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bstract

The fluorescence of aniline blue in the presence of bovine serum albumin (BSA) was investigated using total luminescence spectroscopy (TLS),
uorescence emission and synchronous fluorescence spectra. The fluorescence exhibits appreciable hypsochromic shift along with an enhancement

n the fluorescence yield. It is suggested that the polarity-dependent twisted intramolecular charge transfer (TICT) process is responsible for the
emarkable fluorescence sensitivity. The reduction in the rate of TICT in the hydrophobic interior of albumin leads to the increase of fluorescence
ield. In BSA little rotation around N–C bond of aniline blue occurs during the excited state lifetime. Therefore, it could be concluded that aniline
lue molecules have been included into the hydrophobic cavity of BSA and formed complex. The driving forces behind such association between
he dye and biopolymer might include electrostatic attraction between ionic dye species and opposite charges on the biopolymer. In the synchronous

uorescence spectra of aniline blue when �λ = 170 nm, dual fluorescence for aniline blue is observed, local excited state (LE) and TICT state, the
elative fraction of the normal planar state increased quickly in low BSA concentration. It is indicated that hydrophobic pockets of BSA affected
he LE-TICT equilibrium.

2006 Published by Elsevier B.V.
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. Introduction

BSA contains several hydrophobic binding sites, which can
e expected to be involved in hydrophobic interaction with the
romatic regions of the dyes [1]. In addition, BSA has a high
egree of �-helical content as a cylinder with an open channel
nd small molecules with suitable functional groups can occupy
his channel [2,3].

Aniline blue water soluble (C32H25N3O9S3Na2), as shown
n Fig. 1, is a kind of anionic triphenylmethane dyes derivate,
hich has application in histological and microbiological

taining solutions. In histology, aniline dyes are most widely

sed as constituents of trichrome stains for demonstration of
onnective tissue elements. Triphenylmethane dyes derivate
elong to a group of molecules called twisted intramolecular
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harge transfer (TICT) molecules. They are characterized
y two excited singlet states, locally excited state (LE) and
ICT state. Photoexcitation brings the molecule to the LE
tate from which TICT state forms at a rate competitive with
ther deactivation pathways from the LE state. The TICT state
esults from a twisting of the donor and the acceptor moieties,
ccompanied by a complete charge transfer from the donor to
he acceptor moiety [4,5]. Some works showed that appreciable
nhancement of fluorescence when TICT molecules bound to
SA because of the suppression of TICT state formation in

he non-polar and restrictive environment of BSA binding site
6–10].

Aniline blue is lowly fluorescent in aqueous, the fluorescence
f some of these dyes was greatly affected in a constrained
edium such as glucose glass [11]. A study of response of their
uorescence parameters to binding with serum albumin can pro-

ide useful information regarding the nature of binding. In this
aper, as a probe for the biomolecule, the binding of aniline
lue to BSA was discussed using fluorescence spectroscopic
echnique.
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Fig. 1. Structure of aniline blue.

. Experimental

.1. Materials

Aniline blue water soluble, was obtained from Sigma,
.0 × 10−3 mol L−1 stock solution was firstly prepared. Fatty
cid free BSA was obtained from Sigma and used without fur-
her purification, and its molecular weights were assumed to
e 67,000. All chemicals were of analytical reagent grade and
ouble distilled water was used for all the measurements. The
.04 mol L−1 Britton–Robinson buffer solution of pH 7.24 was
repared.

.2. Spectral measurements

All Fluorescence spectra were recorded on F-4500 spectroflu-
rimeter (Hitachi, Japan) equipped with 1.0 cm quartz cells and
hermostat bath, the excitation and the emission slit widths were
et at 5 nm.

Fluorometric experiments: 2.0 mL solution containing appro-
riate concentration of aniline blue was titrated by successive
dditions of stock solution of BSA. Titrations were done manu-
lly by using trace syringes, and the fluorescence intensity was
easured (excitation at 302 nm).
Three-dimensional spectra were obtained by measuring the

mission spectra, in the range 250–550 nm, repeatedly, at
xcitation wavelengths from 200 to 350 nm, spaced by 5 nm
ntervals in the excitation domain. Fully corrected spectra were
hen concatenated into an excitation–emission matrix. Three-
imensional plots and contour maps of total luminescence spec-
ra were produced using origin program. All contour maps were
lotted using the same scale range of fluorescence intensities.

The synchronous fluorescence spectra were collected by
imultaneously scanning the excitation and emission monochro-
ator in the 250–400 nm range, with constant wavelength

ifferences, �λ, between them. Fluorescence intensities were
lotted as function of the excitation wavelength.

