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a b s t r a c t

For the first time, interaction of vitamin B7 (VB7) with bovine serum albumin (BSA) was investigated with
the aim of developing a method for the analysis of BSA. The interaction of VB7 with BSA was investigated
by cyclic voltammetry (CV), linear sweep voltammetry (LSV), and differential pulse voltammetry (DPV) at a
multi-walled carbon nanotubes-modified glassy carbon electrode (MWCNTs/GCE). The recorded electro-
chemical data was combined with UVvis and fluorescence (F) spectroscopic data into a row- and column-
wise augmented matrix and resolved by multivariate curve resolution-alternating least squares (MCR-ALS)
as an efficient chemometric tool, and this assisted in the further elucidation of the above interaction. Also,
with aid of MCR-BANDS method, the absence of rotational ambiguity was verified in the obtained results
and we confirmed that the obtained results were unambiguous and reliable. The binding of VB7 to BSA
was also modeled by molecular docking methods. Excellent agreement was found between the
experimental and computational results. The differences of DPV responses of VB7 in the absence and
presence of BSA (ΔI) were found to be linearly related to BSA concentration between 0.5�10�9 mol L�1

and 35.0�10�9 mol L�1, and a limit of detection (LOD, 3Sb/b) of 0.22�10�9 mol L�1 was calculated.
Finally, the DPV method was further applied to the determination of serum albumin (SA) in serum samples
obtained from Holstein cows and the results were in good agreement with those obtained by a medical
diagnostic laboratory whose method was based on traditional cellulose acetate electrophoresis. The
MWCNTs/GCE showed enhanced electron transfer kinetics, large electroactive surface area, and was highly
sensitive, selective, and stable towards SA determination. The satisfactory analytical performance of the
proposed method would make it potentially advantageous for a broad range of biosensing and clinical
applications.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

In living organisms, there are a variety of small molecules with
various biological and pharmaceutical functions. Vitamin B7 (VB7,
also called vitamin B8 or H, Fig. 1) is a water-soluble vitamin and
an essential co-factor for five biotin-dependent carboxylase
enzymes. It is synthesized in a wide variety of bacteria and plants.
However, several microorganisms as well as higher animals are
notable to synthesize it and their needs in this vitamin are met by
dietary intake [1]. Besides the typical clinical features, recent
evidence indicates that the pregnant women develop biotin
deficiency during normal pregnancy [2,3].
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Among biomacromolecules, serum albumin (SA) is a soluble
protein, which is a major constituent of the circulatory system, and
it commonly serves as a depository and a transport molecule for many
exogenous compounds [4,5]. Consequently, simple, rapid and low cost
analysis for SA proteins would be useful [6,7]. Studies on the binding of
small molecules with plasma proteins will facilitate the interpretation
of the metabolism and transport processes of such substances, and the
binding of small molecules with bovine serum albumin (BSA) is a
typical example of such interactions. Thus, it is an appropriate protein
to use for such investigations, partly because of its structural homology
with human serum albumin (HSA) [8].

There are a variety of techniques currently available for obtaining
information about protein–ligand interactions such as the measure-
ment of kinetics and binding affinities. Two traditional methods, X-ray
diffraction and NMR spectroscopy, employed to obtain structural
information of proteins and protein–ligand complexes. Both of these
methods have disadvantages: X-ray diffraction requires the prepara-
tion of a crystal, which can be time consuming or even impossible;
and NMR spectroscopy is not easily applied to larger proteins of more
than a few hundred amino acids. Other analytical techniques that can
be applied to proteins in solution are spectrophotometry, chemilumi-
nescence, resonance light scattering [9–12]. Compared with spectro-
scopic methods, electrochemical assay is simple, easily implemented,
and has low-cost and fast response. On the other hand, the inter-
pretation of electrochemical data can contribute to elucidation of the
interaction of ligand with biomacromolecules.

Chemometrics methods of data analysis, such as multivariate
curve resolution-alternating least squares (MCR-ALS), are well
known for their ability to resolve different kinds of data and
extract profiles of individual chemical components from compo-
site responses. Such results generate valuable information, which
other-wise cannot be obtained by conventional methods, and
which consequently, enable further analysis of the problem under
investigation as is the case with the biosystems in this work.

To the best of our knowledge there is no report on the interactions
between VB7 and BSA in the literature, and this work reports a
detailed study on the mentioned system for the first time. The main
aims of this study were: 1. Investigation of interaction of VB7 with BSA
at a MWCNTs/GCE at physiological conditions by CV, LSV, and DPV and
also in combination with UV–vis and fluorescence (F) techniques by
the use of MCR-ALS. 2. Research and development of an electroche-
mical method for BSA analysis in conjunction with VB7 which could
be suggested for biosensing and clinical applications.

2. Experimental and theoretical details

2.1. Chemicals and solutions

BSA, and VB7 were purchased from Sigma Chemical Company
(St. Louise, MO). Multi-walled carbon nanotubes were purchased

from io-li-tec, Ionic Liquid Technologies. All other reagents were of
analytical grade, and doubly distilled water was used throughout.
All solutions used in this work were prepared in Tris–HCl buffer
solution (TBS, 0.05 mol L�1, pH 7.4, containing 0.1 mol L�1 sodium
chloride to maintain the ionic strength of solution). Stock solutions
of VB7, and BSAwas prepared by dissolving proper amount of their
solid powder in the TBS (0.05 mol L�1, pH 7.4) and were kept at
dark in a refrigerator for about a week only.

