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a b s t r a c t

The interaction of methyl blue (MB) with human serum albumin (HSA) was studied by fluorescence and

absorption spectroscopy. The intrinsic fluorescence of HSA was quenched by MB, which was rationalized

in terms of the static quenching mechanism. The number of binding sites and the apparent binding

constants at different temperatures were obtained from the Stern–Volmer analysis of the fluorescence

quenching data. The thermodynamic parameters determined by the van’t Hoff analysis of the binding

constants (DH1 ¼ 39.8 kJ mol�1 and DS1 ¼ 239 J mol�1 K�1) clearly indicate that binding is absolutely

entropy-driven and enthalpically disfavored The efficiency of energy transfer and the distance between

the donor (HSA) and the acceptor (MB) were calculated as 60% and 2.06 nm from the Förster theory of

non-radiation energy transfer.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Studies on supramolecular interactions of organic dyes with
biological molecules have significantly contributed to the under-
standing of the structures and functions of bio-macromolecules
[1] and some biophysical processes. Human serum albumin (HSA)
is the most abundant protein in human blood plasma (containing
ca. 5 g 100 mL�1) and has high affinity to many endogenous and
exogenous compounds, serving as a solubilizer and transporter for
drugs and other organic molecules to their targets [2]. For these
reasons, HSA is commonly used as a model protein for biophysical
and physicochemical studies [3]. The completion of the human
genome project and the rapid growth of proteomics have
prompted us to further develop suitable sensor molecules for
proving a wide variety of protein interactions. Fluorometric
method has been widely used because it does not disturb the
binding equilibrium upon separation [4] and is considered to be
outstanding for its high sensitivity, selectivity, convenience and
providing more information. The spectral change observed upon
binding of a fluorophore to protein is a powerful tool for
investigating the topology of binding site and the conformational
changes and characterization of bound substrate [3].
ll rights reserved.

: +86 3517011322.
Methyl blue (MB, Scheme 1) is one of the triphenylmethane
acid dyes which can be used as a fluorescent probe, biological
staining agent and pH indicator. Thus, MB has been applied as a
fluorescence probe to the determination of HSA by resonance
light-scattering technique [5], Rayleigh light-scattering method
[6] and synchronous fluorescence [7]. In this paper the complexa-
tion behavior of MB with HSA was studied by UV–vis, fluorescence
and circular dichroism (CD) spectrometry, as well as molecular
modeling. In particular, we were interested in revealing the
quenching mechanism of HSA fluorescence by MB, the binding
sites, the type of interaction and the energy transfer process.
2. Materials and methods

2.1. Materials

HSA was purchased from Sigma Chemical Corporation.
A 1�10�4 mol L�1 stock solution was prepared by dissolving
the solid HSA in 0.5% NaCl solution and stored at 0–4 1C. MB
(AR grade) was obtained from the Third Reagent Plant (Shanghai),
and a stock solution (1�10�3 mol L�1) was prepared by dissolv-
ing an appropriate amount of MB into doubly distilled
water. Britton–Robinson buffer solution was used to control the
solution pH.

www.sciencedirect.com/science/journal/jlumin
www.elsevier.com/locate/jlumin
dx.doi.org/10.1016/j.jlumin.2008.09.008
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Scheme 1. Equilibrium of acidic form and basic form of MB.
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2.2. Apparatus and methods

The absorption spectra were obtained on a TU-1901 dual-beam
UV–visible spectrophotometer (Beijing Purkinje General Instru-
ment Co., Ltd., Beijing, China). A Cary Eclipse spectrofluorometer
(Varian, USA) equipped with a 150 W xenon lamp and a
thermostat bath was used for the measurement of fluorescence
spectra. Instrument settings, i.e. the slit widths (excitation at
5.0 nm; emission at 5.0 nm), scan speed (slow), response time
(auto) and excitation voltage (medium), were kept constant for
each data set. Fluorescence spectra of HSA were obtained at three
temperatures (290, 300 and 310 K), with excitation at 296 nm. One
centimeter quartz cells were used throughout the experiments.
Solution pH values were measured with a PHS-3C pH meter
(Shanghai REX Instrument Factory, Shanghai, China) with a
combined glass electrode. CD spectral measurements of HSA
solutions in the absence and presence of MB were performed
using a JASCO 720 spectropolarimeter in a 1 cm cell. Each
spectrum represents an average of two successive scans. CD
spectra (200–380 nm) were taken at an HSA concentration of
20mM, and the results were shown in ellipticity (y).
2.3. Procedures of fluorescence measurement

