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ABSTRACT: Tartrazine is an artificial azo dye commonly used in food products. The present study evaluated the interaction of
tartrazine with two serum albumins (SAs), human serum albumin (HSA) and bovine serum albumin (BSA), under physiological
conditions by means of fluorescence, three-dimensional fluorescence, UV —vis absorption, and circular dichroism (CD) techniques.
The fluorescence data showed that tartrazine could bind to the two SAs to form a complex. The binding process was a spontaneous
molecular interaction procedure, in which van der Waals and hydrogen bond interactions played a major role. Additionally, as shown
by the UV—vis absorption, three-dimensional fluorescence, and CD results, tartrazine could lead to conformational and some
microenvironmental changes of both SAs, which may affect the physiological functions of SAs. The work provides important insight

into the mechanism of toxicity of tartrazine in vivo.

KEYWORDS: tartrazine, serum albumin, fluorescence spectroscopy, toxicological evaluation

B INTRODUCTION

Tartrazine (Scheme 1) is an orange-colored, water-soluble
powder with wide applications in food products, drugs, cos-
metics, textiles, and pharmaceuticals. Since its first safety assess-
ment conducted by the Joint FAO/WHO Expert Committee on
Food Additives (JECFA) in 1964, more than 300 studies on
laboratory animals and clinical trials on human beings have been
conducted in the toxicological fields.' It has been reported that
tartrazine has no carcinogenic potential and produces little
adverse effect on reproductive and developmental toxicological
studies.” Thus, it would appear that the levels of actual dietary
intake of tartrazine are unlikely to produce any adverse effects in
humans.® Nevertheless, it may be incorporated, directly or
indirectly, during the growth, storage, or processing of foods to
increase their acceptability and attractiveness.” During its trans-
port and metabolism process in body, it could pose potential
biological toxicity risk to humans. Hence, it is very important to
study the toxicity of tartrazine at the functional macromolecular
level, especially at lower concentrations.

Serum albumins (SAs), the most abundant proteins in blood
plasma, play important roles in the transport and deposition of a
variety of endogenous and exogenous substances including fatty
acids, amino acids, metals, and pharmaceuticals in blood.® The
binding of toxins to serum albumins may have physiological
importance, because they controls their free, active concentra-
tions and affect the duration and intensity of their effects. The
free concentration available for toxic action can be effectively
reduced by high binding to proteins.” In recent years, human
serum albumin (HSA) and bovine serum albumin (BSA) have
been the two most widely used model proteins in evaluating
protein—ligand interactions,'®”'* because they have a similar
folding and a well-known primary structure and they have been
associated with the binding of many different categories of small
molecules. From the spectroscopic point of view, one of the main
differences between the two proteins is that BSA has two

v ACS Publications ©2011 american chemical Society

Scheme 1. Molecular Structure of Tartrazine

tryptophan residues (Trp131 and Trp214), whereas HSA has
only one (Trp214).

Herein, BSA can serve as a model protein for characterizing
tartrazine—protein interactions using fluorescence spectroscopy,
three-dimensional fluorescence, UV—vis absorption, and circular
dichroism (CD) techniques. Additional tests are performed with
HSA over a range of tartrazine, for comparison to the results of

tartrazine—BSA interactions. This paper could provide quantita-
tive binding data for studies on the biological toxicity of tartrazine.
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Bl MATERIALS AND METHODS

Reagents. BSA (electrophoretic grade regent, 90% purity) was
purchased from Beijing Chemical Reagent Corp., whereas HSA (96%
purity) was acquired from Sigma. They were both dissolved in ultrapure
water to form a solution of 5.0 x 10 > mol L' and then stored at
0—4 °C until use. Tartrazine (95% purity) from TCI (Japan) was
prepared at a concentration of 1.0 x 10~ * mol L ™" and diluted before
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Figure 1. Effect of tartrazine on the fluorescence of HSA (a) and BSA (b).
Conditions: T = 300 K, A, = 278 nm; buffer, NaH,PO,—Na,HPO,; pH
74; ¢(HSA) = § x 10 % mol % ¢(BSA) = § x 10~ ° mol™; ¢(tartrazine)
1-8,0,025,0.5,0.75, 1.0, 1.5, 2.0, and 2.5 X 10" mol ', respectively.