2.2. Instruments and softwares

Electrochemical experiments were performed using a m-Auto-
labIII/FRA2 driven by the Nova 1.8 software. A conventional
three-electrode cell was used with a saturated calomel electrode
(SCE) as reference electrode, a Pt wire as counter electrode and a
bare or modified GCE as working electrode. The SEM experiment
was made on a KYKY-EM 3200 scanning electron microscope. All
fluorescence spectra were measured on a Cary Eclipse fluores-
cence spectrophotometer equipped with a water bath and a
1.0 cm quartz cell. The UVvis spectra were measured on an
Agilent 8453 UVvis Diode-Array spectrophotometer controlled
by the Agilent UVvis ChemStation software. A JENWAY-3345 pH-
meter equipped with a combined glass electrode was used to pH
measurements. The chemical structure of the VB7 was con-
structed by Hyperchem package (Ver. 8.0), and energy mini-
mization for VB7 was performed by AM1 semi empirical method
with Polak-Ribiere algorithm until the root mean square
gradient of 0.01 kcal mol�1. The known crystal structure of BSA
(PDB Id: 3V03) was obtained from the Brookhaven Protein Data
Bank. Water molecules were removed, and hydrogen atoms
were added. The molegro virtual docker (MVD) software was
employed to generate a docked conformation of VB7 with BSA.
LIGPLOT [13], a program for automatically plotting protein–ligand
interactions, was used to analyze the interactions between BSA
and VB7. MCR-ALS and MCR-BANDS were implemented using the
graphical interfaces provided by Prof. Tauler in his web page [14].
The recorded experimental data was smoothed, when necessary,
and converted to matrices by means of several homemade
MATLAB (Version 7.14) programs. A simple homemade MATLAB
program was used for computing the concentrations of VB7
and BSA and their ratio in all voltammetric and spectroscopic
experiments. All calculations were run on a DELL XPS laptop
(L502X) with Intel Core i7-2630QM 2.0 GHz, 8.0 GB of RAM and
Windows 7-64 as its operating system. The MD simulations were
performed on a computer with a Linux Fedora 15 as its operating
system.

2.3. Fabrication of MWCNTs/GCE and BSA/MWCNTs/GCE

Prior to the electrode modification, the GCE surface was
polished with PK-4 polishing kit, BASi MF-2060 successively
followed by rinsing thoroughly with redistilled deionized
water until a mirror like finish was obtained. It was then dipped
in a beaker containing 0.2 mol L�1H3PO4 solutions to remove
the adhered powder, rinsed with distilled water and dried at
room temperature for 10.0–15.0 min. The MWCNTs (4.0 mg) was
added to 1.0 mL dimethylformamide. A homogeneous and stable
suspension of 4.0 mg mL�1 MWCNTs was obtained with the aid of
ultrasonic agitation for about 30.0 min. A known volume (40.0 mL)
of this solution was adsorbed onto the surface of the clean and
dried GCE using a micropipette and dried under room tempera-
ture. The BSA/MWCNTs/GCE was prepared with the following
procedure: an 8.0 mL of the BSA solution (0.40 mg mL�1 dissolved
in TBS (0.05 mol L�1, pH 7.4)) was dripped on the MWCNTs/GCE
surface and dried by passing very slow rate of air for 10.0 min to

Fig. 1. Molecular structure of VB7.
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form a stable gel-like film. Then BSA/MWCNTs/GCE was kept at
4.0 1C in a refrigerator until use.

2.4. Procedures

Solutions used in the F and UVvis experiments were prepared
in TBS (0.05 mol L�1, pH 7.4) containing appropriate amounts of
BSA or VB7. The total added volume (BSA or VB7) was less than
0.2 mL. Titrations were performed manually using suitable micro-
pipettes. A mixed solution was shaken thoroughly and equilibrated
for 5.0 min. F or UVvis spectra were then recorded.

Solutions used in the voltammetric experiments were prepared
in TBS (0.05 mol L�1, pH 7.4) containing appropriate amounts of
BSA or VB7. The total added volume (BSA or VB7) was less than
0.4 mL. A given VB7–BSA system was stirred for 10.0 s, and then
the sample was analyzed as required.

2.5. Development of the augmented matrix for MCR-ALS

Experiment 1 (DVB7
DPV ): The concentration of VB7 was kept

constant (5.5�10�4 mol L�1), and BSA was added to the
solution in the range of 0.0–5.5�10�4 mol L�1.
Experiment 2 (DBSA

DPV ): The concentration of BSA was kept
constant (2.5�10�4 mol L�1), and VB7 was added to the
solution in the range of 0.0–12.5�10�3 mol L�1.
Experiment 3 (DVB7

LSV ): The concentration of VB7 was kept
constant (4.0�10�4 mol L�1), and BSA was added to the
solution in the range of 0.0–4.0�10�4 mol L�1.
Experiment 4 (DBSA

LSV ): The concentration of BSA was kept con-
stant (2.0�10�4 mol L�1), and VB7 was added to the solution
in the range of 0.0–1.0�10�3 mol L�1.
Experiment 5 (DVB7

CV ): The concentration of VB7 was kept
constant (6.0�10�4 mol L�1), and BSA was added to the
solution in the range of 0.0–6.0�10�4 mol L�1.
Experiment 6 (DBSA

CV ): The concentration of BSA was kept con-
stant (1.0�10�4 mol L�1), and VB7 was added to the solution
in the range of 0.0–5.0�10�4 mol L�1.
Experiment 7 (DVB7

F ): The concentration of VB7 was kept
constant (6.0�10�7 mol L�1), and BSA was added to the
solution in the range of 0.0–6.0�10�7 mol L�1.
Experiment 8 (DBSA

F ): The concentration of BSA was kept con-
stant (1.0�10�7 mol L�1), and VB7 was added to the solution
in the range of 0.0–5.0�10�7 mol L�1.
Experiment 9 (DVB7

UVvis): The concentration of VB7 was kept
constant (1.0�10�6 mol L�1), and BSA was added to the
solution in the range of 0.0–1.0�10�6 mol L�1.
Experiment 10 (DBSA

UVvis): The concentration of BSA was kept
constant (1.0�10�6 mol L�1), and VB7 was added to the
solution in the range of 0.0–5.0�10�6 mol L�1.

