
Regular Article     PHYSICAL 
                                      CHEMISTRY 
                                                                                                                                                                                                               RESEARCH 

                                                                                                                                                                                                                         Published by the 
                                                                                                                                                                                                                 Iranian Chemical Society 
                                                                                                                                                                                         www.physchemres.org 
                                                                                                                                                                                        info@physchemres.org 
 
Phys. Chem. Res., Vol. 5, No. 3, 541-554, September 2017 
DOI: 10.22036/pcr.2017.72343.1343 
 

 
 

Spectroscopic, Thermodynamic and Molecular Docking Studies on Interaction 
of Toxic Azo Dye with Bovine Serum Albumin 

 
N. Rasoulib,*, N. Sohrabic, D. Ajlood and N. Rezvania 

a,b,cDepartment of Chemistry, Payame Noor University, P.O. Box: 19395-3697, Tehran, Iran 
dSchool of Chemistry, Damghan University, Damghan, Iran 

 (Received 6 January 2017, Accepted 26 April 2017) 
 

      Studies on interaction of azo dyes with bovine serum albumin, as carrier protein, would be of particular importance in the field of 
toxicology that can help in better understanding of dye-protein interaction mechanism. In this regard, the interaction between the azo dye, 
trisodium (4E)-3-oxo-4-[(4-sulfonato-1-naphthyl) hydrazono] naphthalene-2,7-disulfonate (C20H11N2Na3O10S3), known as Amaranth, and 
bovine serum albumin (BSA) was studied using UV-Vis absorption, fluorescence spectroscopy, viscosity measurement and molecular 
docking studies. Also, the association behavior of Amaranth was investigated at its various concentrations and different ionic strengths 
(NaCl) in 5 mM aqueous phosphate buffer of pH 7.0 at 25 °C. From the spectrophotometric studies, the binding constant was determined. 
The value of the binding constant was Kb = 0.71 × 104 M-1 at 298 K. Thermodynamic parameters (ΔH > 0 and ΔS > 0) indicated that 
hydrophobic forces play a major role in the interaction between Amaranth and BSA. From the results of fluorescent experiments, the 
binding constants and the number of binding sites were obtained as Kb = 3.4 × 107 M-1 and 1.2901, respectively. By increasing the amount 
of Amaranth, a significant increase in viscosity of BSA was observed. The molecular docking method was employed to understand the 
interaction of Amaranth with BSA. The results showed that BSA has great affinity for interaction with Amaranth dye. 
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INTRODUCTION 
 
      Recently, much research has been carried out on the 
dyes due to their extensive usage in the various industries 
such as textile, dyeing, paper, printing, pharmaceutical, food 
and cosmetics [1,2]. The azo dyes containing azo (-N=N-) 
functional groups and aromatic structure are used in about 
half of all dyes that reductively cleaved into aromatic 
amines with toxic, mutagenic and carcinogenic properties. 
Amaranth (FD & C Red No. 2, E123, C. I. Food Red 9) 
(Fig. 1) is a reddish or brownish azo dye which is used as a 
color additive in foodstuffs, pharmaceuticals and cosmetics. 
Amaranth dye, as an azo colorant, was reported to be 
potentially toxic to human [3], therefore there is a necessary 
need to control the consumption of this  dye. Generally,  the  
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physiological and toxicological  properties of dyes are 
related to their binding nature to the biological 
macromolecules such as proteins, hence, the study on the 
interaction of proteins with dyes becomes important [4,5].  
Serum albumins are known as the most abundant carrier 
proteins in blood plasma with many important physiological 
functions. The properties such as absorption, distribution, 
metabolism and excretion as well as the stability and 
toxicity of chemicals can be changed significantly because 
of their binding to serum albumin. Therefore, studying the 
interaction of serum albumin with chemicals is important to 
understand their transport and mechanism in  body [6]. In 
this study, we have used bovine serum albumin (BSA) as a 
protein model due to low cost, availability, intrinsic 
fluorescence emission and structural homology with human 
serum albumin (HSA) [7]. BSA is composed of three  
linearly    arranged    and    structurally    homologous    sub- 
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domains. It has two tryptophan residues  possessing intrinsic 
domains (I-III) that each domain is the product of two 
fluorescence Trp-134 and Trp-212, located on the surface of 
sub-domain IB and IIA, respectively [8,9]. The main sites of 
drug binding in serum albumin protein are often located in 
hydrophobic cavities in sub-domains IIA and IIIA. The 
binding of a ligand to serum albumin affects the secondary 
and tertiary structure of serum  albumin  protein  [10]. Up to  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
now, the effect of Amaranth on bovine serum albumin  
(BSA), specially using molecular docking has not been 
reported. To the best of our knowledge, the binding 
mechanisms of Amaranth to BSA protein remain unclear. 
So, in the present study, the binding of Amaranth (Fig. 1) to 
bovine serum albumin (BSA) and the consequent 
conformational changes are investigated in view of 
thermodynamics  using  UV-Vis    absorption,   fluorescence  

