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In this work, voltammetric data recorded by a glassy carbon electrode (GCE) was used to investigate
the interactions of tolcapone (Tasmar, TAS) with human serum albumin (HSA) at the electrode surface.
The recorded voltammetric data was also combined with spectroscopic data to construct an augmented
data matrix which was analysed by multivariate curve resolution-alternating least squares (MCR-ALS)
as an efficient chemometric tool to obtain more information about TAS-HSA interactions. The results of
MCR-ALS confirmed formation of one complex species (HSA-TAS;) and application of MCR-BANDS to the

f;?sl :nvg:ds" results of MCR-ALS confirmed the absence of rotational ambiguities and existing unambiguous and reli-
Human serum albumin able results. Binding of TAS to HSA was also modeled by molecular docking and the results showed that
Interaction the TAS was bound to sub-domain IIA of HSA which were compatible with the ones obtained by record-

ing experimental data. Hard-modeling of combined voltammetric and spectroscopic data by EQUISPEC
helped us to compute binding constant of HSA-TAS, complex species which was compatible with the
binding constant value obtained by direct analysis of experimental data. Finally, a new electroanalyt-
ical method was developed based on TAS-HSA interactions for determination of HSA in two ranges of

Matrix augmentation
Hard modeling
Amperometric biosensing

0-541nM and 541-1200 nM with a limit of detection of 0.04 nM and a sensitivity of 0.02 pAnM-1.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In living organisms, there are a vast number of small molecules
with various biological and pharmaceutical functions. Tolcapone
(Tasmar, TAS, Fig. S1A) with a brand name of Tasmar is a drug
which has widespread uses in treatment of Parkinson’s disease
as an adjunct to levodopa/benserazide or levodopa/carbidopa
medications [1]. TAS acts as a potent, selective and reversible
nitrocatechol-type inhibitor [1].

Human serum albumin (HSA, Fig. S1B) is the most important
protein of human blood plasma which acts as a transport molecule
for endogenous and exogenous ligands and foreign molecules
including dyes and drugs (small molecules) [2-7]. The HSA has a
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vital role in free concentration, distribution, metabolism, excretion
and interaction with small molecules. Therefore, investigation of
interactions of drugs with HSA is very important. On the other side,
unusual concentration of HSA in serum or urine is an important
biomarker for detection of some diseases such as diabetes, car-
diovascular disease, kidney disease, etc. Therefore, developing an
efficient, fast and low-cost analytical technique for determination
of HSA is of great importance in medicine, biology and diagnostics
[8,9].

There are many techniques such as capillary electrophoresis
[10], NMR [11], FT-IR [12], UV-vis spectrophotometry [13], HPLC
[14] and electrochemistry [15] which can be used to study drug-
protein interactions. Some of these methods have been assisted
by chemometrics to obtain more reliable information about
drug-protein interactions [2-4,16-18]. Chemometrics-assisted
investigation of protein-drug interactions can help us to gain
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valuable information about the studied system which cannot be
obtained by using conventional methods.

In the present study, electrochemical and spectroscopic data
were separately used to investigate the interactions of TAS with
HSA and then, electrochemical and spectroscopic data were com-
bined to construct an augmented data matrix and resolved by
MCR-ALS to obtain new information about TAS-HSA interactions.
The next step of our study was focused on hard-modeling of com-
bined electrochemical and spectroscopic data by EQUISPEC as a
hard-modeling chemometric tool to compute binding constant of
the complex product. The binding of TAS to HSA was also modeled
by molecular modeling techniques to verify the results of experi-
mental sections. Finally, a sensitive electrochemical determination
of electro-inactive HSA was performed by two amperometric mea-
surements at the surface of the GCE modified with multiwalled
carbon nanotubes-graphene-ionic liquid to develop a new analyt-
ical technique for the analysis of protein.