. Result and discussion
.1. Total luminescence spectroscopy

Total luminescence spectroscopy (TLS) is the simultaneous
easurement of excitation, emission, and intensity wave-
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engths of compound fluorophores [12–14]. This technique
ermits specific fluorescence signatures to be represented in a
hree-dimensional matrix or excitation–emission matrix (EEM).
EMs serve as unique “finger prints” for single compounds or
mixture of fluorescent components [15–18].

The EEM fluorescence and the respective three-dimensional
rojections of aniline blue before and after addition of BSA
an be seen in Fig. 2. The relatively intense band, observed for
niline blue, with excitation in the range of about 200–350 nm
nd emission in the range of about 320–620 nm, and the
ost intense region is centred at λex/λem = 302/470 nm. After

he addition of BSA, the location of fluorescence maxima
arkedly shifted the λex/λem maxima towards shorter wave-

ength (λex/λem = 289/437 nm), and the fluorescence intensity
ncrease dramatically. Aniline blue is lowly fluorescent in aque-
us, it has been suggested that the poor photoactivity is due to
he fast relaxation processes that occur by the rotational motion
f their aromatic rings, which is called twisted intramolecular
harge transfer (TICT). The intense region shift and enhance-
ent of the fluorescence intensity can be rationalized in terms

f binding of this probe to BSA and the relaxation was
estricted.

.2. Fluorescence emission of aniline blue in presence of
SA

The more comprehensive data concerning change of aniline
lue in BSA were achieved from the emission spectra. The solu-
ions were excited at 302 nm. As Fig. 3 shows, the emission of
niline blue centered at 450 nm in pH 7.24 B-R buffer is strongly
ypsochromic shifted with greater enhancement in the intensity
n adding the protein. The fluorescence shift is leveled off above
.6 �mol L−1 BSA, where a broad band appears at 400 nm.

One goal of the present work was to show an efficient switch
rom hydrophilic to hydrophobic interactions, so the emission
pectra of aniline blue were recorded in �-CD and surfactant
etyltrimethylammonium bromide (CTMAB). As Fig. 4 shows,
he fluorescence band maximum observed at 450 nm in water
s blue shifted on adding �-CD and CTMAB (27 and 55 nm,
espectively), with greater enhancement in the intensity.

Cyclodextrins (CD), a family of torus-shape cyclic oligosac-
harides capable of forming inclusion complexes with a variety
f hydrophobic species from aqueous solutions, have been
idely utilized as the host moiety [19]. The high fluorescence

ntensity of aniline blue in the complexes with �-CD was
xplained in terms of hindrance of the formation of the TICT
tates by the interaction and confinement in hydrophobic cavity
20,21]. In micelles, the hydrophobic core is formed by flexible
lkyl chains, the spectral shift and enhancement of the fluores-
ence intensity can also be rationalized in terms of binding of
his hydrophobic probe to a less polar site in micelles.

The noticeable structural features of aniline blue are: (i) pos-
ibility of rotation around N–C bond; (ii) presence of secondary

mino group. The observations correlate well with the generally
ccepted mechanism of TICT formation. Lowering the polarity
f the medium destabilizes the excited state more than the ground
tate. As a consequence, the energy gap between the emitting
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ig. 2. EEM fluorescence diagrams and the corresponding three-dimensional pro
SA addition (down).

nd the ground state increases, thus, the emission maximum is
hifted to the blue side.

This behavior observed in BSA is similar to that in the �-CD,
ut the emission shift is more hypsochromic shifted in BSA

olutions. In BSA little rotation around N–C bond of aniline
lue occurs during the excited state lifetime. Therefore, it could
e concluded that aniline blue molecules have been included
nto the hydrophobic pockets of BSA and formed complex. The

ig. 3. The fluorescence spectra of Aniline blue with increasing concentrations
f BSA. The concentration of the dye was kept constant at 1.0 × 10−5 mol L−1;
(BSA) (×10−7 mol L−1): (a–h) 0–7.0. T = 303 K, pH 7.24.
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ns of 1.0 × 10−5 mol L−1 aniline blue before (up) and after 4.0 × 10−7 mol L−1

riving forces behind such association between a dye and a
iopolymer might include electrostatic attraction between ionic
ye species and opposite charges on the biopolymer, hydropho-
ic interactions between the dye and the non-polar regions of
he protein and hydrogen bonding interactions between the dye
nd the protein [22,23]. The polarity-dependent TICT process is
esponsible for the remarkable fluorescence sensitivity of these
iological fluorophores to the environment. The reduction in the
ate of TICT in the hydrophobic interior of albumin leads to the
ncrease of fluorescence yield. The blue shifted emission and the
uorescence yield of aniline blue provides information about the
ize and flexibility of the hydrophobic cavity.