use. The 0.2 mol L™! NaH,PO,—Na,HPO, solution was used as the
buffer. Ultrapure water was used throughout the experiments.
Fluorescence Quenching Measurements. All fluorescence
spectra were recorded on an F-4600 spectrofluorometer (Hitachi, Japan)
equipped with a xenon lamp light source and 1.0 cm quartz cells. One
milliliter of phosphate buffer, 1 mL of BSA (HSA), and various amounts of
tartrazine solution were added to a 10 mL colorimetric tube in sequence,
then made up to the mark with ultrapure water, and incubated for 20 min
to equilibrate the system. The equilibrated solution was transferred into
the quartz cells for analysis, and the corresponding fluorescence emission
spectra were recorded over the range of 290—450 nm using an excitation
wavelength of 278 nm at a scan rate of 1200 nm/min during 300 and 320
K. The excitation and emission slit widths were both set at S nm.
Three-dimensional fluorescence spectra was measured under the
following conditions: the initial excitation wavelength was set at
200 nm with increment of 2 nm, and the emission wavelength was
recorded between 200 and 400 nm at a scanning rate of 30000 nm/min.
UV and Circular Dichroism (CD) Studies. The UV—vis absorp-
tion spectra were collected at room temperature on a UV-2450 spectro-
photometer (Hitachi, Japan) in 1.0 cm quartz cells. Circular dichroism
(CD) spectra in the presence and absence of tartrazine were measured
by a J-810 spectropolarimeter (Jasco, Tokyo, Japan) at room tempera-
ture under constant flushing with nitrogen at a scan rate of 200 nm/min.

B RESULTS AND DISCUSSION

Fluorescence Quenching of SAs upon Addition of Tartra-
zine. Protein is considered to have intrinsic fluorescence mainly

originating from the tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) residues."> When it interacts with other
compounds, its intrinsic fluorescence often changes with the
ligand’s concentration. Consequently, fluorescence can be re-
garded as a technique for measuring the mechanism of interac-
tions between the ligands and proteins.'* The fluorescence
spectra of both HSA and BSA upon the addition of tartrazine
are illustrated in Figure 1. The fluorescence intensities of both
HSA and BSA reduce gradually with increasing tartrazine con-
centrations, and a blue shift is also observed for the emission
wavelengths of both SAs, which suggests that the fluorescence
chromophore of SAs is placed in a more hydrophobic environ-
ment after the addition of tartrazine.

Fluorescence quenching is the decrease of the fluorescence
quantum yield from a fluorophore induced by a variety of
molecular interactions, such as excited-state reactions, energy
transfer, ground-state complex formation, and collisional
quenching. The quenching mechanisms are usually classified
into dynamic quenching and static quenching, which can be
distinguished by their different dependence on temperature and
viscosity or, preferably, by lifetime measurements."® For dynamic
quenching, when the temperature of the system rises, the
effective collision times between molecules, the energy transfer
efficiency, and the fluorescence quenching constants will all
increase. In contrast, the increase of temperature is likely to
result in decreased stability of complexes; thus, the values of the
static quenching constants are expected to be smaller.

If the quenching mechanism belongs to the dynamic quench-
ing, it should follow the well-known Stern—Volmer equation'®

Fo/F = 14+ Ksv[Q] = 1+ Kg%[Q] (1)

where F and F denote the steady-state fluorescence intensities in
the absence and presence of quencher, respectively. K is the
quenching rate constant of the biological macromolecule; Kgy is
the Stern—Volmer quenching constant, [Q] is the concentration
of quencher, 7 is the average lifetime of the molecule without
any quencher, and the fluorescence lifetime of the biopolymer is
10~ ¥s. The fluorescence intensity spectra of two SAs analyzed by
plotting Fo/F verus [Q] at 300 and 320 K are shown in Figure 2,
and the calculated Kgy and K| values are presented in Table 1.
The Stern—Volmer quenching constant Kgy is inversely corre-
lated with temperature. Besides, the quenching constant K
(Table 1) is far greater than the maximum scatter collision
quenching constant (2.0 x 10'° L mol ' s~ "), so we conclude
that this quenching process is static quenching.