A 0.1 mL portion of the 1�10�3 mol L�1 stock solution of MB
was transferred to a 10 mL volumetric flask, to which an
appropriate amount of 1�10�4 mol L�1 stock HSA solution was
added. The mixed solution was diluted to the final volume with a
Britton–Robinson buffer solution, gently stirred and then equili-
brated for 30 min. All measurements of absorption and fluores-
cence were made against a blank solution in a 1.0 cm quartz cell
and at room temperature.

The interaction between MB and HSA was investigated by
fluorometric titration. An exact 2.5 mL portion of 1�10–5 mol L–1

HSA solution was added to a 1.0 cm quartz cell, and then titrated
by successive additions of 1.0�10�2 mol L�1 MB with a 5mL
microsyringe to attain a series of final concentrations. The
titrations were operated manually with gentle stirring. When
experiments were carried out at different temperatures (290, 300
and 310 K), the solution pH was justified to 7.4 by Britton–
Robinson buffer at each temperature and the solution was
equilibrated in a thermostat bath.
3. Result and discussion

3.1. Spectral behavior of MB

The effects of pH on the absorption and fluorescence spectra of
MB were investigated. As shown in Fig. 1, MB showed two
absorption peaks in the UV–vis spectra, one at 602 nm and
another at 310 nm. Upon increasing the solution pH, the
absorbance at 602 nm was gradually decreased with accompany-
ing bathochromic shift to 575 nm, while the absorbance at 310 nm
was increased with a slight hypsochromic shift. The visible
absorption peaks disappeared in alkaline solutions, and a clear
isosbestic point was observed at 345 nm, indicating an equili-
brium between two forms of MB, i.e. the acidic (Scheme 1A) and
basic form (Scheme 1B).

The fluorescence and fluorescence excitation spectra of MB
at different pHs are shown in Fig. 2. The excitation spectra
display hypsochromic shifts from 323 to 313 m by increasing the
solution pH from 2.21 to 9.15, while the fluorescence peak shifts
from 441 to 468 nm with accompanying enhancement of the
intensity to give a plateau at pH X5.02. It is inferred that the
solution pH does not affect the MB emission under the neutral and
basic conditions and hence pH 7.40 was chosen in the subsequent
experiments.

The fluorescence quantum yield Yf of MB in aqueous solution
was determined by using quinine sulfate as a standard fluor-
ophore and the following equation [8]:

Yu ¼ YsFuAsn2
uFsAun2

s (1)

where F represents the corrected fluorescence peak area, A the
absorbance at the excitation wavelength, n the refractive index of
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Fig. 1. The UV–vis absorption spectra of 1.0�10�5 mol L�1 MB at different pH. The

pH value: (1) 2.21, (2) 3.29, (3) 4.10, (4) 5.02, (5) 6.09, (6) 7.00, (7) 7.40, (8) 8.36 and

(9) 9.15.
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Fig. 2. The fluorescence spectra of 1.0�10�5 mol L�1 MB at different pH. The pH

value: (1) 2.21, (2) 3.29, (3) 4.10, (4) 5.02, (5) 6.09, (6) 7.00, (7) 7.40, (8) 8.36 and (9)

9.15.
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Fig. 3. The UV–vis spectra of 1�10�5 mol L�1 MB in the presence of HSA at pH

