescence shows single
exponential decay (Fig. 2a) and the calculated lifetimes are in good
agreement with those reported earlier [10,11].  Slight difference
in �f values is also noted from the data reported by Pal et al.
[11] in some of the solvents. This might be due to the different
excitation wavelength used to measure the fluorescence decay
time. Nevertheless, the most important observation is that in some
of the solvents mentioned in Table 2, two-exponential fitting is
required for adequate reproduction of experimental data points
as confirmed by better statistical parameters and also by visual
inspection of the distribution of weighted residual/autocorrelation
function etc. Some of the representative examples are shown
in Fig. 2b as well as in the supplementary section (Fig. 1S). The
appearance of the small fraction of second component with slower

decay time, particularly in higher alcohols, might be considered
as due to the solvated charged species (ethidium ion). Instead
of giving too much importance to individual decay components,
we define the amplitude weighted average decay time (given
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Table  2
Fluorescence spectral properties of EB in homogeneous solvents.a

Solvent Absorption maxima/nm Emission maxima/nm Stokes shiftb/cm−1 Fluo. yieldc Average lifetimed/ns

1 300, 544 625 2050.5 0.0061 –
2 297,  535 610 2298.1 0.0031 –
3 292,  528 600 2272.7 0.0666 10.5
4  292, 515 593 2554.1 0.2055 14.6
5 298,  539 621 2449.8 0.0961 5.9
6  300, 535 624 2665.9 0.0218 4.7
7  298, 533 618 2580.5 0.0327 5.2
8  298, 537 619 2466.9 0.0690 6.3
9 298,  541 615 2224.1 0.0753 -

10  297, 520 593 2367.4 0.0086 9.0
11 292, 513 597 2742.7 0.2293 9.2
12  294, 524 610 2690.5 0.0698 6.0
13  285, 480 599 4138.8 0.022 1.9

a The name of the solvents are listed in Table 1.
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b Stokes shift (��SS) calculated based on low-energy absorption band.
c Fluorescence quantum yield (�f), error limit ± 10%.
d Average fluorescence lifetime (〈�〉) calculated from Eq. (3),  error limit ±0.1 ns.

n Eq. (3)) of EB to discuss the fluorescence decay behavior. The
alculated values are also listed in Table 2.

�〉 =
∑

i

˛i × �i (3)

.2. Solvatochromism in EB spectral properties

As with the ground state absorption bands, the relatively broad
uorescence emission band of EB is also sensitive to its microen-
ironment. However, apparently none of the spectral parameters
how any significant degree of correlation with the solvent prop-
rties. Previously, the increase in EB fluorescence quantum yield
�f) and lifetime (�f) has been related to the solvent hydrogen
ond accepting ability (HBA) [11]. However, the observations were
estricted in few solvents only and a global picture of solvent effect
as lacking. Furthermore, the solvent dependence of absorption

nd fluorescence spectral shift was not discussed at all. In this
eport we try to analyze variation in spectral position as well
s intensity in terms of several solvent parameters. Interestingly,
he Stokes shift shows almost similar correlation either with the
olarity parameter �f  (ε,n), calculated from the solvent dielectric

onstant (ε) and refractive indices (n) with the following relation:

f (ε, n) = ε  − 1
2ε + 1

− n2 − 1
2n2 + 1

(4)

ig. 2. Time-resolved fluorescence decay traces (open circle) of 6 �M EB solution in som
esponse function (IRF) for single exponential case (a) and two exponential case (b). T
istribution of weighted residuals and other statistical parameters.
or, with solvent polarity scale, ET(30). The resultant correlation
diagrams are shown in the supplementary section (Fig. 2S). The
uni-parametric empirical solvent polarity scale, ET(30), essentially
depends on both the solvent dielectric properties and hydrogen
bonding ability [27]. Therefore, the combined effect of solvent
polarity and hydrogen bonding on spectroscopic parameters of EB
were analyzed by means of the linear solvation energy relation-
ship (LSER) concept using Kamlet–Taft relation given below (Eq.
(5)) [28],