The fluorescence quenching of BSA and HSA by tartrazine
should be analyzed using the modified Stern—Volmer
equationlé’17

Fo 1 1 1
e 1L 2)
AF  fK Q] £

In that case, AF is the difference in fluorescence intensity
between the absence and presence of the quenching compound
at concentration [Q], K, is the effective quenching constant for
the accessible fluorophores, and f, is the fraction of accessible
fluorescence. The dependence of Fy/AF on the reciprocal value
of the quenching compound concentration [Q] " is linear, with

1 .

slope equal to the value of (f,K,)”" (Figure 3). The decreasing
trend of K, with increasing temperature (Table 2) was in
accordance with the dependence Kgy on temperature as men-
tioned above. Therefore, this result again confirms that the
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Figure 2. Stern—Volmer plots for the tartrazine—BSA and tartrazi-
ne—HSA systems at two temperatures. Conditions: c(HSA) = § x 107°
mol L™% ¢(BSA) = § x 10~ ° mol L™"; buffer, NaH,PO,—Na,HPO,,
pH 7.40.

Table 1. Stern—Volmer Quenching Constants for the Inter-
action of Tartrazine with BSA and HSA at Different
Temperatures

pH T (K) By kq R SD

9.017 x 10*  9.017 x 10"  0.99656  0.07075
5.859 x 10*  5.859 x 10'*  0.99597  0.04977

BSA 74 300
7.4 320

6.830 x 10*  6.830 x 10> 0.99687  0.05116
5128 x 10* 5128 x 10" 0.99554  0.04585

HSA 74 300
74 320

quenching mechanism between tartrazine and SA belongs to the
static quenching. Furthermore, the K, values in Table 2 reveal
that the binding between tartrazine and SA is moderate, which
indicated the presence of a reversible tartrazine—SA complex.
Thermodynamic Parameters and Binding Forces. The
interaction forces between a small organic molecule and a
biological macromolecule mainly consist of four types: hydro-
phobic interactions, hydrogen bonding, van der Waals force, and
electrostatic interactions. Ross and Subramanian have character-
ized the signs and magnitudes of the thermodynamic parameters
(AH and AS) associated with various individual kinds of inter-
action that may take place in protein association process.'® That
is, if AH > 0 and AS > 0, the main force is hydrophobic
interaction. If AH < 0 and AS < 0, van der Waals and hydro-
gen-bonding interactions play major roles in the reaction.
Electrostatic forces are more important when AH < 0 and
AS > 0. If the temperature changes only a little, the enthalpy
change (AH) can be regarded as a constant in the formula"

(-2 o

AG = AH—TAS = —RTIn K (4)

where K, and K, are the binding constants (analogous to K, in
eq2) at T; and T, respectively, and R is the universal gas constant.

The enthalpy change (AH), free energy change (AG), and
entropy change (AS) for the interaction between tartrazine and
HSA (BSA) were calculated according to the van’t Hoff equation
(eq 3) and thermodynamic equation (eq 4; Table 2). The free

-5
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Figure 3. Modified Stern—Volmer plots for the tartrazine—BSA and
tartrazine—HSA systems at two temperatures. Conditions: ¢(HSA) =
S x 10°° mol LY c(BSA) = S5 x 10°° mol L% buffer,
NaH,PO,—Na,HPO,, pH 7.40.

energy change (AG) is negative, indicating that the binding
process is spontaneous. The negative AH and AS values indicate
that van der Waals interactions and hydrogen bonds play a major
role in the formation of the tartrazine—SA complex.

Identification of the Binding Parameters. For a static
quenching interaction, the binding constant (K},) and the number
of binding sites (1) can be determined using the formula®

Fy—F
log OT = log K;, + n1og[Q] ()

where Fo, F, and [Q] are the same as in eq 2, K, is the binding
constant, and n is the number of binding sites per BSA/HSA
molecule. According to eq 5, values of n and Ky, at physiological
pH 7.4 were calculated. According to a plot of log[(F, — F)/F]
versus log[Q], the binding constant for BSA at 300 K is 5.327 x
10° and the number of binding sites is 1.171. In addition, the
values of K, and n for HSA are 1.845 x 10° and 1.096,
respectively. The values of n for both SAs are approximately
equal to 1, indicating that there is one binding site in both BSA
and HSA for tartrazine during their interaction.