7.40. The concentration of HSA: (1) 0, (2) 1, (3) 2, (4) 3, (5) 4, (6) 5 and (7)

6�10�6 mol L�1.
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Fig. 4. The fluorescence spectra of 1�10�5 mol L�1 MB in the presence of HSA at

pH 7.40. The concentration of HSA: (1) 0, (2) 1, (3) 2, (4) 4 and (5) 5�10�6 mol L�1.
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the solvent used and Y the fluorescence quantum efficiency, and
the subscripts ‘‘s’’ and ‘‘u’’ refer to the standard and unknown
samples, respectively. The obtained quantum yield of MB was 0.42
when excited at 313 nm, revealing that MB is a good fluorescent
probe that can be used for the fluorescence spectrometry.
3.2. The interaction of MB with HSA

3.2.1. The fluorescence quenching mechanism

The absorption spectra of MB in the presence of HSA at
different concentrations are shown in Fig. 3, which indicates that
despite the overlap with the HSA absorption at high HSA
concentrations, there is appreciable enhancement of MB absorp-
tion at longer wavelengths. The fluorescence and fluorescence
excitation spectral changes upon addition of HSA are shown in
Fig. 4. The excitation spectra exhibit only small changes in
wavelength and shape, while the fluorescence maximum shifts
to shorter wavelengths from 468 to 423 nm with significant
intensity enhancement. All of these spectral changes indicate the
formation MB–HSA complex.

The fluorescence spectra of HSA in the presence of MB at
different concentrations are shown in Fig. 5. The fluorescence
intensity of HSA was decreased regularly and the fluorescence
maxima showed red shifts by increasing the MB concentration,
which validates the interaction of MB with HSA leading to the
quenching of the fluorescence of HSA.

Usually, the fluorescence quenching of protein by small
molecules can be static and/or dynamic in nature. These two
quenching mechanisms are distinguishable by examining the
temperature dependence behavior of quenching rate constant, as
static quenching is discouraged at higher temperatures but
dynamic quenching is accelerated [9]. The fluorescence quenching
behavior of protein and the Stern–Volmer analysis of the relative
fluorescence intensity (F0/F) as a function of quencher concentra-
tion [Q] at different temperatures were employed to elucidate the
quenching mechanism and rates (Fig. 6). The results of the
fluorescence quenching experiments are shown in Table 1. As can
be seen from Fig. 6, the Stern–Volmer plots are linear and the
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slope decreases with increasing temperature, which indicates that
the quenching process is static. To confirm this conclusion, the
quenching rate constants were determined by using the Stern–
Volmer equation [10]:

F0

F
¼ 1þ kqt0½Q � ¼ 1þ KSV½Q � (2)

where F and F0 are the fluorescence intensity in the presence and
absence of MB, respectively, kq the quenching rate constant, KSV
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Fig. 6. The Stern–Volmer curves for quenching of HSA by MB at pH ¼ 7.4,

(lex ¼ 296 nm). (’) 290 K, (K) 300 K and (m) 310 K.
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Fig. 5. The fluorescence spectra of 1�10�5 mol L�1 HSA in the presence of MB at

pH 7.40. The concentration of MB: (1) 0, (2) 0.40, (3) 0.80, (4) 1.20, (5) 1.60, (6)

2.00, (7) 2.40 and (8) 2.80�10�6 mol/L. (Inset) plot of fluorescence F vs.

wavelength (nm) of the MB concentration close to saturation. The concentration

of MB (1) 0, (2) 0.50, (3) 1.00, (4) 1.50 and (5) 2.00�10�5 mol/L (lex ¼ 296 nm).

Table 1
Stern–Volmer quenching constants for MB–HSA systems at different temperatures and

Temperature

T (K)

Stern–Volmer quenching constant

KSV�10�4 (L mol�1 s�1)

290 6.5

300 5.9

310 5.0
the Stern–Volmer constant, t0 the fluorescence lifetime of HSA in
the absence of MB and [Q] the concentration of MB:

KSV ¼ kqt0 (3)

The fluorescence lifetime of HSA was reported as 10�8 s�1 [11] and
the KSV value was obtained from the slope of the Stern–Volmer plot
(Fig. 6). By using Eq. (3), the quenching constants kq at different
temperatures were determined as shown in Table 1.