 

Fig. 1. The Chemical structure of Amaranth. 
 
 

 

Fig. 2. UV-Vis absorption spectra of Amaranth in the concentration range from 2.9 × 10-7-6.3 × 10-5 M in  
           5 mM phosphate buffer, pH 7 at 25 °C. 
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spectroscopy and molecular docking method. Spectroscopic 
and molecular docking results are used to understand the 
mechanism of interactions. 
 
EXPERIMENTAL 
 
Materials 
      Bovine serum albumin (BSA) and Amaranth were 
purchased from Sigma-Aldrich chemical company. All 
experiments were performed in 5 mM phosphate buffer at 
pH 7.0, and at 25 °C. The buffer solution includes (339.44 
mg l-1 Na2HPO4.2H2O and 426.8 mg l-1 NaH2PO4.H2O) 
dissolved in the double distilled water.  
 
UV-Vis Absorption  
      The absorbance measurements were carried out using 
UV-Vis, Perkin Elmer Lambda 25 double beam 
Spectrophotometer, operating from 200 to 700 nm in 1.0 cm 
quartz cells at room temperature.  
 
Fluorescence Study 
      The fluorescence spectra were carried out on a 
Shimadzu model RF-5000 spectrofluorimeter equipped with 
a xenon lamp source and 1 cm quartz cell. The excitation 
wavelength was set at 280 nm and the fluorescence intensity 
was measured at 350 nm. The scan speed was 1200 nm/min.  
 
Viscosity Measurement 
      The viscosity of BSA solutions was measured using an 
Ostwald viscometer at 25 ± 0.1 °C.  
 
Molecular Docking Studies 
      In order to find out the binding sites on BSA, and the 
binding energy, molecular docking studies were performed. 
The structure of ligand was generated by Gauss View, 
version 4.1.2 followed by energy minimization. The crystal 
structure of BSA with PDB ID 4F5S was obtained from 
Protein Data Bank (http://www.rcsb.org). All water 
molecules and ligand were removed, and then hydrogen 
atoms were added to the protein structure. The molecular 
docking calculations were carried out using Auto Dock 4.2 
software [11]. For the identification of the binding sites on 
BSA, docking studies were performed  using a box size of 
126 × 106 × 126 Å  with   grid   resolution  of  0.71  Å.  The  

 
 
docking runs were carried out using Auto Dock engine with 
a maximum of 200 candidate poses, and Amaranth was 
selected as a flexible ligand. The conformations were 
ranked using the A scoring function, which estimates the 
free binding energy. After molecular docking calculations, 
the ligand-protein interaction was further analyzed using 
Pymol 2.0. 
 