2.6. Foundations in applying MCR-ALS

The MCR-ALS method for the analysis of electroanalytical data
is summarized elsewhere [15,16], and here only a working
summary is provided. The goal of MCR is to decompose composite
measured profiles such as voltammograms or spectra into the
different pure profiles for each species in a mixture. The resulting
extracted information for the pure components may be in the form
of single bands or more complex profiles. Such data can be
arranged into D (M�N) matrix with M objects and N variables e.
g. wavelength or potential. The MCR decomposition of a matrix is
carried out according to the following equation:

D¼ CST þE ð1Þ
where D is the matrix of the experimental data, with dimensions
of M�N. The matrix, C (M�P), describes the concentration

profiles of the P species involved in the given measured profiles.
The matrix, ST (P�N), is then the contribution of the measured
profiles of these P species in the N columns of the data matrix
(pure signals' profiles). E (M�N) is the matrix of residuals, which
contains the data variance unexplained by the product, CST. One
important and frequently used iterative approach to solve Eq. (1) is
MCR by alternating least squares (ALS). The optimization process
starts from initial guesses of C and ST, and these are then refined to
yield profiles with chemical meaning.

When the same chemical system is monitored using more than
one technique, e.g. DPV, LSV, CV, F and UVvis, a matrix is constructed,
which consists of row- and column-wise augmented data, i.e. five
types of information are presented. The individual data matrices
corresponding to the five types of technique are placed side-by-side.
The related model for MCR-ALS analysis is shown below:

DVB7
DPVD

VB7
LSV D

VB7
CV DVB7

F DVB7
UVvis

DBSA
DPVD

BSA
LSVD

BSA
CV DBSA

F DBSA
UVvis

" #
¼ CVB7

CBSA

" #

STDPVS
T
LSVS

T
CVS

T
FS

T
UVvis

h i
þ½EDPVELSVECVEFEUVvis� ð2Þ

If DDPV, DLSV, DCV, DF, and DUVvis are the data obtained with the
five techniques, there are two matrices of concentration profiles,
CVB7 and CBSA, and five row-wise augmented matrices of measured
profiles, STDPV, STLSV, STCV, STF, and STUVvis, which contain the pure
signals for the techniques used to obtain DDPV, DLSV, DCV, DF, and
DUVvis, respectively.

When the augmented matrix of the five data matrices is being
built, the number of analyte species, P, can be obtained with the
aid of Evolving Factor Analysis (EFA) [17] or Principal Component
Analysis (PCA) or other methods based on factor analysis. The EFA
method provides an estimation of the regions or windows where
the concentration of different components is changing or evolving,
and it also provides an initial estimation of how these concentra-
tion profiles change during the experiment. This method is based
on the evaluation of the magnitude of the eigenvalues associated
with all the submatrices of a matrix built up by adding succes-
sively all the rows of the original data matrix. The calculation is
performed in two directions: forward (in the direction of the
experiment) and backward (in the opposite direction of the
experiment), e.g. Abdollahi and Mahdavi illustrate how concentra-
tion profiles obtained from EFA may be used as initial estimates for
the concentration matrix input in the constrained ALS optimiza-
tion [18]. PCA, an alternative approach to EFA, is a common
chemometrics tool; it yields the number and direction of the
relevant sources of variation in a bilinear data set [19]. Once the
PCs, P, are determined and an initial estimate of their concentra-
tion profiles is obtained, it becomes easier to obtain improved
estimates of either the concentration values or pure signals'
profiles. Constraints in ALS optimization are implemented to
facilitate the finding of pure or most representative contributions
to the data matrix using real variables. The resolution methods
start with initial estimates of C and work by optimizing iteratively
the concentration, while introducing the available information
about the system [19]. During the optimization, the suitable
constraints are applied to ensure that the final solution is chemi-
cally meaningful [20]. The lack of fit (lof) [21], which is defined as
the difference between the input data, D, and the data reproduced
from the CST product obtained by MCR-ALS, was used as a
parameter to evaluate the goodness of fit of the model according
to the following expression:

lof ð%Þ ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑i;je2i;j
∑i;jd

2
i;j

vuut ð3Þ
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where dij is an element in the raw data and eij is the corresponding
residual after the model variation is removed.

However, the solutions to Eq. (1) obtained by MCR-ALS are not
unique. They can have rotational and intensity ambiguities. To solve
this limitation, column- and row-wise augmentation schemes (Eq.
(2)) can be used for simultaneous resolution. This kind of simulta-
neous data analysis is more powerful compared to that described by
Eq. (1) and allows for improved resolution of very complex data
structures. In general, this method should be useful to overcome
some uncertainties in the analysis of the data related to coincidental
processes or small signal shifts. Thus, in this work, an augmented
data matrix, was constructed and resolved by the MCR-ALS approach.

However, because of the combination of completely different
types of data, e.g. voltammetric and spectroscopic data some
considerations must be performed in the analysis of the augmen-
ted matrix:

1. Due to the fact that voltammetric and spectroscopic signals are
of very different magnitude, submatrices must be scaled in
order to have a similar weight on the iterative ALS optimization
of the augmented data matrix; in a first approach, this is done
by dividing submatrices by their maximum values prior to their
combination into an augmented data matrix.

2. The concept of component is a critical point. For spectroscopic
data component is associated to pure chemical species in
solution [22,23], but for electrochemical data component must
be associated to a single electrochemical process giving a
signal, including not only redox processes but also some other
possible phenomena like, for instance, electrode adsorption of a
species [15,16] or capacitive currents due to the charging of the
electrical double layer at the electrode surface. Anyway, in
many situations, a single electrochemical process is produced
by a single species.

3. Taking into account the impossibility of applying a closure
constrain (i.e., the mass balance) to the matrices obtained at
different concentration levels, a normalization of the signals
has been made along the MCR-ALS iterations. Considering that
such normalization should be common to DPV, LSV, CV, F, and
UVvis parts of each pure signal, it has been made by dividing
the pure signal by its maximum absolute value (alternative
normalization procedures have been tested but the results
were similar).

4. To combine voltammetric and spectroscopic sub-matrices into an
augmented matrix, all sub-matrices must contain the same num-
ber of rows and columns and must share the same distribution of
the chemical species along the experiments. Ideally, this condition
can be fulfilled using exactly the same total concentrations of VB7
and BSA in all titrations, but this is not possible because the
concentrations required for voltammetric experiments are higher
than those for spectroscopic ones. Thus, in the present work,
voltammetric and spectroscopic experiments have been performed
at different total concentrations but at the same values of ratio.