P = P0 + s�∗ + a  ̨ + b  ̌ (5)

where, P is the value of the solvent dependent property to be mod-
eled, P0, s, a and b are the coefficients determined from the LSER
analysis. The term �* indicates the measure of solvent dipolar-
ity/polarizability [29], whereas, ˛ and ˇ is the scale of hydrogen
bond donation acidity and acceptance basicity of the solvent,
respectively [30]. The corresponding parameters for all the solvents
are taken from literature [31,32] and the correlations were carried
out by multiple linear regression analysis as implemented in ORI-
GIN 6.0 (Microcal Inc.) program package as discussed before [33,34].
Fig. 3a shows the correlation diagram for the Stokes shift and the
correlation equation is given below. It is readily seen that the max-

imum contribution (ca. 40%) in EB Stokes shift is due to solvent
�*. This strong correlation can be explained by the fact that both
the absorption and fluorescence emission maxima of charged EB
are strongly modulated by solvent dielectric properties, as indeed

e of the selected solvents along with the fitting data (solid line) and instrument
he requirement of two exponential fitting in (b) is confirmed by comparing the
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ig. 3. Correlation diagram of EB Stokes shift (��SS) (a) and total nonradiative deca
sing  Kamlet–Taft equation.

entioned before.

SS(cm−1) = 2150.04 + 636.70 ×  ̨ − 483.48 ×  ̌ + 759.13 × �∗

(6a)

nr(109, s−1) = −0.0498 + 0.116 ×  ̨ + 0.0997 ×  ̌ + 0.1732 × �∗

(6b)

However, neither fluorescence quantum yield (�f) nor the
ecay time (�) shows any correlation with the solvent properties.

nstead, the total nonradiative decay parameter, 	nr = (1 − �f)/�f,
hows reasonably good correlation (Fig. 3b) with the relationship
ndicated in Eq. (6b). Again, contribution from �* is the maximum;
nd interestingly, increase in values of solvent parameters lead to
he increase in total nonradiative rate, which essentially implies
he lowering in the value of either �f or �f or both. This observation
s consistent with earlier reports [10,11] and can explain very low
alues of �f and �f of EB in water and/or polar protic solvents in
omparison with other organic solvents. Interestingly, the spectral
arameters of bulk water solution never correlate with other
olvents indicating a different and more complicated deactivation
echanism. Similar observation has also been reported earlier for

B solvatochromism. Also, it is seen in Fig. 3(b) that the 	nr value
n case of DMSO is not correlated at all with other solvents. It is to
e noted here that DMSO is a strongly basic solvent with high ˇ
alue; however, both the  ̨ as well as �* values are extremely low
Table 1). This further indicates that solvatochromism in EB is not
ontrolled by solvent basicity (ˇ) only, other parameters like ˛ and
* also play crucial role. Recently we have shown that the excited

tate photophysics of strongly fluorescent luminol molecule is
ainly controlled by solvent acidity (˛) only [33]; however,

or a biologically important flavin like 7,8-dimethylalloxazine
ith almost similar structure to luminol, both solvent �* and

 contribute almost equally in the excited state photophysics
34]. On the other hand, the fluorescence spectral properties of
n intramolecular charge transfer (ICT) probe like trans-ethyl
-(dimethylamino) cinnamate is exclusively controlled by solvent

* parameter only [35]. Obviously, it is not possible to make any
eneral statement on the variation of spectroscopic behavior of
uorescent molecules with solvent parameters; though careful
nalysis certainly reveals the nature of excited state for a particular
 (	nr) (b) with theoretically predicted values obtained multiple regression method

system. In case of EB, interaction with the solvent might drastically
change the relative ordering of the excited state energy levels. With
increasing �* and  ̨ (for example in water) both the fluorescence
yield (�f) and lifetime (�f) decreases to a considerable extent
resulting an increase in total nonradiative rate constant (	nr).