.3. Synchronous fluorescence spectra

The synchronous scan collects fluorescent emission only
rom the waveband where the absorption and emission bands
f a species overlap by the specified wavelength interval. This
educes the complexity of fluorescence spectra of a species
nto a trace, where usually one main fluorescent component is

resented in the form of one peak [24]. The synchronous flu-
rescence spectra (SFS) give information about the molecular
nvironment in the vicinity of the chromosphere molecules. In
he SFS, the sensitivity associated with fluorescence is main-
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librium. As the TICT state involves a complete charge transfer,
it has a high dipole and a strong dependence of its fluorescence
emission on the polarity of the microenviroment. The increase
of polarity would lead to the equilibrium shifts in the direction
ig. 4. The fluorescence spectra of 1.0 × 10−5 mol L−1 aniline blue with increa
a–e) 0, 1.0, 2.0, 3.0, 5.0; c(CTMAB) (×10−4 mol L−1): (a–g) 0, 1.0, 3.0, 5.0, 7

ained while offering several advantages: spectral simplification,
pectral bandwidth reduction and avoiding different perturbing
ffects.

A TICT-based fluorophore emits, in general, two bands of
uorescence, of which the band at the shorter wavelength (B
and) is an emission assigned to LE state (emission from the
lanar geometry), and that at the longer wavelength (A band)
he emission originates from TICT state. In Fig. 5, the syn-
hronous fluorescence spectra of the aqueous buffer containing
.0 × 10−5 mol L−1 aniline blue and different concentrations of
SA are shown. In the SFS of aniline blue aqueous buffer, when
λ = 170 nm (stokes shift of aniline blue attained from EEM

pectrum), aniline blue emits only TICT fluorescence (A band).
ith the addition of BSA, dual fluorescence for aniline blue is

bserved. Increasing of BSA concentration leads to both bands
nhancement, but the local fluorescence band is more sensitive
t low BSA concentration than the TICT band. In addition, the
lue shift observed in band A is larger than that observed in
band. It is concluded that the non-polar environment in the

ydrophobic cavity reduced the formation of the TICT state of
he aniline blue.

The relative fraction of normal planar state can be expressed
y the fluorescence intensity of band B to band A, IB/IA. The

elationship between IB/IA and BSA concentration are shown
n Fig. 6. It is observed the value is strongly dependent of BSA
specially in low concentration which indicated an appreciable
nfluence of the BSA on the ratio of fluorescence intensities

ig. 5. SFS of Aniline blue with increasing concentrations of BSA
hen �λ = 170 nm. The concentration of the dye was kept constant at
.0 × 10−5 mol L−1; c(BSA) (×10−7 mol L−1): (0–6) 0–6.0. T = 303 K, pH 7.24.

F
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oncentrations of �-CD (left) and CTMAB (right); c(�-CD) (×10−4 mol L−1):
0, 11. T = 303 K, pH 7.24.

rom both states. Probe molecules, both free and included into
he hydrophobic pockets of BSA, exhibit dual fluorescence:

hν→LE(B) � TICT(A)

The presence of an influence of BSA on IB/IA indicates that
ydrophobic pockets of BSA changes the microscopic viscosity
n the range affecting measurable changing of the LE-TICT equi-
ig. 6. Values of IB/IA for Aniline blue with increasing concentrations of BSA
hen �λ = 170 nm. T = 303 K, pH 7.24.

ig. 7. The effect DMF on SFS of aniline blue BSA system when �λ = 170 nm.
he concentration of the dye was kept constant at 1.0 × 10−5 mol L−1;
(BSA) = 2.5 × 10−7 mol L−1; c(DMF): (0–3) 0–0.9% (V%).
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hat tends to TICT state. Fig. 7 shows the effect of strong polar-
ty solvent N,N-dimethyl formamide (DMF) on the equilibrium,
he addition of DMF led to the disappearance of peak A and
trongly enhancement of peak B, which indicated the shifts of
E-TICT equilibrium.

. Conclusion

Total luminescence spectroscopy and fluorescence emission
pectroscopy evidence that the photophysical behavior of aniline
lue water soluble is modified remarkably in hydrophobic cavity
f BSA compared to in aqueous phase. This behavior is similar
o that observed in the �-CD. The high fluorescence intensity
f aniline blue in the complexes with BSA was explained in
erms of hindrance of the formation of the non-fluorescent TICT
tates by the interaction and confinement in cavity. Dual fluores-
ence was clearly observed in synchronous fluorescence spectra.
he addition of BSA would lead to the equilibrium shifts in the
irection that tends to locally excited state, while the increase
f polarity would lead to the equilibrium shifts in the direction
hat tends to TICT state.
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