3. Results and discussion

3.1. Morphological studies of the composite electrodes

Fig. 2A and B shows the SEM images of MWCNTs/GCE and BSA/
MWCNTs/GCE, respectively. The SEM image of MWCNTs/GCE
(Fig. 2A) shows the MWCNTs twining around each other and
attached to the GCE. It is clear that MWCNTs almost homoge-
neously distributed on the electrode surface by forming a thin
layer. When BSA was immobilized on the electrode surface the
clear MWCNTs image became dim and the protein adsorbed and

aggregated onto the surface of the tubes (Fig. 2B); therefore, it
demonstrated that MWCNTs were wrapped by BSA.

3.2. Voltammetric studies of VB7–BSA interactions

3.2.1. Cyclic voltammetric studies
Useful information about the interaction of ligands and bioma-

cromolecules usually can be acquired from the cyclic voltammetry
(CV) that is one of the most important electroanalytical techniques
due to the similarity among various redox chemical and biological
processes [24]. Therefore, CV was used to study the interactions of
VB7 with BSA. Fig. 3A compares the CVs of VB7 in TBS (0.05 mol L�1,
pH 7.4) at GCE (curve a) and MWCNTs/GCE (curve b). As can be seen,
MWCNTs exhibited excellent electrocatalytic behavior towards irre-
versible oxidation of VB7 as evidenced by enhancement of the VB7
oxidation peak current and shift in its oxidation potential to lower
values in comparison with the bare GCE. From the CV of the VB7 at
MWCNTs/GCE (Fig. 3A, curve b), the Ep and Ep/2 values were 653 and
572 mV, respectively. When irreversible oxidation occurs at an
electrode, at Ep/2, the corresponding current, i, is given by (Id/2),
and at 25 1C, |Ep – Ep/2|¼ 47.7/αn [25], where n is the electron transfer
number, and α of an irreversible electrode process is generally
assumed to be 0.5 [26]. Thus, n was calculated to be 1.17 i.e. �1.

BSA did not exhibit any observable peak at the MWCNTs/GCE at
pH 7.4, when BSA was added to the VB7 solution, the oxidation
peak shifted towards higher potentials and a decreasing oxidation
current was observed (Fig. 3B, curves b–s). This shift may be
attributed to the changes of the molecular environment around
the VB7 molecule as a result of its interaction with BSA [27]. This
observation is consistent with the view that the VB7–BSA inter-
action occurred between the most hydrophobic segments of the
VB7 molecule and the hydrophobic region of the BSA cavity.

Since binding of VB7 to BSA may influence the major electro-
chemical kinetic parameters of VB7 (such as α (transfer coeffi-
cient) and ks (electrochemical rate constant)) the CVs of VB7 at
various scan rates (υ) were recorded at the surface of both BSA/
MWCNTs/GCE (VB7–BSA) and MWCNT/GCE (free VB7). Fig. 4A
shows the typical cyclic voltammograms of VB7 at various scan
rates on the surface of BSA/MWCNTs/GCE. A linear relationship
between peak current (Ip) and υ revealed that VB7 oxidation was
an adsorption-controlled process (Fig. 4B). Furthermore, from the
slopes of the linear plots of Ip vs. υ the surface concentrations of
electroactive species (Γ) were estimated as 5.71�10�3 and
4.76�10�3 mol cm�2 for the free VB7 and the bound VB7–BSA,
respectively, according to the following equation [28]:

I¼ n2F2AΓυ=4RT ð4Þ
where n represents the number of electrons involved in reaction
(one electron), A is the surface area (0.05 cm2) of the GCE, T is
temperature (25 1C), Γ (mol cm�2) is the surface coveraged and
other symbols have their usual meaning. As it is shown by
increasing the scan rate, the shifted to a more positive potential.
For a totally irreversible and an adsorption-controlled process, the
relationship between EP and υ can be expressed by the Laviron's
equation [29]

Ep ¼ E0�2:3RT=αnF log RTKs=nF
� �� log υ

� � ð5Þ
where E0 (V) was the formal potential, and other symbols have their
usual meaning. ks and αn values can be obtained from the intercept
and the slope of the linear plot of Ep vs. log υ (Fig. 4C), if the E0 is
known. The E0 value can be deduced from the intercept of Ep vs. υ
(Fig. 4D) plot by extrapolating the line to υ¼0 V s�1. By knowing E0

and graphical representations of Ep vs. log υ for VB7 in the absence
and presence of BSA, the α and ks were obtained from the slope and
intercept, respectively. On the assumption that the number of
electrons involved in the VB7 oxidation is 1 the values of α for an
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irreversible surface reaction can be obtained as 0.374 and 0.371 for
the free VB7 (at MWCNTs/GCE) and the bound VB7–BSA (at BSA/
MWCNTs/GCE), respectively. Also, ks can be obtained as 3.00 and 2.74
for the free VB7 (at MWCNTs/GCE) and the bound VB7–BSA (at BSA/
MWCNTs/GCE), respectively. As can be seen, the values of α and ks
are decreased in the presence of BSA. Decreasing of αmay be due to
higher absorption of VB7–BSA complex at the electrode surface and
decreasing of ks may be attributed to the lower rate of electron
transfer of VB7 in the form of VB7–BSA complex.