RESULTS AND DISCUSSION 
 
The UV-Vis Absorption Spectroscopy 
      The UV-Vis absorption measurement is a very simple 
and applicable method to understand the structural changes 
and the ligand-protein interactions. The UV-Vis absorption 
spectrum of Amaranth is characterized by strong absorption 
band in the visible region (λmax = 522 nm) that is responsible 
for the red color of Amaranth [12] (Fig. 2). To check 
compliance with the Beer-Lambert law, the experiment was 
carried out in homogeneous aqueous solution in 5 mM 
aqueous phosphate buffer of pH 7.0 at 25 °C. The results 
showed that the absorption in λmax = 522 nm, and 
concentration range of 0.0-6.3 × 10-5 M follow from the 
Beer’s law (Fig. 3). Therefore, the Amaranth dye do not 
aggregate in the experimental concentration range. The 
effect of NaCl on the absorption spectrum of the Amaranth 
in aqueous solution is shown in Fig. 4. As the concentration 
of NaCl increases from 7.1  10-7 to 2.3 × 10-5 M, the 
absorption spectrum of Amaranth shows no significant 
electrolyte effect, and no new band appears even at high 
concentrations of NaCl. These results indicate that 
Amaranth do not form any aggregates. The change of ionic 
strength is an efficient method for distinguishing the binding 
modes between protein and other molecules. The high ionic 
strength was advantageous to the hydrophobic process but 
disadvantageous to the electrostatic binding [13]. Figure 5 
shows the effect of NaCl concentration on the interaction of 
BSA with Amaranth. As seen in Fig. 5, the wavelength of 
maximum absorption of the Amaranth do not show 
considerable changes by increasing of NaCl concentration. 
As the concentration of NaCl increases, the absorbance 
exhibits hypochromism, therefore, the electrostatic force is 
very weak in the interaction between BSA and Amaranth. 
The UV-Vis absorption spectra of Amaranth in the absence 
and    presence   of   different   concentrations   of  BSA  are  
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illustrated in Fig. 6. Upon addition of BSA, the absorbance 
and its intensity at 522 nm decreased and the peak position 
showed a slight shift to higher wavelengths, suggesting the 
strong interaction between Amaranth and BSA. Also, the 
observed isosbestic points at 307 nm and 566 nm proved the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
formation of the new complexes between BSA and 
Amaranth. The binding strength of Amaranth with BSA 
(Kb) was obtained by monitoring the changes in the 
Amaranth absorbance at 522 nm by increasing of BSA 
concentrations according to the following equation [14]. 

 

Fig. 3. The absorption spectra of Amaranth at the λmax = 522 nm in the concentration range of 0-6.3 × 10-5 M in  
           5 mM phosphate buffer, pH 7 at 25 °C followed by Beer’s law. 
 

 

 

Fig. 4. UV-Vis absorption spectra of Amaranth (4.8 × 10-5 M) at various concentration of NaCl (7.1 × 10-7 M-  
              2.3 × 10-5 M) in 5 mM phosphate buffer, pH 7 at 25 °C. 
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      [BSA]/(εa-εf) = [BSA](εb-εf) + 1/Kb (εb-εf)                   (1) 
 
where [BSA] is the concentration of BSA, εa, εf,  and εb are 
the apparent extinction coefficient, and the extinction 
coefficient for the free and bound complex absorptivity, 
respectively. In the plots of [BSA]/(εa - εf) vs. [BSA], Kb 

was given by the ratio of the slope to intercept (Fig. 7).  The  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
apparent binding constant was calculated to be 0.71 × 104 
M-1. 
 
Fluorescence Quenching Studies 
      BSA has a strong intrinsic fluorescence originating from 
the tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe) 
residues  [15].  When  BSA   protein  interacts  with  various  

 

Fig. 5. UV-Vis absorption spectrum of BSA/Amaranth complex solution upon addition of NaCl (3 M) in 5  
             mM phosphate buffer, pH 7.0 and at 25 °C. 