2. Experimental and theoretical considerations
2.1. Chemicals and solutions

HSA (fatty acid-free), TAS, warfarin (Wr), ibuprofen (Ip),
ethanol, dimethylformamide (DMF), Tris hydrochloride, 1-ethyl-
3-methylimidazolium  bis(trifluoromethylsulfonyl)imide  (IL),
dimethyl sulfoxide (DMSO), sodium hydroxide, sodium chloride
and hydrochloric acid were purchased from Sigma. Multiwalled
carbon nanotubes (MWCNTs) were prepared from lonic Liquid
Technologies. Graphene (Gr) was purchased from PubChem. Other
chemicals used in this study were purchased from well-known
and legal companies and used as received without any further
purification. A Tris buffer solution (TBS) with a concentration of
0.05M containing 0.025 M sodium chloride to maintain the ionic
strength was prepared to control pH at 7.4. Stock solutions of
TAS and HSA with a concentration of 0.1 M were prepared in the
TBS (0.05M, pH 7.4) and kept in a refrigerator. Stock solutions of
Wr and Ip with a concentration of 0.1 M were prepared in DMSO
and kept in a refrigerator. Working solutions used in this study
were prepared from their stock solutions by appropriate dilutions.
50mg MWCNTs was dissolved in 1 mL DMF and 100 pL IL and
50mg Gr were also added to it and ultrasonicated for 30 min to
obtain a homogeneous MWCNTs-Gr-IL solution. Doubly distilled
water (DDW) was used to prepare all the solutions used in this
study.

Three human serum samples were prepared from a medical
diagnostic laboratory and 10 mL of each sample was centrifuged
at 4500 rpm for 20 min and after discarding the supernatants, 5 mL
of each sample was diluted with 45 mL TBS (0.05 M, pH 7.4). Then,
each samples was amperometrically analysed towards HSA deter-
mination and final concentration of HSA in serum samples was
calculated by applying appropriate dilution factors.

2.2. Instruments and softwares

The electrochemical data of this study was recorded by an
Autolab (PGSTAT302N-high performance) controlled by the NOVA
software (version 2.1.2). The Autolab was equipped by an elec-
trochemical cell in which a bare or modified GCE, a Pt wire and
an Ag/AgCl electrode acted as working, counter and reference
electrode, respectively. The SEM images were captured by a KYKY-
EM 3200 scanning electron microscope. Spectrofluorimetric data
were recorded by a Cary Eclipse fluorescence spectrophotometer
equipped with a water bath and a 1.0 cm quartz cell. Spectrophoto-
metric data were recorded by an Agilent 8453 UVvis Diode-Array
spectrophotometer controlled by the Agilent UVvis ChemStation

software and equipped with a 1.0 cm quartz cell. A sigma centrifuge
was used to centrifuge the serum samples. An ELMEIRON pH-meter
(CP-411) was used to pH adjustments. The molecular structure
of the TAS was constructed by Hyperchem package (Version 8.0)
and AM1 semi empirical method with Polak-Ribiere algorithm was
used to minimize energy until the root mean square gradient of
0.01 kcal mol~1. The known crystal structure of HSA (PDB Id: 1A06)
was downloaded from Brookhaven Protein Data Bank (PDB) and
water molecules were removed from its PDB file and hydrogen
atoms were added to it. The Molegro virtual docker (MVD) soft-
ware was used to generate a docked conformation of TAS with HSA.
LIGPLOT which is a well-known program for automatically plotting
protein-ligand interactions [19], was used to plot the interactions
between TAS and HSA. The m-files of MCR-ALS and MCR-BANDS
were downloaded from internet [20]. The recorded experimental
data was transferred to MATLAB (Version 7.14) environment and
smoothed, when necessary. To accelerate exact computing con-
centrations of TAS, HSA and their ratio during voltammetric or
spectroscopic titrations, a simple homemade MATLAB program was
written.

2.3. Fabrication of the modified electrodes

Prior to the modification of the GCE, it was well polished with
a silky polishing pad and rinsed with DDW. It was then immersed
into a beaker containing ethanol and ultrasonicated for 30 min and
finally rinsed with DDW and covered until analysis time. To fabri-
cate HSA/GCE, 10 wL HSA (0.01 M) was dropped onto the surface of
the cleaned GCE and left to be dried at room temperature. To fabri-
cate MWCNTs-Gr-IL/GCE, 10 wL MWCNTs-Gr-IL was dropped onto
the surface of the cleaned GCE and left to be dried at room tempera-
ture. Fig. 1A-C shows the SEM images captured from the surface of
bare GCE, HSA/GCE and MWCNTs-Gr-IL/GCE, respectively. By com-
paring Fig. 1A and B, it can be clearly observed that HSA has formed
a layer on the surface of bare the GCE. Fig. 1C shows that tubes of
CNTs and sheets of Gr which have been attached onto the surface
of the electrode.