3.2.2. Linear sweep and differential pulse voltammetric studies
The LSVs (Fig. 5A) and DPVs (Fig. 5B) of VB7/BSA mixtures in a

TBS (0.05 mol L�1, pH 7.4) collected at a MWCNTs/GCE, indicated
that the anodic peak current decreased continually and the peak
potential shifted a little to more positive values with the addition
of BSA. The peak current from this VB7 reaction did not disappear
completely with the increase of the BSA concentration; this is
unexpected if a competitive adsorption occurred at the electrode.
It has been observed, that when an interaction of some biopoly-
mers such as hemoglobin, albumin and DNA with small molecules
takes place at quite a low protein concentrations and a short
accumulation time, only about 10% of the electrode surface may be
covered; this implies that very little competitive adsorption of
small molecules can occur [30]. The decrease in peak current
without any changes in the electrochemical parameters suggested

the formation of an electroinactive VB7–BSA complex because VB7
becomes embedded within the BSA structure, which results in the
decrease of the equilibrium concentration of VB7 in solution.
However, there is another possible explanation for these observa-
tions, and it involves the possible unfolding of the BSA protein as
the concentration of the ligand increases. As a result, the protein
structure unravels, and this provides pathways for ligands to
access the tryptophan or tyrosine residues, which then can be
oxidized at MWCNTs/GCE [31].

3.2.3. Determination of binding constant of VB7 to BSA
In this section, the binding behavior of VB7 to BSA/MWCNT/

GCE was measured by recording the cyclic voltammograms of VB7
at various concentrations (not shown). It was observed that the
peak current increased by increasing the VB7 concentration (CVB7)
and then trended to saturation values, as expected with the shape
of Langmuir adsorption. Thus the adsorption thermodynamics
follows equation [32]:

CVB7=I¼ 1=KbImax
� �þ CVB7=Imax

� � ð6Þ

where I, Imax, and Kb are the peak current, maximum peak current,
and the binding constant at BSA/MWCNT/GCE surface, respectively.
Regression of CVB7/I on CVB7 at BSA/MWCNT/GCE obeyed the follow-
ing equation: CVB7/I¼7.416þ5555.56 CVB7 and Kb value can be
obtained from the intercept of this equation as 4.12�104 mol�1 L.

3.3. Analysis of fluorescence quenching mechanism of BSA by VB7

BSA has two tryptophan (Trp) residues that possess intrinsic
fluorescence: Trp-212, located within a hydrophobic binding
pocket of the protein, and Trp-134, located on the surface of the
molecule. Tryptophan emission dominates the BSA fluorescence
spectrum in the UV region. When other molecules interact with
BSA, Trp fluorescence may change depending on the impact of
such interaction on the fluorophore–quencher complex [33]; this
is often manifested in the decrease of the quantum yield of
fluorescence from the fluorophore i.e. the BSA, and can be induced
by a variety of molecular interactions with the quencher molecule.
Fluorescence quenching refers to any process, which decreases the
fluorescence intensity of a sample, and quenching mechanisms are
usually classified as dynamic or static. They are distinguished by
their different temperatures and viscosities dependence; thus,
dynamic quenching depends on diffusion, and therefore, the bio-
molecular quenching constants are expected to increase with
increasing temperature. In contrast, increased temperature is likely
to result in lower values of the static quenching constants.

For fluorescence quenching, the decrease in intensity is usually
described by the well-known Stern–Volmer equation [34]

F0=F ¼ 1þKSV Q½ � ð7Þ

Fig. 2. The SEM images of (A) MWCNTs/GCE, and (B) BSA/MWCNTs/GCE.

Fig. 3. (A) Cyclic voltammograms of 0.10 mM VB7 in TBS (0.05 mol L�1, pH 7.4) at
(a) bare GCE, and (b) MWCNTs/GCE, and (B) cyclic voltammograms of 6.0�10�4 M
VB7 in TBS (0.05 mol L�1, pH 7.4) at MWCNTs/GCE with different concentrations of
BSA (a-s): 0.0–6.0�10�4 mol L�1 (in steps of 3.33�10�5 mol L�1), In all cases
scan rate was 50.0 mV s�1.
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where F0 and F denote the steady-state fluorescence intensities in
the absence and in the presence of the quencher. KSV is the Stern–
Volmer quenching constant, and [Q] is the concentration of the
quencher. The degree of fluorescence quenching as a function of
temperature when VB7 was added to BSA, was clearly discernable
(Fig. 6A). The values of KSV (Table 1) decreased with increase in
temperature, which indicated that the probable quenching mechan-
ism of this interaction was initiated by the formation of a complex
rather than by dynamic collision.

3.4. UV–vis studies of VB7–BSA interactions

The interaction of VB7 with BSA was also investigated by UV–
vis absorption titration in TBS (0.05 mol L�1, pH 7.4) by maintain-
ing the VB7 concentration constant but changing the BSA con-
centration. As shown in Fig. 6B, an absorbance peak at 280 nm is
shown by VB7 in TBS (0.05 mol L�1, pH 7.4) with the addition of
BSA into VB7 solution, the absorption at 280 nm is increased

gradually (hyperchromism), and two new absorption peaks at 254,
324 nm is remarkably forming. Based on the above results, we
suggested that the alterations in UVvis spectra maybe related to
interactions of VB7 with BSA.

Further discussion of the VB7/BSA interaction on the basis of
direct observations of the measured profiles was difficult, and
multivariate analysis previously discussed was applied to extract
further information, especially as function of concentration of the
VB7 and BSA reactants.

3.5. Interpretation of the MCR-ALS results

As previously discussed in detail (Section 2.6), the ten indivi-
dual data matrices obtained from DPV, LSV, CV, F, and UVvis in
Figs. 3 and 5–7 were combined into an augmented data matrix
(first term of Eq. (2)), and then this augmented matrix was
submitted for simultaneous resolution by the MCR-ALS (Eq. (2))
as a powerful chemometric tool. The intention was to extract

Fig. 5. (A) The LSVs of VB7 (4.0�10�4 mol L�1) in TBS (0.05 mol L�1, pH 7.4) in the presence of increasing concentrations of BSA in the range of 0.0–4.0�10-4 mol L�1, and
(B) Typical DPVs of VB7 (5.5�10�4 mol L�1) in TBS (0.05 mol L�1, pH 7.4) in the presence of increasing concentrations of BSA in the range of 0.0–5.5�10�4 mol L�1.