 
 

 
Fig. 6. UV-Vis absorption spectrum of Amaranth (5.5 × 10-5 M) in the presence of various concentrations of  
            BSA in 5 mM phosphate buffer, pH 7 at 25 °C. 
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compounds, its intrinsic fluorescence changes with the 
compound concentration. Consequently, fluorescence can 
be considered as a useful technique for determining the 
mechanism of interaction between compounds and BSA 
[16]. Figure 8 shows the fluorescence spectra of BSA in the 
presence of various concentrations of Amaranth. The results 
showed that BSA has a strong fluorescence emission peak at 
about 350 nm, and its fluorescence intensity decreases 
regularly with addition of various concentrations of 
Amaranth. To determine the mechanism of binding between  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Amaranth and BSA, the fluorescence intensity data were 
analyzed by the Stern-Volmer equation (Eq. (2)) [17]: 
 
      F0/F = 1 + Ksv [Q]                                                        (2) 
 
where F0 and F are the fluorescence intensities in the 
absence and presence of quencher, respectively, Ksv is the 
Stern-Volmer quenching constant, and [Q] is the 
concentration of quencher. In Fig. 9, the plot of F0/F vs. [Q] 
exhibits  a  good  linear  relationship,   indicating   the  static 

  
Fig. 7. The plot of [BSA]/(εaP - εf) vs. [BSA]. 

 
 

 
Fig. 8. Fluorescence spectrum of BSA (3 × 10-6 M) in the presence of various concentrations of Amaranth in  
           5 mM phosphate buffer, pH 7 at 25 °C. 
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quenching process, while, the deviation from linear 
relationship showed the presence of both static and dynamic 
quenching [18]. According to the Stern-Volmer equation 
and our experimental results, the Stern-Volmer quenching 
constant was 0.7122 M-1 s-1 at room temperature (Fig. 9).  
 
Determination of Binding Constant and the 
Number of Binding Sites 
      The binding constant (Kb) and the number of binding 
sites    (n)   can   be  calculated   by   the   double   logarithm 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
regression curve (Fig. 10). The relationship between the 
fluorescence intensity and the quenching medium can be 
deduced by the Eq. (3): 
 
      log(F0-F/F) = log Kb + n log[Q]                                   (3) 
 
where F0 and F represent the fluorescence intensity without 
or with the quencher. [Q] is the concentration of the 
quencher. The values of binding constant, Kb, and binding 
sites,  n,  for   interaction   of   Amaranth   with   BSA   were  

 

Fig. 9. Fluorescence quenching curve BSA (3 × 10-6 M) by Amaranth at λmax = 350 nm in 5 mM phosphate  
             buffer, pH 7 at 25 °C. 
 
 

 

Fig. 10. Double log plots of Amaranth binding to BSA in 5 mM phosphate buffer, pH 7 at 25 °C. 
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obtained from the intercept and slope, respectively (Fig.10). 
The value of Kb is 3.4 × 107 M-1 at room temperature, 
indicating that a strong interaction exists between Amaranth 
and BSA. Also, the binding site value approximately equals 
1.2901, which can be concluded that there is one binding 
site in BSA for interaction with Amaranth. 
 
Thermodynamic Parameters of Binding  
      The thermodynamic parameters of binding are the  main 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
parameters for the binding force confirmation.  Based on the 
thermodynamic definitions, ΔH > 0 and ΔS > 0 show 
hydrophobic interaction, ΔH < 0 and ΔS > 0 indicate an 
electrostatic force, ΔH < 0 and ΔS < 0 suggest the van der 
Waals force and hydrogen bonding [19]. When the change 
of temperature is small, ΔH can be considered a constant 
and the thermodynamic parameters of the binding reaction 
are as follows, Eqs. (4) and (5): 

 

Fig. 11. The Van’t Hoff plot for the binding of BSA to Amaranth. 
 