2.4. Experiments required to construct an augmented data matrix
for the analysis by MCR-ALS

Experiment 1 (DZ%,): HSA in the range of 0.0-5.0x10->M
was added to a solution with a constant concentration of TAS at
5.0x 107> M.

Experiment 2 (D¥34): TAS in the range of 0.0-5.0 x 10-> M was
added to a solution with a constant concentration of HSA at
1.0x 105 M.

Experiment 3 (D}45): HSA in the range of 0.0-5.0 x 10~4 M was
added to a solution with a constant concentration of TAS at
5.0x 104 M.

Experiment 4 (D{'SS";‘): TAS in the range of 0.0-5.0 x 10~* M was
added to a solution with a constant concentration of HSA at
1.0x 104 M.

Experiment 5 (DH): HSA in the range of 0.0-5.0 x 10-4 M was
added to a solution with a constant concentration of TAS at
50x 1074 M.

Experiment 6 (D5): TAS in the range of 0.0-5.0 x 10~4 M was
added to a solution with a constant concentration of HSA at
1.0x 104 M.

Experiment 7 (DﬁAS’ng'ls): HSA in the range of 0.0-1.0 x 10~ M
was added to a solution with a constant concentration of TAS at
1.0x 1077 M.

Experiment 8 (D’F"SA‘ZQS‘]S): TAS in the range of 0.0-5.0 x 10~7 M
was added to a solution with a constant concentration of HSA at
1.0x 1077 M.
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Fig. 1. SEM images captured from the surface of (A) bare GCE, (B) HSA/GCE and (C)
MWCNTSs-Gr-IL/GCE.

All the experimental data matrices have been coded and
described in Table S1.

2.5. Requirements for applying MCR-ALS to the augmented data
matrix

There are some reports on foundations for applying MCR-ALS to
the analysis of electroanalytical data [21,22]. Here, we are going
to describe a summary of required information. MCR is able to
decompose a recorded voltammetric or spectroscopic data matrix
(D (M x N), M objects and N variables e.g. wavelength or potential)
into the different pure profiles for each component of a mixture. The

extracted information for pure components is in the form of single
bands or more complex profiles. Decomposition of a data matrix
(D) by MCR is performed according to the following equation:

D=CS"+E (1)

where matrix C (M x P) contains the concentration profiles of the
P species, matrix ST (P x N) contains the pure signals’ profiles and
matrix E (M x N) contains residuals. ALS is one of the most impor-
tant iterative approaches used to solve Eq. (1). Start of optimization
process needs initial guesses of C and ST and these initials will be
then refined to obtain meaningful profiles.

When a chemical system is studied using more than one instru-
mental technique, a column- and row-wise augmented data matrix
is constructed which will be decomposed by MCR-ALS. In the
present study, we have studied TAS-HSA interactions by differential
pulse voltammetry (DPV), linear sweep voltammetry (LSV), cyclic
voltammetry (CV) and fluorescence spectroscopy (F) and individ-
ual data matrices corresponding to the mentioned techniques were
placed side-by-side as shown below:

TAS _TAS ._TAS _TAS298.15 TAS
DppyDysyDey Dy € (S STsuSTST]
= DPVSLSVSCvSE
HSA jyHSA yHSA 1y HSA,298.15 HSA
DppyD 5y D" Dr: C
+|EppvErsvEcvEF] (2)

Dppy, Disy, Doy and D contain the data recorded by DPV, LSV,
CV and F techniques. C™S and CHSA are row-wise augmented data
matrices containing measured profiles and STppy, $T;sv, STcv and
ST contain the pure signals.

Evolving Factor Analysis (EFA) or Principal Component Analysis
(PCA) as efficient methods can be applied to determine the number
of species (P) of the augmented data matrix [23]. The EFA method
is able to provide an initial estimation of changing concentration
of the species during the experiment based on the evaluation of
the magnitude of the eigenvalues associated with all the subma-
trices of the augmented data matrix. EFA performs calculations in
forward and reversed direction of the experiments [24]. PCA is a
well-known chemometric tool which yields the number of species
inabilinear dataset[25]. During ALS optimization some constraints
are implemented which facilitate the finding of representative con-
tributions to the data matrix and to ensure that the final solution
is chemically meaningful or not [26]. The resolution is started with
initial estimates of C which iteratively optimizes the concentration
by applying the available information about the system [25]. The
lack of fit (lof) is the difference between the input data (D) and the
data obtained by MCR-ALS which is used as a criterion to evaluate
the goodness of fit of the model and is calculated according to the
following equation [27]:

lof (%) = 100 (3)

where dj; refers to an element in the raw data and e;; is its corre-
sponding residual.