Fig. 4. (A) Cyclic voltammograms of 0.10�10�3 mol L�1 VB7 at BSA/MWCNTs/GCE in TBS (0.05 mol L�1, pH 7.4) at different scan rates, and (B) The plots of peak currents vs.
scan rate for (a) free VB7 (at MWCNT/GCE) and (b) bound VB7–BSA (at BSA/MWCNTs/GCE). (C) and (D) The variations of peak potential vs. υ and log υ for (a) free VB7 and
(b) bound VB7–BSA, respectively.

M.-B. Gholivand et al. / Talanta 132 (2015) 354–365 359



information regarding: (i) any BSA–VB7m complex, and (ii) the
relative concentrations of the various reactant and product species.
First, the number of contributions to the augmented matrix was
determined by SVD and here, the SVD detected four components.
These four components may be related to free VB7, free BSA and
two BSA–VB7m complex spices. The second step in the MCR-ALS
method, is finding an initial estimate for either pure spectra or
voltammograms, which can be obtained by the use of EFA or
simple-to-use interactive self-modeling mixture analysis (SIM-
PLISMA) [35,36]. EFA is usually used to estimate the concentration
profiles of the species involved in an evolutionary chemical process
whereas SIMPLISMA is mainly used to obtain an estimate of the
pure instrumental responses such as pure spectra or pure voltam-
mograms. Since the data matrices in this study do not possess
variables in both directions and concentration profiles apply here,
initial estimates for MCR-ALS were obtained here by EFA. EFA was
basically designed to work with full rank two-way data sets and
straightforward analysis of rank-deficient matrix does not provide
useful information. To overcome this limitation, de Juan et al. [37]
have proposed an evolution of the original algorithm. This new
approach is based on a two-step strategy. First, rotational ambiguity
is reduced by matrix augmentation. The augmented data matrix, is
formed row- and column-wise augmented matrix. Then, EFA is
applied to the unfolded full rank augmented data set eventually
providing information about contributions that are otherwise
hidden. PCA was also employed to select the appropriate number
of components to describe the four systems, and it was found that
the first four PCs explained 99.9% of the total data variance in the
combined matrix. Thus, both the EFA and PCAmethods estimate the
same number of factors or chemical species involved.

One of the advantages of MCR-ALS rather than the other iterative
methods such as iterative target transformation factor analysis

(ITTFA) is that in iteration process some constraints should be applied
on the data matrix, which results in obtaining more reliable results. It
should be noted that due to the presence of CV data which contain
negative values, the non-negativity constraint was only employed on
concentration profiles. Unimodality constraint was applied to signal
profiles. Applying a closure constraint to the matrices obtained at
different concentration levels is impossible.

By applying the mentioned constraints, the ALS optimization was
started. As previously mentioned, the lof which is defined as the
difference between the input data (D) and the data reproduced from
the product (CST) obtained by the MCR-ALS, was used as a parameter
to evaluate the goodness of fit of the model. In this work, the best lof
value was found to be 6.61% which implies that almost all of the
variability in the experimental data presented as a product of the
extracted signals and the concentration profiles, is explained.

The results of MCR-ALS are shown in Fig. 8. Fig. 8A shows that
concentration of VB7 is decreasing and two new complex species are
forming upon the addition of BSA. As can be seen, the concentration
of one of these complex spices (red dashed line) increased sharply
and reached to a maximum at the ratio, rBSA/VB7 �1. Therefore, it may
be concluded that this species is a 1:1 BSA–VB7 complex species. On
the other hand, Fig. 8A shows that with the mole-ratio method, the
concentration of the second BSA-VB7 complex spices (dark blue
dashed line) increased slowly to rBSA/VB7 �0.5 and reached equili-
brium position as the concentration of BSA increased. Thus, these
results indicated that the second spices is a 1:2 BSA–VB7 complex
species. The same conclusions about stoichiometries of the complex
spices could be obtained from Fig. 8B.

The pure voltammetric and spectral profiles extracted by the
application of the MCR-ALS (Fig. 8C–G) provided new qualitative
information about the nature of the complex spices. From these
figures the valuable information about the nature of the involved
complex species in each technique could be obtained. According to
these results, it is clear that both complex species are electroactive at
the MWCNTs/GCE. The measured and extracted pure spectral and
voltammetric profiles agreed reasonably well. The extraction of the
voltammetric profiles and their reasonable agreement with the
measured data indicated that the MCR-ALS method was applied
successfully. The BSA measured curve suggested that the protein in
its original structural format was electroinactive, and the extracted
profile approximated this profile no obvious extracted bands were
evident. However, the complexes' curves, unlike that for the BSA,
indicated the presence of electroactive species. To achieve this result

Fig. 6. (A) Fluorescence emission spectra of BSA (1.0�10�7 mol L�1) in TBS (0.05 mol L�1, pH 7.4) in the presence of increasing concentrations of VB7 in the range of 0.0–
5.0�10�7 mol L�1, λex¼ 270.0 nm, and (B) UVvis absorption spectra of 1.0�10�6 mol L�1 VB7 in TBS (0.05 mol L�1, pH 7.4) in the presence of increasing concentrations of
BSA in the range of 0.0–1.0�10�6 mol L�1.

Table 1
Stern–Volmer quenching constants at different temperatures for the interaction of
VB7 with BSA.

T (K) KSV(�104 L mol�1) Ra

298 4.78 0.9988
304 4.23 0.9991
310 3.88 0.9961

a Linear correlation coefficient.
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for the reaction occurring at electrode's surface, it is necessary for the
potentially oxidizable tryptophan and tyrosine side chain residues to
be accessible. This would be facilitated somewhat by an unfolded
rather than the originally folded structure of the BSA protein. There-
fore, it seemed reasonable to suggest that the binding of the three VB7
molecules facilitated the unfolding of the BSA structure. The plot with
coincided experimental and theoretical absorbance data that has been
represented in Fig. 8H which is a strong evidence for high quality of
fitting process.