The obtained kq values are in the range of 1012 L mol�1 s�1,
which however far exceed the diffusion controlled rate constant in
aqueous solution, i.e. kdiff ¼ 2�1010 L mol�1 s�1 [12], confirming
that quenching does not involve the dynamic diffusion process
but occurs statically in the HSA–MB complex.
3.2.2. Binding constant and the binding sites

In the static quenching interaction [13], if there are multiple
equivalent (but independent) binding sites for a quencher (Q) in a
biomolecule (B) to form a complex QnB (Eq. (4)), the binding
constant Ka is given by Eq. (5):

nQ þ B! QnB (4)

Ka ¼
½QnB�

½Q �n½B�
(5)

If the total amount of biomolecules (with and without bound Q)
is [B0], then [B0] ¼ [QnB]+[B], where [B] is the concentration of the
unbound biomolecule. Since [B]/[B0] ¼ F/F0, the relationship
between the fluorescence intensity and the unbound biomolecule
is expressed as

log
F0 � F

F

� �
¼ log Ka þ n log½Q � (6)

where F0 and F are the fluorescence intensities in the absence and
presence of MB, Ka the binding constant of MB with HSA, and n the
number of binding sites. Thus, the experimental values of
log[(F0�F)/F] were plotted as a function of log[Q] to give a good
straight line at each temperature, as shown in Fig. 7. The relevant
data derived from these experiments are shown in Table 2.
pH 7.40

Quenching rate constant

kq�10�12 (L mol�1 s�1)

Correlation

coefficient r

6.5 0.9956

5.9 0.9962
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Fig. 7. The Stern–Volmer curves for quenching of HSA by MB at pH ¼ 7.40

(lex ¼ 296 nm). (K) 290 K, (m) 300 K and (’) 310 K.
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Table 2
Thermodynamic parameters for MB–HSA systems at pH 7.40

Temperature

T (K)

Binding constants

Ka�10–5 (L mol�1)

Binding

sites n

Correlation

coefficient r

Enthalpy change

DH (kJ mol–1)

Entropy change

DS (J mol–1 K–1)

Free energy change

DG (kJ mol–1)

290 2.576 1.128 0.9995 39.78 239.67 �29.72

300 3.266 1.159 0.9975 �32.12

310 7.464 1.253 0.9987 �34.52
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Fig. 8. Overlay of emission spectrum of 1�10�5 mol L–1 HSA (right, lex ¼ 296 nm)

and UV–vis absorption spectrum of 1�10�5 mol L�1 MB (left) at pH 7.40 and

T ¼ 300 K.
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3.2.3. The forces contributing to the complexation of MB with HSA

The forces enabling the binding of a drug with a biomolecule
are composed of various weak non-covalent interactions including
the hydrophobic, electrostatic, van der Waals and hydrogen-
bonding interactions. To obtain further insights into the weak
interactions associated with the complexation of MB with HSA,
we endeavored to determine the thermodynamic parameters by
using the van’t Hoff equation. If the enthalpy change (DH1) does
not significantly vary over the temperature range studied, then
the thermodynamic parameters can be determined by using the
van’t Hoff equation [14]:

ln K ¼ �
DH

RT
þ
DS

R
(7)

where Ka is the binding constant at each temperature T (absolute
temperature) and R the gas constant. The van’t Hoff plots gave
relatively good straight lines and the DH1 and DS1 values
calculated from the slope and intercept of the plot are shown in
Table 2. The free energy change (DG1) was calculated by Eq. (8) at
each temperature:

DG ¼ DH � TDS ¼ �RT ln K (8)