The solutions applied to Eq. (1) by MCR-ALS are not unique
and may have some ambiguities such as rotational and intensity
ambiguities and column- and row-wise augmentation which was
described in Eq. (2) can be used to tackle this challenge. This type of
data analysis which enables us to simultaneous analysis of different
types of data is more powerful than that described by Eq. (1) and can
help us for resolution of a very complex data matrix. Furthermore,
this method may be useful to overcome small signal shifts observed
in the data as well. Therefore, we constructed an augmented data
matrix for resolution by MCR-ALS. However, because of combin-
ing different types of data, the following considerations have been
considered in the analysis of the augmented data matrix:
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1. Voltammetric data have much higher intensity than spectro-
scopic data therefore, all the submatrices were divided by their
maximum values to normalize them and to have similar weight
on the iterative ALS optimization and then used to construct the
augmented data matrix.

2. Because of having different types of data, the concept of com-
ponent is more complicated here. From spectroscopic point of
view, a component is a pure chemical species in solution [28,29],
but from electrochemical point of view, a component is not only
associated to a single electrochemical process which gives a sig-
nal, but also is associated with the other possible phenomena
such as adsorption at the electrode surface or capacitive currents
[21,22].

3. For augmentation of voltammetric and spectroscopic matrices to
construct an augmented matrix, all the matrices should have the
same number of rows and columns and also must have the same
distribution of the species during experiments. To achieve this
condition, TAS and HSA must have the same total concentrations
in all titrations, but achieving to this condition is not possible
because voltammetric experiments need higher concentrations
than spectroscopic experiments. Therefore, we performed all the
voltammetric and spectroscopic experiments at different total
concentrations but with the same values of ratio.

3. Results and discussion
3.1. Voltammetric studies of TAS-HSA interactions

3.1.1. Cyclic voltammetry

CV is a powerful method which could be applied to monitor
small molecule-protein interactions [30]. Therefore, it was applied
to investigate TAS-HSA interactions and to achieve this goal, HSA
in the range of 0.0-5.0 x 1074 M was added to a solution with a
constant concentration of TAS at 5.0 x 10~4 M, and the related CVs
were recorded which are shown in Fig. S2A. The first CV (curve a)
is related to TAS in the absence of HSA and upon addition of HSA
(curves b-u) its peak current and peak potential were decreased
and increased, respectively, which were related to the changes
of the molecular environment around the TAS molecule and its
interactions with HSA [31]. These phenomena also confirmed that
TAS is interacted with the hydrophobic region of the HSA cavity
[32,33]. Ep (peak potential) and Ep, (half-peak potential) values of
the CV of TAS at the surface of GCE are 180 and 130 mV, respec-
tively, and according to |Ep — Epj»|=47.7/an [34] which describes
an irreversible oxidation at the electrode surface, where n is the
electron transfer number and « is assumed to be 0.5 for an irre-
versible electrode process [35], n was calculated to be 1.90 i.e. ~
2.

Binding of a small molecule to a biomacromolecule may affects
the electrochemical kinetic parameters of the small molecule
including « (transfer coefficient) and ks (electrochemical rate con-
stant). Therefore, to investigate the changes in o and ks of TAS due
to its binding with HSA, the CVs of TAS at the surface of GCE (free
TAS) and HSA/GCE (TAS bound to HSA) were recorded at different
scanrates (25-750 mV s~ 1) and the results are showing in Figs. S2B
and C, respectively. Alinear dependence between peak currents and
scanrates was observed for TAS at the surface of bare GCE (free TAS)
and HSA/GCE (TAS bound to HSA) which revealed that TAS oxida-
tion at the surface of both electrodes was an adsorption-controlled
process (Figs. S2D and E). Furthermore, according to Eq. (4) [36],
the surface concentrations (1) of the electroactive species includ-
ing free TAS (I 'tas) and TAS-HSA (I tas-Hsa) can be calculated from
the slopes of the plots depicted in Figs. S2D and E, respectively.