3.6. MCR-BANDS analysis to study the extent of rotational
ambiguities

One of the advantages of MCR rather than the other bilinear
methods like principle component analysis (PCA) and SVD, is its
physical meaningful solution due to the use of “natural” con-
straints [38]. However, in some data analysis, unfortunately MCR
method suffers from the existence of ambiguities in the solution.
Because of this fact, instead of a unique solution, a band of feasible
solutions fitting equally well the experimental data can be
obtained [39]. Thus, an important point when using MCR methods
is finding a unique solution with interpretable and reliable means
to explain the measured experimental data. In 2001, Tauler
proposed the method of MCR-BANDS, which was closed to
Gemperline's concept to estimate the feasible solutions [40]. This
method is based on the calculation of maximum and minimum of
relative contribution of every component in the mixture [38,40].
Although Tauler-Gemperline method could not measure correctly
the rotational ambiguity [41] MCR-BANDS can provide a good
indication of the extent of the rotational ambiguity [42].

In the present study, the MCR-ALS method assisted to obtain
reliable results which were in agreement with experimental
observations. However, to evaluate the existence of rotational
ambiguities in the obtained results, the MCR-BANDS method was
used. MCR-BANDS was applied to the data matrix described by the
profiles of MCRALS results. Also, the same constraints as those
used in MCR-ALS were applied for MCR-BANDS. The maximum
and minimum values of the relative contribution function (fmax

and fmin, respectively) were obtained for BSA (fmax¼ 0.271 and
fmin¼ 0.271), VB7 (fmax¼0.6907 and fmin¼0.6907), BSA-VB7
(fmax¼0.4289 and fmin¼), and BSA-VB72 (fmax¼0.2521 and
fmin¼0.2521). Interestingly, there is no difference between the
fmax and fmin values for all the resolved components. It means that
practically there is no remaining rotation ambiguity [38]. Elimina-
tion of rotational ambiguity could be attributed to the application
of appropriate constraints and augmentation. When matrix aug-
mentation was ignored, significant differences between the corre-
sponding fmax and fmin values were observed (the data were not
shown). Based on previous reports, one of the approaches can be
used to avoid rotational ambiguity in MCR methods is the use
of local rank and selective constraints apart from “natural” con-
straints [35,43]. It seems that, for these electrochemical data, the
use of this kind of constraints, i.e. selectivity in the iterative
procedure leads to a unique solution.

3.7. Hard-modeling approach

In the case of hard-modeling approaches, a model is applied to
guide the decomposition of matrix D following Eq. (1). As an
example, in the case of protein-drug interaction, the model

Fig. 7. Response profiles obtained from different experiments described in Section 2.5. (A) Experiment 6, (B) Experiment 4, (C) Experiment 2, (D) Experiment 10, and
(E) Experiment 7.
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includes the stoichiometry of the species formed, as well as initial
trial value for the binding constant. This value is used to build an
initial estimation of the concentration profiles included in C. Once
this estimation is obtained, a least squares fit is performed to
obtain the pure spectra in ST that best match the concentration
profiles in C and the data in D. A residual matrix E is then
calculated from the difference between the data in D and the

reproduced data matrix. The optimization procedure continues by
tuning the stoichiometry of the proposed species until a desired
level of residuals E is reached. A more detailed explanation of the
mathematical basis of the algorithms used in these calculations
can be found in Dyson et al. [44].

EQUISPEC, a hard-modeling algorithm, was applied to an
augmented matrix (combined spectroscopic and voltammetric

Fig. 8. The results of applying MCR-ALS to augmented matrix: (A and B) Extracted concentration profiles. (C-G) Extracted signal profiles of different species involved in DPV,
LSV, CV, F and UVvis experiments, respectively. (H) The plot of experimental (points) and fitted (calculated) data (line).
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data) to compute the binding constants and also verify the results
of Section 3.2.3. The results of this study are shown in Table 2. As
can be seen, there is a good agreement between the binding
constant values computed by EQUISPEC and also with the results
reported at Section 3.2.3.

3.8. Molecular docking studies

In this study, the MVD software was used to realize the binding
mode of VB7 at the active site of BSA (see Fig. 9A–C). The main
aspect for the ligand docking postures was considering the
effective interaction of the drug with the various amino acid
residues in the active site. The binding site were obtained as Val
546, Phe 550, Leu 574, Phe 508, Thr 578, Ala 527, Leu 582, Leu 531,
Val 575, Phe 506, Gln 579, Lys 535, His 534, and Phe 501. LIGPLOT
was used to explore the hydrogen bonds interactions between BSA
and VB7 as shown in Fig. 9D. Two hydrogen bonding interactions
are observed between VB7 and Thr 578 and Gln 579 of BSA, with a
distance of 2.99 and 3.00 Å, respectively.

3.9. Analytical applications

3.9.1. Analytical characterizations
The BSA measured curve suggested that the protein in its

original structural format was electroinactive, and the extracted
profile approximated this profile no obvious extracted bands were
evident. Therefore, developing an electroanalytical method for its
determination is sensible. Since DPV has a much higher sensitivity
than CV, it was used to estimate a lower limit of detection (LOD).
Under the optimized conditions for DPV (step potential 0.005 V,
modulation amplitude 0.025 V, modulation time 0.05 s, interval
time 0.5 s, and scan rate 0.01 V s�1), the MWCNTs/GCE in the
presence of 0.5�10�6 mol L�1 VB7 in TBS (0.05 mol L�1, pH 7.4)
(Fig. 10, curve a) detects BSA in a concentration range of 0.5–
35.0�10�9 mol L�1 (Fig. 10, curves b-l) with a limit of detection
(LOD, 3Sb/b, Sb is the standard deviation (n¼6) of the blanks, and b
is the slope value of the respective calibration graph) of
0.22�10�9 mol L�1. Moreover, the sensitivity for BSA detection
calculated from the slope of the respective calibration graph was
to be 0.0404 mA nM�1, indicating the high sensitivity of the
proposed biosensing system.