Ross and Subramanian [15] have used the sign and magnitude
of the thermodynamic parameters to characterize the major
interaction working in a variety of host–guest systems. Thus, such
host–guest systems that are associated with DH140 and DS140
are driven by the hydrophobic interactions, while those with
DH1o0 and DS1o0 by the hydrogen bonding or van der Waals
interactions and those with DH1E0 and DS140 by the electro-
static interactions. In the present case, the enthalpic and the
entropic changes are both positive, indicating the major contribu-
tion of hydrophobic interactions upon complexation, according to
Ross and Subramanian [15]. Indeed, the unfavorable enthalpic loss
(DH1 ¼ 39.8 kJ mol�1) is cancelled out by the much larger entropic
gain (TDS1 ¼ 69.3 kJ mol�1), which probably originates from the
extensive dehydration from MB and HSA, to give a very stable
complex with Ka ¼ 2.58�105 L mol�1.

3.2.4. Energy transfer between methyl blue and HSA

The fluorescence quenching of HSA and the fluorescence
enhancement of MB (Fig. 5) upon complexation of MB with HSA
indicate that the energy transfer between MB and HSA takes
place. The transfer efficiency can be used for quantitatively
estimating the distance between the relevant protein residue
(donor) and the bound dye (acceptor). The energy transfer
efficiency between MB and HSA was studied according to the
Förster’s energy transfer theory [16]. The Förster theory shows
that energy transfer is affected not only by the distance between
the acceptor and the donor, but also by the critical distance of
energy transfer (R0), which can be calculated by using the
following equation:

E ¼
R6

0

R6
0 þ r6

¼ 1�
F

F0
(9)

where F and F0 are the fluorescence intensities of biomolecule in
the presence and absence of quencher, r the donor–acceptor
distance and R0 the critical distance where the transfer efficiency
is 50%:

R6
0 ¼ 8:8� 10�25K2N�4FJ (10)

where K2 is the space factor of orientation, N the refractive index
of the medium, F the fluorescence quantum yield of donor, J the
effect of the spectral overlap between the emission spectrum of
the donor and the absorption spectrum of the acceptor, which
could be calculated as

J ¼

R1
0 FðlÞ�ðlÞl4 dlR1

0 FðlÞdl
(11)

where F(l) is the corrected fluorescence intensity of the donor in
the wavelength range of l to (l+Dl) and e(l) the molar extinction
coefficient of the acceptor at l. Fig. 8 shows the overlap of the
UV–vis absorption spectrum of MB with the fluorescence emis-
sion spectrum of HSA.

In the present case, K2
¼ 2/3, N ¼ 1.336 and F ¼ 0.118 for HSA

[17]. Eqs. (9)–(11) gave the following values: J ¼ 5.3458�10–15

cm3 L mol–1, R0 ¼ 2.21 nm, E ¼ 0.60 and r ¼ 2.06 nm. Since the
average distance ro7 nm [18] and 0.5R0oro1.5R0 [19], the energy
transfer from HSA to MB occurred with high probability. The
average distance is shorter than 7 nm upon interaction of MB with
HSA, which is well within the conditions required for applying the
Förster’s non-radiative energy transfer theory, again supporting
the static quenching interaction between MB and HSA.

3.2.5. Circular dichroism spectral study of complexation of MB

with HSA

To investigate the possible conformational changes induced
upon complexation of MB by HSA, CD spectral examinations were
carried out in an aqueous solution at 25 1C. As illustrated in Fig. 9,
the addition of 20mmol L�1 MB to a solution of 20mmol L�1 HSA
induced a positive CD band centered at 325 nm and a negative CD
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signal at around 288 nm, which may be taken as an apparent
exciton couplet, while the strong negative Cotton effect of HSA at
ca. 225 nm exhibited only small changes in shape and intensity.
Since MB is not optically active and HSA itself gives only negligible
CD signals in the range of 275–350 nm, the observed Cotton
effects can be unambiguously ascribed to the inclusion of MB in
the chiral environment of HSA. The basic form of MB has six
benzene choromophores, and the observed Cotton effect reflects a
combined result of the inclusion of all or part of these benzene
units into the chiral pocket of HSA. The positive exciton-coupled
bisignate CD spectra observed upon complexation reveal that
some benzene units, most likely those of the triphenylmethane
unit that are much closer to each other than the aminobenzene-
sulfonate colleagues, are arranged as a right-handed screw when
inserted into the binding site of HSA.