I1=n?F?AI’'U/4RT (4)

where n is the number of electrons (two electron), A is the sur-
face area of the GCE (0.05 cm?), T is temperature and I” (mol cm~2)
is the surface coveraged. According to the information mentioned
above, I'tas and I'tas.ysa were calculated to be 9.83 x 10> and
1.07 x 104 molcm~2, respectively. Laviron’s equation (Eq. (5))
[37], can express the relationship between Ep and v for a totally
irreversible electrochemical reaction:

Ep = E%-2.3RT/anF[log(RTKs/nF)-logv] (5)

where E? (V) was the formal potential, and other symbols have their
conventional meaning. If the E° is known, by plotting E, against
log v, the intercept and the slope of the plot give ks and « values,
respectively. The E° can be calculated from the intercept of Ej, vs.
v plot (Fig. S2F, curves a and b). According to the slopes of curves
a and b of Fig. S2G, the «a values for free TAS and TAS bound to HSA
were calculated to be 0.556 and 0.297, respectively and according
to the intercepts of curves a and b of Fig. S2G, the ks values for
free TAS and TAS bound to HSA were calculated to be 1.982 and
1.05 x 1073, respectively. As can be seen, the values of o and ks
values were decreased in the presence of HSA. Decrease in a may
be due to higher absorption of TAS-HSA complex at the electrode
surface and decrease in ks may be attributed to the lower rate of
electron transfer of TAS in the form of TAS-HSA complex.

Immobilization of a biomacromolecule onto the surface of the
GCE can help us to obtain information about the type of interaction
of small molecule with the biomacromolecule [38,39]. Therefore,
the CVs of TAS at bare GCE and HSA/GCE were recorded and are
shown in Fig. 2A. As can be seen, oxidation peak potential of TAS
was shifted to more positive potentials at the surface of HSA/GCE. As
reported by the otherresearchers [38], positive shifts in peak poten-
tial of TAS at the surface of HSA/GCE revealed that the interaction
of TAS with HSA occurred through hydrophobic forces.

Fig. 2 The CV was also used to investigate the binding of TAS
to HSA/GCE by recording the CVs of TAS at different concentra-
tions on the surface of HSA/GCE (not shown). The current of the
CVs were increased with increasing concentration of TAS (Cras)
and then reached to saturation values which was according to the
shape of Langmuir adsorption. According to Eq. (6) [40], where I,
Imax, and K, are the peak intensity, maximum peak intensity, and
the binding constant of TAS at HSA/GCE surface, respectively, by
the regression of Cras/I on Cras, the K}, value was calculated to be
5.81 x 10° mol-1L.

Cras/I= (1/Kplmax) + (Cras/Imax) (6)

3.1.2. Linear sweep and differential pulse voltammetry

The LSVs and DPVs of TAS in the presence of increasing con-
centration of HSA in the TBS (0.05M, pH 7.4) were recorded at
the surface of GCE and the results are shown in Fig. 2B and C,
respectively. The results showed that the peak current of TAS was
decreased and shifted to more positive potentials upon addition
of HSA. Such a phenomenon may be related to the interaction of
TAS with HSA and its embedding within the HSA structure which
decreases the equilibrium concentration of TAS in solution or occur-
rence of a competitive adsorption occurred at the electrode surface.
When a biomacromolecule such as hemoglobin or serum albu-
min or DNA with a low concentration is interacted with a small
molecule, only a low area of the electrode surface (10%) is cov-
ered which indicates a very little competitive adsorption of small
molecules at the electrode surface [41]. However, another probabil-
ity maybe existed which maybe related to the possible unfolding
of the HSA structure by increasing TAS concentration which pro-
vides some pathways for TAS to access the tryptophan or tyrosine
residues of the HSA and subsequently oxidation at the GCE surface
[42]. But, we think that multivariate resolution of the measured
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Fig. 2. (A) CVs of 5.0 x 10~4 M TAS prepared in the TBS (0.05 M, pH 7.4) recorded at the surface of the bare GCE (curve a) and HSA/GCE (curve b), (B) LSVs of 5.0 x 10~ M TAS
prepared in the TBS (0.05 M, pH 7.4) in the presence of increasing concentration of HSA in the range of 0.0-5.0 x 10~4 M, (C) DPVs of 5.0 x 10~> M TAS prepared in the TBS
(0.05M, pH 7.4) in the presence of increasing concentration of HSA in the range of 0.0-5.0 x 10~> M, (D) fluorescence spectra of 1.0 x 10~ M HSA prepared in the TBS (0.05 M,
pH 7.4) upon increasing concentration of TAS in the range of 0.0-5.0 x 1076 M, A.x =280 nm, (E) effects of Wr (curve a) and Ip (curve b) as site markers on the fluorescence
of HSA-TAS and (F) UvVis absorption spectra of 1.0 x 10~7 M HSA prepared in the TBS (0.05M, pH 7.4) in the presence of increasing concentration of TAS in the range of
0.0-5.0x 107 M.
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Table 1
Stern-Volmer quenching constants at different temperatures related to TAS-HSA
interactions.