3.3. Steady state and time-resolved fluorescence behavior of EB in
mixed solvents

To study the influence of solvent on the excited state pho-
tophysical properties of EB, both steady state and time-resolved
fluorescence of EB were studied in three homogeneous solvent
mixtures, viz. acetonitrile/water, methanol/water and acetoni-
trile/DMSO. Addition of water in neat solution of EB either in
acetonitrile or methanol decreases the fluorescence intensity
gradually without any substantial change in the spectral posi-
tion (Fig. 4); more particularly for the acetonitrile/water system.
The fluorescence quenching data follow simple Stern–Volmer
(S–V) relationship till ∼80% (v/v) water content in acetonitrile
before undergoing an upward deviation. Similar observation was
also made for EB/methyl alcohol solution at about ∼65% (v/v)
water content. The S–V quenching constant was calculated from
the linear segment of the data points and found to be about
(9.0 ± 0.4) × 106 M−1 s−1 in both the cases. The deviation at high
water content can be understood easily by considering a different
solvation of the excited EB ion, as indeed observed in the previous
section and also mentioned earlier [11]. However, the quenching
of EB/acetonitrile solution in presence of DMSO is entirely differ-
ent. Addition of even ∼20% (v/v) DMSO causes the fluorescence
red-shift of ∼18 nm along with four fold decrease in fluorescence
intensity. This observation is further confirmed from the steady
state data of EB in pure solvents (Table 2). From the data of EB fluo-
rescence maximum in different solvents, it is clear that the shift in
acetonitrile/water and methanol/water mixed solvents vary within
the range 2–10 nm;  however, for acetonitrile/DMSO system it is
more than 25 nm.  Also, the fluorescence lifetime decreases to about
4.3 ns even in presence of ∼20% (v/v) DMSO from 9.2 ns in pure ace-
tonitrile. S–V analysis in this case shows a downward curvature;
however, fluorescence lifetime remains more or less constant with
further increase in DMSO content (Fig. 5). With all these notable

differences, it can be concluded that the quenching of EB fluores-
cence in presence of DMSO follows a different type of interaction
compared with water, which is induced probably due to very strong
basic nature of DMSO.
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ig. 4. Water assisted fluorescence quenching of EB in acetonitrile (a) and methyl a
nd  9 for (a) and (b), respectively. Inset shows the Stern–Volmer analysis of quench

.4. Fluorescence enhancement of EB in presence of bile acid hosts

To study the influence of the medium on excited state photo-
hysical properties of EB, fluorescence titration experiment of EB
as done in presence of several bile acids (BAs) like CA, DCA and
DCA in aqueous buffer of pH 9.2. Although EB fluorescence maxi-
um  position and yield remain unchanged at this pH, fluorescence

ecay time was measured to be 1.6 ns in contrast to the corre-
ponding value of 1.9 ns in neat water solution (the pH of which
as independently measured to be 6.1) described in previous sec-

ions. On gradual addition of BA, the absorption spectral profile is
ffected only marginally even in presence of highest concentration
f BA. The little increase in optical density of EB in presence of BAs
s due to greater solubilization of the probe in water in presence
f micellar environment. Slight red shift in absorption peak posi-
ion of EB is also observed (Fig. 6a). Similar behavior was observed
n the excitation spectra also. However, gradual addition of BAs is
ssociated with a slight red shift in the emission maximum along

ith appreciable increase in fluorescence intensity in all the cases

Fig. 6b–d) indicating a strong excited state interaction of EB with
As. Interestingly, while EB fluorescence maximum is red shifted
y about 5 nm in both the cases of DCA and CDCA in comparison

ig. 5. Fluorescence quenching of EB/acetonitrile solution in presence of DMSO.
EB] = 6 �M and volume % of DMSO = 0(1), 20 (2), 40 (3), 60 (4), 80 (5) and 100 (6).
ote that the data for the solutions from 2 to 6 were increased three times to make a

egible presentation along with 1. Inset shows the Stern–Volmer analysis of quench-
ng  data based on intensity (filled square). The variation of EB fluorescence lifetime
empty square) with increase in DMSO concentration is also shown.
l (b). Volume % of water = 0(1), 20 (2), 40 (3), 60 (4), 80 (5) and 100 (6). [EB]/�M = 6
ta based on intensity (filled square) and lifetime (empty square).