By increasing the concentration of MB, the induced CD
intensity was enhanced with accompanying isodichroic points at
270 and 301 nm, suggesting that MB is accommodated primarily
in a single binding site of HSA in good agreement with the number
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Fig. 9. Circular dichroism spectra of pH 7.4 aqueous buffer solution containing
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Fig. 10. The proposed binding model of MB–HSA interactions, the residues of HSA are re

stick model.
of binding sites estimated from the fluorescence study (Table 2).
A slight decrease of the inherently negative CD signal of HSA was
observed at higher MB concentrations, which would be assignable
to a conformational change of HSA upon inclusion of MB, but is
more likely to be an induced CD of the MB’s absorption band at
220–250 nm.
3.2.6. The molecular modeling of MB binding to HSA

HSA is a globular protein consisting of a single peptide chain of
585 amino acids. It is composed of three homologous domains, I, II
and III, which have similar three-dimensional structures [20].
Each domain can be divided into two subdomains A and B, and the
principal binding regions on HSA are located in subdomains IIA
(drug site 1) and IIIA (drug site 2) [21]. The inside wall of the
pocket of subdomain IIA, which corresponds to the so-called site
1, is formed by hydrophobic side chains, whereas the entrance of
the pocket is surrounded by positively charged residues such as
ARG257, ARG222, LYS199, HIS242, ARG218 and LYS195 [22].

To clearly describe the interaction between MB and HSA, the
molecular modeling studies were carried out. All calculations
were performed with Insight II 2000 software package on SGI
workstation. The MB compound was constructed in the Builder
Module, while the crystal structure of the HSA was downloaded
from the National Center for Biotechnology Information [23]. Both
the MB compound and HSA were pre-optimized separately in
CVFF force field. Then a variety of possible binding modes
between MB and HSA were studied computationally. The results
revealed that the optimal bonding model is the insertion of one
arm of MB compound into the hydrophobic cavity of active site 1
in subdomain IIA of the protein HSA. As shown in Fig. 10, the
benzene group at the end of compound MB has stacked with the
TRP214 residue inside the cavity. The distance between the indole
moiety of TRP214 residue and the benzene ring at the terminal of
MB was 3.48 Å in the optimized structure, the former being faced
slantingly to the latter. Because the entrance of site 1 is
surrounded by positively charged residues while there are
negative charges on the surface of MB (i.e., the SO3 groups), it is
reasonable that the Coulomb forces first drive the MB molecule to
a close proximity of the entrance, and then the hydrophobic
interactions attract one arm of the compound into the cavity. This
presented using line, TRP214 is emphasized and MB is represented using ball-and-



ARTICLE IN PRESS

Sheng-mei Song et al. / Journal of Luminescence 129 (2009) 169–175 175
binding scenario further indicates that when MB moves close
enough to TRP214 during the dynamic equilibrium the fluores-
cence energy of TRP214 can transfer to MB to cause the quenching,
which was coincident with the result of the fluorescence study,
and the interaction between MB and HSA appeared to be
dominated by hydrophobic contacts.
4. Conclusion

The interaction between MB and HSA had been detected by
UV–vis, CD and fluorescence spectroscopy. The probable mechan-
ism of MB interaction with HSA was revealed to be a static
quenching process. The thermodynamic parameters obtained
indicate that the binding process is endothermic, but the large
entropic gain drives the spontaneous complexation, which is
made possible by hydrophobic interactions inside the hydropho-
bic pocket of HAS and the extensive dehydration from both MB
and HSA upon complexation. On the efficiency of energy transfer
between the donor and the acceptor, the distance between MB
and HSA was estimated to be 2.06 nm. The work provides valuable
information about the transportation and distribution of MB in
vivo, which interprets the biochemical and biophysical data
already accumulated on drug interactions with the protein.
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