T(K) Ksv (x 10% Lmol-1) R?

208.15 5.11 0.999
304.15 474 0.998
310.15 4.08 0.999

profiles is needed to obtain more information about the occurrence
of the phenomena mentioned above.

3.2. Spectroscopic studies of TAS-HSA interactions

3.2.1. Spectrofluorimetry

The fluorescence emission spectra of HSA with a concentration
of 1.0 x 10~7 M prepared in the TBS (0.05 M, pH 7.4) in the presence
of increasing concentration of TAS in the range of 0.0-5.0 x 107 M
were recorded at three different temperatures (i.e., 298.15, 304.15
and 310.15K) and one of them (298.15 K) is shown in Fig. 2D. As can
be seen, the fluorescence intensity of HSA was gradually decreased
upon increasing TAS concentration. HSA has a single tryptophan
residue (Trp-214) and its intrinsic fluorescence in the UV region
is related to this residue. When a small molecule is interact with
HSA, the Trp fluorescence intensity is changed by decreasing the
quantum yield of fluorescence [43]. Different molecular interac-
tions such as molecular rearrangements, energy transfer, excited
state reactions, ground state complex formation, and collisional
quenching can cause fluorescence quenching. But, the mechanisms
of quenching are usually included dynamic collision and static
quenching (complex formation). Stern-Volmer equation is usually
used to describe the fluorescence quenching [44]:

Fo/F=1+Ksy[Q] (7)

where Fy and F refer to the steady-state fluorescence intensities
in the absence and presence of the quencher (TAS), respectively.
Ksy and [Q] are the Stern-Volmer quenching constant and con-
centration of the quencher, respectively. According to Eq. (7), Fy/F
values were regressed on concentrations of TAS (not shown) and
the results are presented in Table 1. As can be seen, the Ksy val-
ues were decreased with increasing temperature which suggested
a static quenching (complex formation) for quenching of fluores-
cence emission of HSA by TAS.

3.2.2. Site selectivity of binding of TAS to HSA

HSA has two sites including site I (hydrophobic sub-domain
[IA) [45] and Sudlow’s sites Il (sub-domain IIIA) [46] which enable
small molecules to bind with HSA. To identify the binding site
location of TAS on HSA, two competitive experiments were car-
ried out by two site markers including Wr (marker of site I) and
Ip (marker of site II). In these experiments, Wr or Ip was added
in the range of 0.0-8.0 x 10-7 M to a binary mixture of TAS and
HSA where TAS concentration (2.0 x 10~7 M) was four times higher
than HSA (5.0 x 10~8 M). Then, (F; /F») x 100 where F; and F; are the
fluorescence intensity in the absence and presence of site marker,
respectively, was plotted against [Site Marker]/[HSA], Fig. 2E. The
changes induced by the site markers enabled us to understand the
binding location of TAS on HSA. As can be seen, by the addition of Wr
to the HSA-TAS solution the (F; [F;) x 100 was decreased gradually
(Fig. 2E, curve a) which confirmed that the binding of TAS to HSA
was affected by the addition of Wr. While, (F;/F,) x 100 was not
affected by the addition of Ip (Fig. 2E, curve b) which indicated that
the Ip did not prevent the usual binding location of TAS on HSA.
The results discussed above showed that Wr competed with TAS
molecules while Ip did not. Therefore, the binding site of TAS was
mainly located in hydrophobic pocket in sub-domain IIA of HSA.