3.9.2. Stability, repeatability, and reproducibility
Stability of the MWCNTs/GCE was tested by keeping the

electrode in TBS (0.05 mol L�1, pH 7.4) for 10 days and then the
CVs were recorded and compared with the CVs obtained before
immersion. The results indicated that the peak current changed
only slightly which indicates that it has good stability. The stability
of MWCNTs/GCE over time was checked during a period of
2 months. In between measurements the sensor was kept at room
temperature in the dry state. A graph of Ip vs. days reveals that a
small change in the DPV signal (approx. 5%) was observed after
2 months of storage. These results indicate that MWCNTs/GCE is
significantly stable and has good capacity to perform repeated
measurement for 2 months. In order to study the repeatability of
the electrode preparation procedure, six modified electrodes
based on the same fabrication procedure were prepared and used
for the determination of 20.0�10�9 mol L�1 BSA. The RSD for the
peak currents for all the six electrodes was calculated to be 3.1%.
The reproducibility of the proposed method was checked by
determining the RSD for 10 replicate measurements on a single
electrode in 20.0�10�9 mol L�1 BSA. It was found out to be 2.3%.
These results indicate that the modified electrode has high
repeatability and reproducibility in both the preparation proce-
dure and the DPV determinations.

3.9.3. Interference study
Possible interference for the detection of BSA at the MWCNTs/

CCE was investigated by the addition of various ions to TBS
(0.05 mol L�1, pH 7.4) in the presence of 0.5�10�6 mol L�1 VB7
and 10.0 nM BSA. Common interference such as L-arginine (10-fold),
D-tryptophan (15-fold), L-glutamine (8-fold), L-leucine (10-fold),
Citronensaure-1-hydrate (12-fold), glucose (20-fold), vitamin B6
(10-fold), tyrosine (12-fold), and cysteine (15-fold) had no effective
interference with the current response of 10.0 nM BSA (signal
change o7%), suggesting that this proposed method has good
selectivity toward determination of BSA in biological samples.

3.9.4. Validation of the proposed method
The validity of the method was demonstrated by the analysis

of both synthetic and real samples. Synthetic samples were
prepared based on the interferences of foreign substances
and BSA. The analytical results of the determination of BSA in
synthetic samples are summarized in Table 3. The present
method also demonstrates the capability to detect and quantify
BSA in biological samples such as serum samples obtained
from Holstein cows. The results in Table 3 showed close agree-
ment to those obtained by our method and the cellulose acetate
electrophoresis method. Compared with the cellulose acetate
electrophoresis method, the proposed sensor is simple, easily
implemented, and has low-cost and fast response. Thus, accurate
and successful determination of BSA in biological fluids as
demonstrated here may allow one to propose the present sensor
as a promissory, cheap and accessible alternative for the clinical
analysis of protein.

4. Conclusion

In this study, the interaction of VB7 with BSA was investigated at a
GCE modified with MWCNTs for the first time. The voltammetric
studies revealed a remarkable decrease in anodic current of VB7 upon
the addition of BSA with positive shift in peak potentials which
indicates the interaction of VB7 with BSA. The MWCNTs/GCE showed
an effective electrocatalytic activity towards VB7 oxidation as well as
enhancement of the microscopic area and currents in voltammetric
investigations. The binding of VB7 to BSA results in a series of changes
in electrochemical behavior and spectral characteristics, confirming
that the interaction between VB7 and BSA. The application of the
MCR-ALS for the resolution of the expanded data matrix produced the
estimates of the pure signals of VB7 and BSA which were in good
agreement with the measured responses. The results showed that the
MCR-ALS is a powerful chemometric tool to resolve complex com-
bined data and showed significant potential for investigating the
mechanism of the interaction of BSA with targeting small compounds
at the molecular level. Combination of voltammetric and spectroscopic
methods is of potential importance in understanding the mechanism
of binding of small molecules to biological macromolecules. Finally,
DPV technique was applied for determination of BSA in biological

Table 2
Results of applying EQUISPEC.

Analyzed matrix Kb(�104 L mol�1)

DVB7
DPVD

VB7
LSV D

VB7
CV DVB7

F DVB7
UVvis

h i
5.98�104

DBSA
DPVD

BSA
LSVD

BSA
CV DBSA

F DBSA
UVvis

h i
4.01�104

DVB7
DPVD

VB7
LSV D

VB7
CV DVB7

F DVB7
UVvis

DBSA
DPVD

BSA
LSVD

BSA
CV DBSA

F DBSA
UVvis

" # 4.66�104
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samples such as serum samples. The proposed methodology provided
a new, sensitive, selective electrochemical sensor utilizing unique
properties of MWCNTs such as high specific surface area, electrocalytic
and adsorptive properties. MWCNTs modified GCE resulted in catalytic

effects toward the electro-oxidation of VB7 since it enhances the
oxidation peak currents and lowers the oxidation potential. Therefore,
simple and applicable electrochemical sensor allowed the successful
determination of BSA in biological samples.

Fig. 9. Computer-generated models of VB7 bound to BSA: (A) The residues of BSA are represented by sticks (thin) and the VB7 is represented by sticks, (B) The binding pocket
of protein is represented by hydrophobic interaction and VB7 is shown as CPK model, (C) The VB7 is shown as CPK and BSA is represented by solid ribbon, and (D) The output
of LIGPLOT program.

Fig. 10. Differential pulse voltammograms of 0.5�10�6 mol L�1 VB7 (curve a) in TBS (0.05 mol L�1, pH 7.4) at MWCNTs/GCE in the presence of increasing concentration of
BSA (curves b-l: 0.5–35.0�10�6 mol L�1). Inset: Variation of the peak current (I) vs. BSA concentration.
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Table 3
The results for the determination of BSA in serum samples obtained from Holstein
cows.

Sample This study Cellulose acetate electrophoresis

1 1.4 (70.03)�10�7 mol L�1 1.45(70.02)�10�7 mol L�1

2 2.1(70.06)�10�7 mol L�1 2.14(70.05)�10�7 mol L�1

3 1.8(70.04)�10�7 mol L�1 1.88(70.04)�10�7 mol L�1

Total value was obtained by multiplying the detected value by 100 (dilution factor).
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