Energy Transfer between Tartrazine and SAs. Energy
transfer phenomena have wide applications in energy conversion
process. According to Forster's nonradioactive energy transfer
theory,” the energy transfer will happen under the following
conditions: (a) the donor could produce fluorescence light, (b)
the fluorescence emission spectrum of the donor and the UV
absorption spectrum of the acceptor have more overlap, and (c) the
distance between the donor (BSA or HSA) and the acceptor
(tartrazine) is <8 nm. The efficiency (E) of energy transfer between

the donor and the acceptor could be calculated by the equations®>**
F 6
p=1-L =K (6)
FO RO + 1’6
RS = 8.79 x 10 ®K*n *¢J (7)

/ Rt di
] ="° (8)

/:P(/l) di
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Table 2. Modified Stern—Volmer Association Constants K, and Relative Thermodynamic Parameters of the Tartrazine—SA

Systems at Different Temperatures

T (K) pH K, AH (k] mol™") AG (kJ mol ™) AS (J mol ™)
BSA 300 74 4.551 x 10* 0.9989 —26.75 —118.77
—62.38
320 7.4 0.9533 x 10* 0.9990 —24.38 —118.75
HSA 300 7.4 4.150 x 10* 0.9997 —26.52 —~17.87
—31.88
320 74 1.867 x 10* 0.9982 —26.16 —16.75
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Figure 4. Spectral overlap of UV—vis absorption spectra of tartrazine
with the fluorescence emission spectra of BSA (a) and HSA (b).
Conditions: 1, fluorescence emission spectrum of BSA; 2, fluorescence
emission spectrum of HSA; 3, absorption spectrum of tartrazine;
¢(BSA) = c(HSA) = c(tartrazine) =5 x 10 °mol L™}, T = 300 K.

where r represents the distance between a donor and an acceptor;
Ry represents the critical distance at which transfer efficiency equals
50% is given by the equation;” K is the orientation factor related to
the geometry of the donor—acceptor dipole; n is the refractive
index of medium; ¢ is the fluorescence quantum yield of the donor;
] expresses the degree of spectral overlap between the donor
emission and the acceptor absorption; F(4) is the fluorescence
intensity of the donor at wavelength 4; £(4) is the molar absorption
coefficient of the acceptor at wavelength 4.

The overlap of the absorption spectrum of tartrazine and the
fluorescence emission spectrum of BSA and HSA are shown in
Figure 4. In the present case, K*=2/3,n=136,and ¢ =0.15.
Therefore, we could calculate the parameters based on
eqs 6—8. The distance r between tartrazine and the Trp residue

2 197 51.77 %

e}

£

= 15

o
-20+ —BSA

-------- HSA

2254

205 210 215 220 225 230 235 240
Wavelength (nm)

Figure 6. CD spectra of BSA and HSA by tartrazine. Conditions:
¢(BSA) =2 x 10 "mol L™ '; c(HSA) =2 x 10~ mol L™ %; ¢(tartrazine)
1-4, 0, 1, 0, 1 x10°° mol L™%; buffer, NaH,PO,—Na,HPO,,
pH 7.4.

in HSA after interaction is 3.541 nm, whereas that in the
tartrazine—BSA system is 3.679 nm. Hence, the donor to
acceptor distance in either system is <8 nm, which accords with
conditions of Forster’s nonradiative energy transfer theory,
indicating again the static quenching interaction between tartra-
zine and SAs.
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Figure 7. Three- dlmensmnal fluorescence spectra of BSA (1), tartrazine—BSA system (2), HSA (3), and tartrazine—HSA system (4). Conditions:

¢(BSA) =5 x 10 ®mol L™} c(HSA) = § x 10 ®*mol L ™*

; c(tartrazine) = 2.5 x 10> mol L™

; buffer, NaH,PO,—Na,HPO,, pH 7.4.

Conformational Analysis. Although it has been confirmed
that the binding of tartrazine to SA results in the fluorescence
quenching of SA, it is still a puzzle about whether the binding
affects the structure and the microenvironment of SA. Therefore,
we utilized the methods of UV—vis absorption, CD, and three-
dimensional fluorescence spectroscopy to further investigate the
conformational changes of SAs.

UV—Vis Absorption Spectra of the Systems. UV—vis
absorption spectroscopy technique can be used to explore the
structural changes of protem and to investigate protein—ligand
complex formation.>* The UV —vis absorption spectra of SAs in
the absence and presence of tartrazine obtained by utilizing the
mixture of tartrazine and phosphate buffer at the same concen-
tration as the reference solution are shown in Figure S.