,_ [PF()e (1) a4dA

3.2.3. Spectrophotometry

UvVis spectrophotometric titration was also used to investigate
the interaction of TAS with HSA. Spectrophotometric titration of
HSA with a constant concentration of 1.0 x 10-6 M prepared in the
TBS (0.05M, pH 7.4) upon increasing concentration of TAS in the
range of 0.0-5.0 x 106 M was performed and the related spectra
were recorded in the range of 240-340 nm which are shown in
Fig. 2F. As can be seen, HSA has an absorbance peak at 280 nm which
its position and intensity were affected in the presence of TAS. By
the addition of TAS into HSA solution, the absorption at 280 nm
was gradually increased (hyperchromism) which maybe related to
interactions of TAS with HSA.

3.2.4. Energy transfer from HSA to TAS and measurement of the
binding distance

Fluorescence energy transfer (FRET) is a general spectroscopic
technique which is used to measure molecular distance in biologi-
cal systems [47]. The efficiency (E, Eq. (8)) of FRET depends on some
factors such as the inverse sixth power of the distance between
donor and acceptor (r) which must be within 2-8 nm (Forster dis-
tance) [48], Forster radius (Rg, Eq. (9)) or the critical energy transfer
distance, overlapping of emission of donor and absorption of accep-
tor and orientation of the transition dipole of the donor.

F RS

E=1 Fo (RS +19) (@)

RS =8.8 x 107%°Kk*n~4j@ (9)

In Egs. (8-9), k2, n, ® and J are spatial factor of orientation,
refractive index of the medium, fluorescence quantum yield of the
donor and the overlap integral of the fluorescence emission spec-
trum for the donor and the absorption spectrum of the acceptor,
respectively. The J can be calculated by the following equation:

(10)
[y da

where F(A) and ¢ are the fluorescence intensity of the donor and
molar absorption coefficient of the acceptor at the wavelength A,
respectively. The values of k2, n and ® are 2/3, 1.336 and 0.118,
respectively [49], and according to these values, the values of J, Ry,
E and r were calculated to be 5.4 x 10-1¥ cm3 M1, 3.24nm, 0.012
and 6.84 nm, respectively. As can be seen, r is less than 8 nm which
confirms that the energy can be transferred from HSA to TAS with
high probability [50].

3.3. Combining voltammetric and spectroscopic data

3.3.1. Justification of the MCR-ALS results

In order to further investigation of interactions of TAS with HSA
for obtaining more information about any HSA-TAS, (m is referred
to the number of TAS contributed in complex formation with HSA)
complex and the relative concentrations of the various reactant and
product species, multivariate analysis of the recorded experimen-
tal data was performed by MCR-ALS as an efficient chemometric
tool. To achieve this goal, a column- and row-wise augmented data
matrix was constructed by arranging eight individual data matri-
ces obtained by DPV (D, Fig. 2C, D3 Fig. 3A), LSV (D4, Fig. 2B,
DISA, Fig. 3B), CV (DL, Fig. S2A, DA, Fig. 3C) and F (DM, Fig. 3D,
DA Fig. 2D) and then, the MCR-ALS was used to the analysis of
the augmented data matrix.

Fig. 3 The first step was focused on application of singular value
decomposition (SVD) to the augmented data matrix for determi-
nation of the number of species and here, the SVD detected three
main components. One may guess that these three components
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Fig. 3. (A) DPVs of 1.0 x 10-> M HSA in the presence of increasing concentration of TAS in the range of 0.0-5.0 x 10~5 M, (B) and (C) LSVs and CVs of 1.0 x 10~4 M HSA in
the presence of increasing concentration of TAS in the range of 0.0-5.0 x 10~4 M, respectively, and (D) fluorescence emission spectra of 1.0 x 10~7 M TAS in the presence of

increasing concentration of HSA in the range of 0.0-1.0 x 10~7 M, Aex =280 nm.

are related to free drug (TAS), free HSA and one HSA-TAS, com-
plex species. The second step was focused on finding an initial
estimate of the concentration profiles of the involved species by
the use of EFA. The EFA has been basically designed for working
with full rank data sets and its straightforward application to the
analysis of the rank-deficient data matrix cannot provide useful
information. This challenge was tackled by the method introduced
by de Juan et al. based on matrix augmentation [51]. Comparing
with the other iterative methods such as iterative target trans-
formation factor analysis (ITTFA), the MCR-ALS has an important
advantage which is including application of some constraints to the
data matrix in iteration process resulting in obtaining more reliable
results. It should be noted that due to the presence of the CV data
matrices in the augmented data matrix which contain negative and
positive values, the non-negativity constraint was only applied to
the concentration profiles. Application of a closure constraint to the
matrices obtained at different concentration levels is not possible.