with that in aqueous buffer solution of pH 9.2, no detectable shift
is observed in the case of CA. In analogy with the DNA intercalation
mechanism, the fluorescence enhancement of EB in presence of BAs
can also be assumed due to the binding of the probe in the micellar
sub-domain. The red-shift in fluorescence emission maximum in
the presence of DCA and CDCA is indicative of a strong interaction
of EB with these micelles in comparison the CA.

The striking feature of BA aggregation is that it is characterized
by at least two cmc  values. According to the primary–secondary
micelle model of Small [36], at low concentrations, the BAs form
small primary micelles with a characteristic cmc  value. In this
micelle, the BAs turn toward each other by their hydrophobic �-
face. At the concentration range beyond second cmc, these primary
micelles attach together to form large secondary micelles by hydro-
gen bonding interactions through their hydrophilic outer surface,
resembling the internal hydrogen bonding pattern in DNA base
pairs. A cartoon diagram of this aggregation pattern is shown in
lower panel of Scheme 1. Also, in one of the relatively recent report
by Lee et al. [37], it was shown that the interior polarity of the
micro-aggregates formed from DCA modified chitosan is substan-
tially reduced when compared with bulk water. Overall, it can be
envisaged that, on binding with the BAs, EB is partially shielded
both from dipolar and hydrogen bonding interaction originated
from the solvent surroundings. Naturally, this leads to a decrease
in total nonradiative rate (Eq. (6b)) and therefore, the fluorescence
intensity increases substantially.

It is known that for the formation of primary micelle in BAs, the
aggregation number is very small and it shows rather weak depen-
dence on the surfactant concentration. The maximum surfactant
concentration, for all the BAs used in this study, is always within
20 mM range and the aggregation number for the primary micelle
formation can be assumed to be constant. With this approxima-
tion, qualitative estimation of the binding constant (KS) values of
EB with different BAs can be made within the model proposed by
Hirose and Sepŭlveda [38] and successfully applied to a number of
systems earlier [19,20] using the following equation.

F − F0

Fm − F0
= KS × [Dt] (7)

where, F, F0, and Fm are the area under the whole fluorescence emis-
sion spectra of the probe in the surfactant, buffer solution and in
fully micellized conditions, respectively. [Dt] is the total surfactant
concentration.
A plot of (F − F0)/(Fm − F0) vs. [Dt] gives a straight line,
the slope of which gives the value of the binding constant,
KS. The corresponding values for CA, DCA and CDCA were
found to be (0.63 ± 0.12) × 103 M−1, (2.04 ± 0.50) × 103 M−1 and
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ig. 6. (a) Absorption spectra of EB solution in aqueous buffer of pH = 9.2 (i) and in 

ddition of BAs. [EB] = ∼10 �M in each case. Inset shows the variation in fluorescen

2.20 ± 0.34) × 103 M−1, respectively which clearly indicates that
he binding of EB is ca. 3–4 times stronger in DCA and CDCA in
omparison with CA as indeed predicted earlier from fluorescence
pectral shift. The data indicate that the replacement of hydroxy
roups from the steroid ring increases the affinity of BA for EB. It is
ndeed well known that in vitro binding of BAs to exogenous sub-
trates depends on the specific binding nature [39] and, therefore,
he binding constant values in different cases may  vary over huge
ange depending on the substrate as well as the receptor. Neverthe-
ess, the binding constant values measured from the fluorescence
ased study on the interaction of BAs with human serum albumin
103–104 M−1) [40] is in good agreement with the values calculated
rom the present study. Interestingly, the binding constants of EB
ith the BAs calculated here is almost an order of magnitude higher

han the corresponding values for an organic charge transfer system
eported earlier [20]. On the other hand, EB binding to DNA base
airs as well as to different generation starburst dendritic struc-
ures occur with moderate binding affinity (104–106 M−1) [5,41].
he higher magnitude of EB binding to BAs indicates a favorable
ode of intercalating interaction possibly due to different aggre-

ation pattern in biological surfactants.