SA has two main absorption peaks. The strong absorption
peak around 208 nm reflects the absorption of the backbone of
the protein. The weak absorption peak at around 279 nm is due
to the aromatic amino acids (Trp, Tyr, and Phe).>* With gradual
addition of tartrazine, the intensity peak of BSA or HSA at
208 nm decreases with a red shift and the intensity of the peak at
279 nm has minimal changes, which indicate that the interaction

between tartrazine and SAs leads to the loosening and unfolding
of the protein backbone and decreases the hydrophobicity of the
microenvironment of SAs.

CD Response of SAs to Tartrazine. To gain a better under-
standing on the conformational behavior of the SA—tartrazine
system, the CD spectra of both HSA and BSA in the absence and
presence of tartrazine were obtained. The CD results were
expressed in terms of mean residue ellipticity (MRE) in
degree cm” dmol ™" according to eq 9

MRE — observed CD (mdeg) 9)
C, xnXx1x10

—MRE;ps — 4000
O-helix (%) = 3300020# X 100 (10)

where C,, is the molar concentration of the protein, n is the
number of amino acid residues, and [ is the path length.

The CD spectra of SA exhibit two negative peaks in the
ultraviolet region at 208 and 222 nm, which are characteristic of

the ot-helical structure in proteins. In Figure 6, the proportion of

6654 dx.doi.org/10.1021/jf200907x |J. Agric. Food Chem. 2011, 59, 6650-6656
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Table 3. Three-Dimensional Fluorescence Spectral Characteristic Parameters of SA and Tartrazine—SA Systems

SA tartrazine—SA

peak peak position Aey/Aer, (nm/nm) intensity Fy peak position Aey/Aer, (nm/nm) intensity F Fy/F

BSA A 230/230 — 320/320 49.63 — 1709 235/235 — 320/320 109.2 — 1047
B 278/335 6184 283/335 1724 3.59
C 234/337 2120 230/331 948 2.24

HSA a 227/227 — 320/320 53.38 — 34SS 235/235 — 320/320 317.6 — 2766
b 278/329 7270 282/320 2154 3.38
c 234/316 3138 234/315 1327 2.36

Ot-helical content in either BSA or HSA exhibits a decrease upon
the addition of tartrazine. The data suggest that the tartrazine
makes SA adopt a more open conformation and an increased
exposure of hydrophobic cavities that were seen by the UV —vis
absorption experiments. Secondary structure is related closely to
the biological activity of proteins, and a decrease in O-helical
content could result in a loss of the biological activity of SA upon
interaction with a low concentration of tartrazine.

Three-Dimensional Fluorescence Spectra Analysis. Three-
dimensional fluorescence spectroscopy has drawn much atten-
tion oin the analysis of proteins in recent years, because it has the
advantage of making the investigation of the characteristic
conformational change of protein more scientific and
credible.”>? If there is a shift at the excitation or emission
wavelength around the fluorescence peak, or the appearance of a
new peak or disappearance of existing peak, it could be an
important hint to suggest conformational changes to the protein.
The conformational and microenvironmental changes of two
SAs were investigated by comparing the spectral changes in the
absence and presence of tartrazine, as shown in Figure 7, with the
corresponding parameters shown in Table 3. Peak A or a is the
Rayleigh scattering peak (Ae, = A), whereas the strong peak (B
or b) mainly reveals the spectral characteristic of Trp and Tyr
residues. Besides peak B or b, there is another strong fluorescence
peak (C or c), which mainly exhibits the fluorescence spectral
behavior of polypeptide backbone structures. Analysis of the
intensity changes of peak B or b and peak C or c) of both SAs
showed different degrees of differences after the addition of
tartrazine. This implies that the interactions of tartrazine with
SAs induce a slight unfolding of the polypeptide backbone of the
protein, resulting in conformational changes that increase the
exposure of some hydrophobic regions that had been buried.””
These results are in accordance with the UV and CD spectral
data. All of these phenomena indicate that the binding of
tartrazine to SAs induces conformational and microenvironmen-
tal changes in both BSA and HSA.