 

 

Fig. 12. Effect of increasing amounts of Amaranth on the viscosity of BSA (1.26 × 10-5 M) in 5 mM phosphate  
               buffer, pH 7 at 25 °C at various molar ratios (R = 0.0, 0.013, 0.026, 0.039, 0.052). 
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      lnKa = -ΔH/RT +  ΔS/R                                                 (4) 
 
      ΔG = ΔH - T ΔS                                                           (5) 
       
where Kb is the binding constant at the corresponding 
temperature, and R is the gas constant. Using the plot of ln 
Kb vs. 1/T, ΔHº and ΔSº are determined (Fig. 11). The 
thermodynamic parameters (ΔH°, ΔS° and ΔGº) for the 
interaction of Amaranth with BSA are summarized in Table 
1. As reported in this table, ΔH° and ΔS° for the binding of 
Amaranth to BSA are 122.21 kJ mol-1 and 503.08 J mol-1 K-

1 at 298 K, respectively. The negative value of ΔGº means 
that the binding process is spontaneous. We applied this 
analysis to the binding of Amaranth to BSA and found  that  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ΔH > 0 and ΔS > 0. Therefore, hydrophobic forces are the 
main forces involved in the binding process [20]. 
 
Viscosity 
      Hydrodynamic data such as viscosity measurement, as 
an effective test, were used for understanding the binding 
mode [21]. A complete or partial intercalation binding led to 
an increase of protein viscosity. In contrast, there is a little 
effect on the viscosity of protein if electrostatic or covalent 
binding occurs in the binding process [22,23]. In this regard, 
to understand the nature of BSA binding of the Amaranth, 
viscosity measurements were carried out on BSA by varying 
the concentration of the added Amaranth. The values of 
relative  specific  viscosity  (ɳ/ɳ0),  where  ɳ  and  ɳ0  are the  

                    Table 1. Thermodynamic Parameters of Amaranth-BSA Interaction at pH 7.0 
 

S° 

(J mol-1 K-1) 

G° 

(kJ mol-1) 

 

 

lnK   T 

 (K) 

503.08 ± 20.85 -27.70 ± 12.63  11.18 ± 0.115  298 

503.57 ± 20.85 -30.36 ± 12.73  12.05 ± 0.036 303 

502.15 ± 20.85 -32.44 ± 12.84  12.67 ± 0.11 308 

501.74 ± 20.85 -34.82 ± 12.94  13.38 ± 0.044 313 

503.92 ± 20.85 -38.03 ± 13.05  14.38 ± 0.083 318 
 

 
       Table 2. Effect of Increasing Amounts of Amaranth on the Viscosity of BSA (1.26 × 10-5 M)  in 5 mM  
                     Phosphate Buffer, pH 7 at 25 °C at Various Molar Ratios (R = 0.0, 0.013, 0.026, 0.039, 0.052) 
 

 

 (cP) 

T 

(s) 

 

(g ml-1) 

Solution 

1000 

961.59 

933.65 

919.39 

921.59 

938.05 

97.45 

94.51 

92.25 

90.77 

90.4 

91.49 

0.998 

0.989 

0.984 

0.985 

0.991 

0.997 

Water 

BSA 

BSA (0.013) 

BSA (0.026) 

BSA (0.039) 

BSA (0.052) 
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Fig. 13. The best conformation of the binding mode between Amaranth and BSA. 
 
 

 

Fig. 14. The formation of hydrogen bonds between Amaranth and amino acid residues of BSA. 
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   Table 3. Docking Energies in kcal mol-1 for Binding of Amaranth to BSA 
 