.5. Fluorescence decay behavior of EB in presence of bile acid
osts
Excited state lifetime of a fluorophore in a micellar solution
erves as a sensitive parameter for exploring the local environment
nd sequestration of fluorophore in micro-heterogeneous media.
t also contributes to the understanding of different interactions
ce of 14 mM CA (ii); (b–d) Enhancement of EB fluorescence emission with gradual
nsity at 597 nm with BA concentration.

between the probe and the micellar sub-domains [42]. On  the basis
of this time-resolved fluorescence was monitored for EB with each
addition of different concentration of BAs. As mentioned earlier,
the aqueous buffer (pH 9.2) solution of EB undergoes single expo-
nential decay with a fluorescence lifetime of 1.6 ns. However, in
micellar solutions, the decay curves show significant contributions
from more than one component as evidenced by the visual inspec-
tion of distribution of weighted residuals as well as the reduced �2

values (Fig. 7) in presence of all the BAs studied here. Global analy-
sis of all the decay functions at varying concentration of individual
BA results an additional decay component of 4.6 ± 0.1 ns along with
the ∼1.7 ± 0.1 ns component. In analogy with the previous discus-
sion, the short lifetime component is essentially the fraction of total
EB concentration remaining in the aqueous phase; whereas, the
long component is due to the sequestered fluorophore bound in
the micellar sub-domain.

Analysis of the variation of component contribution toward
the total fluorescence decay indicates that the contribution of
micelle bound EB having slower fluorescence decay time increases
as we go on increasing the concentration of BA in the solu-
tion. This is quite obvious, as it is expected that the fraction of
sequestered fluorophore will increase with increase in BA concen-
tration. Interestingly, the ratio of the two component contribution,
when plotted against BA concentration, shows a sharp break point
in all the cases within 6.8 ± 0.3 mM concentration (Fig. 7, inset).

As discussed above, the concentration range of BAs used in the
present study only deals with the formation of primary micel-
lar structure; therefore, this break point and the corresponding
concentration can apparently be approximated as an indicator of
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istribution of weighted residuals in one and two  exponential fitting, respectively.

ritical micelle concentration (cmc). The estimated cmc values
re in good agreement with the data available in the literature
43].

. Conclusions

The detailed fluorescence behavior and solvatochromism of
thidium bromide (EB) was studied in neat and mixed homoge-
eous solvents as well as in presence of natural surfactants like bile
cid by steady state and time-resolved fluorescence spectroscopy.
he observed solvatochromism and increase in fluorescence inten-
ity of EB in polar aprotic media is rationalized by multi-parametric
pproach using Kamlet–Taft equation. It has been found that the
otal nonradiative decay rate is strongly correlated with solvent
roperties and explains the dramatic decrease in either fluo-
escence yield or lifetime of EB in polar protic environment.

ater assisted EB fluorescence quenching either in acetonitrile
r methanol follows simple Stern–Volmer (SV) mechanism; how-
ver, strongly basic solvent DMSO quenches the fluorescence in an
ntirely different mechanism. All the BAs bind EB with moderate
ffinity and causes significant increase in fluorescence intensity by
hielding the fluorophore from relatively more polar and hydrogen

onding aqueous phase. The heterogeneous distribution of fluo-
ophore in micellar sub-domain is evident from additional slower
uorescence decay component. The sharp break point observed

n the population ratio of long to short decay component can
ion of pH = 9.2 in presence of CA (a), DCA (b) and CDCA (c) along with the simulated
ncentration of bile acids was ∼11.2 mM in all the cases. The upper panels show the

efficiently monitor the onset of primary aggregation pattern in BA
micelles.
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