In conclusion, interaction of tartrazine with two SAs was
elucidated at the molecular level using fluorescence, combined
with UV—vis absorption, CD, and three-dimensional fluores-
cence spectroscopy under physiological conditions. The experi-
mental results showed that tartrazine could bind with SAs to form
a tartrazine—SA complex with one binding site. The binding
process was spontaneous, and hydrogen bonding and van der
Waals force played major roles in stabilizing the complex. The
microenvironment and the conformation of two SAs were
changed in the presence of tartrazine as was demonstrated by
the UV —vis absorption, CD, and three-dimensional fluorescence
spectra. This study provides important information about the

molecular interactions between tartrazine and SAs and the
resulting conformational changes in the proteins. This may
provide useful information in clarifying the dynamics of toxicity
of tartrazine in vivo.

B AUTHOR INFORMATION

Corresponding Author

*Postal address: School of Environmental, Science and Engineer-
ing, Shandong University, Jinan 250100, People's Republic of
China. Phone/fax: 86-531-88364868. E-mail: Trutaoliu@
sdu.edu.cn.

Funding Sources

This work is supported by NSFC (20875055), the Cultivation
Fund of the Key Scientific and Technical Innovation Project,
Ministry of Education of China (708058), and Key Science-
Technology Project in Shandong Province (2008GG10006012).

Il ABBREVIATIONS USED

SA, serum albumin; BSA, bovine serum albumin; HSA, human
serum albumin; CD, circular dichroism; Trp, tryptophan; Tyr,
tyrosine; Phe, phenylalanine.

B REFERENCES

(1) Elhkim, M. O.; Heraud, F.; Bemrah, N.; Gauchard, F.; Lorino, T.;
Lambre, C.; Fremy, J. M.; Poul, J. M. New considerations regarding the
risk assessment on Tartrazine An update toxicological assessment,
intolerance reactions and maximum theoretical daily intake in France.
Regul. Toxicol. Pharmacol. 2007, 47 (3), 308-316.

(2) Tanaka, T. Reproductive and neurobehavioural toxicity study of
tartrazine administered to mice in the diet. Food Chem. Toxicol. 2006, 44
(2), 179-187.

(3) Collins, T. F.; Black, T. N.; Brown, L. H.; Bulhack, P. Study of the
teratogenic potential of FD & C Yellow No. S when given by gavage to
rats. Food Chem. Toxicol. 1990, 28 (12), 821-827.

(4) Tanaka, T.; Takahashi, O.; Oishi, S; Ogata, A. Effects of
tartrazine on exploratory behavior in a three-generation toxicity study
in mice. Reprod. Toxicol. 2008, 26 (2), 156-163.

(5) Stefanidou, M.; Alevisopoulos, G.; Chatziioannou, A.; Koutselinis,
A. Assessing food additive toxicity using a cell model. Vet. Hum. Toxicol.
2003, 45 (2), 103-105.

(6) Poul, M,; Jarry, G.; Elhkim, M. O.; Poul, J. M. Lack of genotoxic
effect of food dyes amaranth, sunset yellow and tartrazine and their
metabolites in the gut micronucleus assay in mice. Food Chem. Toxicol.
2009, 47 (2), 443-448.

(7) Amin, K. A.; Abdel Hameid, H., 2nd; Abd Elsttar, A. H. Effect of
food azo dyes tartrazine and carmoisine on biochemical parameters
related to renal, hepatic function and oxidative stress biomarkers in
young male rats. Food Chem. Toxicol. 2010, 48 (10), 2994-2999.

6655 dx.doi.org/10.1021/jf200907x |J. Agric. Food Chem. 2011, 59, 6650-6656



Journal of Agricultural and Food Chemistry

(8) Qin,P.; Liu, R;; Pan, X; Fang, X.; Mou, Y. Impact of carbon chain
length on binding of perfluoroalkyl acids to bovine serum albumin
determined by spectroscopic methods. J. Agric. Food Chem. 2010, 58 (9),
5561-5567.

(9) Pan, X. R; Liu, R. T;; Qin, P. F; Wang, L; Zhao, X. C.
Spectroscopic studies on the interaction of acid yellow with bovine
serum albumin. J. Lumin. 2010, 130 (4), 611-617.

(10) Soares, S.; Mateus, N.; Freitas, V. Interaction of different
polyphenols with bovine serum albumin (BSA) and human salivary
o-amylase (HSA) by fluorescence quenching. J. Agric. Food Chem. 2007,
55 (16), 6726-673S.