Cluster 

rank 

Docking 

energies 

Number 

of run in 

a cluster 

Cluster 

rank 

Docking 

energies 

Number 

of run in 

a cluster 

Cluster 

rank 

Docking 

energies 

Number 

of run in 

a cluster 

1 -9.54 9 28 -6.58 2 55 -5.73 1 

2 -9.45 5 29 -6.58 2 56 -5.72 2 

3 -8.6 10 30 -6.57 1 57 -5.71 2 

4 -8.11 14 31 -6.51 3 58 -5.71 1 

5 -8.07 2 32 -6.46 4 59 -5.7 2 

6 -7.92 2 33 -6.45 1 60 -5.66 2 

7 -7.89 2 34 -6.38 3 61 -5.65 1 

8 -7.74 1 35 -6.35 4 62 -5.61 1 

9 -7.39 2 36 -6.33 6 63 -5.6 1 

10 -7.37 1 37 -6.3 3 64 -5.56 1 

11 -7.35 6 38 -6.28 1 65 -5.56 1 

12 -7.29 6 39 -6.2 1 66 -5.49 1 

13 -7.27 2 40 -6.16 3 67 -5.49 1 

14 -7.19 2 41 -6.15 1 68 -5.48 3 

15 -7.09 1 42 -6.12 2 69 -5.47 1 

16 -7.05 2 43 -6.07 1 70 -5.4 1 

17 -7.01 5 44 -5.96 4 71 -5.24 1 

18 -6.96 17 45 -5.96 1 72 -5.22 1 

19 -6.95 1 46 -5.95 1 73 -5.1 1 

20 -6.86 4 47 -5.95 1 74 -5.1 1 

21 -6.83 1 48 -5.91 2 75 -5.02 1 

22 -6.83 7 49 -5.89 1 76 -4.92 1 

23 -6.78 1 50 -5.88 1 77 -4.87 1 

24 -6.66 2 51 -5.86 1 78 -4.85 1 

25 -6.64 3 52 -5.81 2 79 -4.81 1 

26 -6.61 1 53 -5.8 1 80 -4.68 1 

27 -6.59 4 54 -5.79 1 81 -4.64 1 
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specific viscosities of BSA in the presence and absence of 
the Amaranth, respectively, are plotted against [Amaranth]/ 
[BSA] (Fig. 12). It can be seen that the relative viscosity of 
BSA decreased with increasing the Amaranth concentration 
(Table 2). It is thought that the hydrophobic groups such as 
sulfonate in the Amaranth structure interact preferentially 
with the surface of protein molecules and participate in 
breaking the three-dimensional protein networks, thereby 
reducing solution viscosity [24].  
 
Molecular Docking 
      In this research, Auto Dock 4.2 software, as a useful 
computational molecular docking program, was used to 
understand the interaction of Amaranth with BSA. The 
fluorescence and UV-Vis spectroscopic results were 
completed with molecular docking in which Amaranth was 
docked into BSA to determine the preferred binding site and 
the binding mode. There are two drug binding grooves 
located in BSA protein, namely as binding site I and site II, 
respectively, which are present in the hydrophobic cavities 
of sub domain IIA and IIIA. Figure 13 shows the best 
conformation of the binding mode between Amaranth and 
BSA. It is recognizable that Amaranth binds within the site I 
of sub-domain IIA pocket in domain II of BSA. Figure 14 
illustrates hydrogen bonds between Amaranth and amino 
acid residues of BSA. Amaranth forms hydrogen bonds with 
GLU-152, SER-191, HIS-287, LYS-221, ARG-217, ARG-
194 and VAL-292 residues. Furthermore, Amaranth is 
surrounded by three amino acid residues of TYR-149, 
ARG-198 and LYS-294. The binding energy for the 
Amaranth–BSA complex were calculated from the docking 
calculations and presented in Table 3. The number of runs 
in a cluster from negative to less negative values are shown 
in Table 3. Positions of 81 cluster ranks, most negative rank, 
surrounded amino acids and related surface charge were 
investigated. The results showed that the most negative 
cluster is near the positive amino acids. On the other hand, 
those cluster ranks located near Trp 134 and 213 with 
energies of -7.39 kcal mol-1 for rank 9 and -4.92 for rank 7 
and 6 are also observed. So, the ligand tends to locate close 
to the Trp134. 

 
 
CONCLUSIONS 
 
      In this research, the interaction of Amaranth with BSA 
was investigated by fluorescence, and UV-Vis 
spectroscopies under physiological conditions. Also, the 
molecular docking studies were carried out. The results 
obtained from the fluorescence showed that Amaranth 
quenches the intrinsic fluorescence of BSA via static 
quenching, and that there is a single class of binding site on 
BSA.  The results of thermodynamic studies showed that the 
interaction process is spontaneous and is driven by entropy 
parameter. According to the molecular docking results, 
Amaranth can bind to BSA at site I in subdomain IIA. On 
the basis of the experimental results, it is inferred that there 
is a strong interaction between Amaranth and BSA. 
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