(11) Gelamo, E. L,; Silva, C. H.; Imasato, H.; Tabak, M. Interaction
of bovine (BSA) and human (HSA) serum albumins with ionic
surfactants: spectroscopy and modelling. Biochim. Biophys. Acta 2002,
1594 (1), 84-99.

(12) Ojha, B; Das, G. The interaction of 5-(alkoxy)naphthalen-1-
amine with bovine serum albumin and its effect on the conformation of
protein. J. Phys. Chem. B 2010, 114 (11), 3979-3986.

(13) Papadopoulou, A,; Green, R. J.; Frazier, R. A. Interaction of
flavonoids with bovine serum albumin: a fluorescence quenching study.
J. Agric. Food Chem. 2005, 53 (1), 158-163.

(14) Chi, Z; Liu, R; Teng, Y.; Fang, X; Gao, C. Binding of
oxytetracycline to bovine serum albumin: spectroscopic and molecular
modeling investigations. J. Agric. Food Chem. 58 (18), 10262—10269.

(15) Paramaguru, G; Kathiravan, A.; Selvaraj, S.; Venuvanalingam,
P.; Renganathan, R. Interaction of anthraquinone dyes with lysozyme:
evidences from spectroscopic and docking studies. . Hazard. Mater.
2010, 175 (1—3), 985-991.

(16) Ghosh, K.S.; Sen, S.; Sahoo, B. K.; Dasgupta, S. A spectroscopic
investigation into the interactions of 3'-O-carboxy esters of thymidine
with bovine serum albumin. Biopolymers 2009, 91 (9), 737-744.

(17) Guo, M; Lu, W. J,; Li, M. H.; Wang, W. Study on the binding
interaction between carnitine optical isomer and bovine serum albumin.
Eur. J. Med. Chem. 2008, 43 (10), 2140-2148.

(18) Xiang, G.; Tong, C.; Lin, H. Nitroaniline isomers interaction
with bovine serum albumin and toxicological implications. J. Fluoresc.
2007, 17 (5), S12-521.

(19) Khan, S. N,; Islam, B.; Yennamalli, R.; Sultan, A.; Subbarao, N;
Khan, A. U. Interaction of mitoxantrone with human serum albumin:
spectroscopic and molecular modeling studies. Eur. J. Pharm. Sci. 2008,
35 (5), 371-382.

(20) Zhao, L;; Liu, R;; Zhao, X.; Yang, B.; Gao, C.; Hao, X;; Wy, Y.
New strategy for the evaluation of CdTe quantum dot toxicity targeted
to bovine serum albumin. Sci. Total Environ. 2009, 407 (18), 5019-5023.

(21) Forster, T., Sinanoglu, O., Eds. Modern Quantum Chemistry;
Academic Press: New York, 1965; pp 93—137.

(22) Chi, Z; Liu, R; Zhang, H. Noncovalent interaction of oxyte-
tracycline with the enzyme trypsin. Biomacromolecules 2010, 11 (9),
2454-2459.

(23) Hu, Y. ]; Liy, Y;; Xiao, X. H. Investigation of the interaction
between berberine and human serum albumin. Biomacromolecules 2009,
10 (3), 517-521.

(24) Ibrahim, N.; Ibrahim, H; Kim, S.; Nallet, J. P.; Nepveu, F.
Interactions between antimalarial indolone-N-oxide derivatives and
human serum albumin. Biomacromolecules 2010, 11 (12), 3341-3351.

(25) Zhang,Y.Z;Zhou, B; Zhang, X. P.; Huang, P.; Li, C. H,; Liu, Y.
Interaction of malachite green with bovine serum albumin: determina-
tion of the binding mechanism and binding site by spectroscopic
methods. . Hazard. Mater. 2009, 163 (2—3), 1345-1352.

(26) Ding, F.; Liu, W,; Diao, J. X;; Sun, Y. Characterization of
Alizarin Red S binding sites and structural changes on human serum
albumin: a biophysical study. J. Hazard. Mater. 2010, 186 (1), 352-359.

(27) Charbonneau, D. M.; Tajmir-Riahi, H. A. Study on the inter-
action of cationic lipids with bovine serum albumin. J. Phys. Chem. B
2010, 114 (2), 1148-115S.

6656

dx.doi.org/10.1021/jf200907x |J. Agric. Food Chem. 2011, 59, 6650-6656