With the conditions mentioned above, the ALS optimization was
started on the MCR results. As previously mentioned, the lof which
is the difference between the input data (D) and the data repro-
duced from the product (CST) obtained by MCR-ALS was used as a
parameter to evaluate the goodness of fit of the model. In this work,
7.13% was found as the best lof value which explained almost all of
the variability in the experimental data presented as a product of
the extracted signals and the concentration profiles.

The results of MCR-ALS are showing in Fig. 4A-F. Fig. 4A and B
show the concentration profiles of the species involved in experi-
ments. Fig. 4A shows that when HSA is added to TAS, concentration
of TAS is decreasing and a new complex species is forming. As
can be seen, the concentration of the complex species is reached
equilibrium at the ratio of [HSA]/[TAS]~ 0.5 which shows this
species is a HSA-TAS, complex species. Fig. 4B shows that at the
ratio of [TAS]/[HSA] ~ 2 concentrations of HSA and TAS are sharply
decreased and increased, respectively, which confirms the most
intensity of complex formation is occurred at this ratio and also
confirms that the complex species is HSA-TAS,. Therefore, accord-
ing to the results of SVD and resolved concentration profiles, we
can conclude that three species are involved in titration process
which are belonging to the free TAS, free HSA and a HSA-TAS, com-
plex species. The pure voltammetric and spectral profiles resolved
by MCR-ALS are shown in Fig. 4C-F which provide new qualita-
tive information about the nature of the species involved in each
technique. From voltammetric profiles we can conclude that HSA
is not electroactive while the complex species is electroactive. The
resolved voltammograms of HSA suggested that the HSA in its
original structural format was electro-inactive, while the extracted
voltammograms for the complex species showed that it was elec-
troactive. Accessibility of the potentially oxidizable tryptophan and
tyrosine side chainresidues is necessary for being electroactive, and
this will be facilitated by unfolding the HSA structure upon reacting
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with TAS. Therefore, it can be suggested that the locating of two TAS
molecules within HSA structure facilitates the unfolding of the HSA
structure which causes tryptophan and tyrosine side chain residues
to be accessible for oxidation at the electrode surface. The plot with
coincided experimental and theoretical data which has been shown
in Fig. 4G is a strong evidence for high quality of the fitting process.

In order to further investigation of the stoichiometry of the
complex species formed during TAS-HSA interactions, the mole-
ratio method was also applied to the recorded experimental data
as shown in Fig. S3. As can be seen, the curves were inflected at
[TAS]/[HSA] ~ 2 which confirmed formation of HSA-TAS;, complex
species upon interactions of TAS with HSA which also confirmed the
results of the multivariate analysis of the augmented data matrix
by MCR-ALS.

3.3.2. Verification of the existence of ambiguities in MCR-ALS
results by MCR-BANDS

One of the most important advantages of MCR rather than the
other bilinear methods is natural constraints which help it to have
physical meaningful solution [52]. However, in some cases, instead
of a unique solution, a band of feasible solutions can be applied
which causes ambiguities in the solution of MCR [53]. Therefore, an
important thing in applying MCR is finding a unique and meaningful
solution to interpret the experimental data. MCR-BANDS as an effi-
cient chemometric tool was introduced to calculate maximum and
minimum of the relative contribution of the components to esti-
mate the feasible solutions [52,54]. MCR-BANDS is a good method
to provide an estimation of the extent of rotational ambiguity [55].

Here, the MCR-BANDS was used to verify the existence of rota-
tional ambiguities in the results of MCR-ALS. To achieve this goal,
MCR-BANDS with the same constraints used in MCR-ALS was
applied to the data matrix obtained by MCR-ALS. The maximum
relative contribution function (fM#*) and minimum relative contri-
bution function (f™") for each contributing species including HSA
(fmax =0.244 and f™in=0.244), TAS (f™*=0.301 and fMin=0.301)
and HSA-TAS, (fm*=0.412 and fMin=0.412) were computed and
fortunately, for all the contributing species there is no difference
between the fM and f™in which confirm that there is no rota-
tional ambiguity [52]. The absence of rotational ambiguity is related
to matrix augmentation and resolution by applying suitable con-
straints.

3.4. Hard-modeling of experimental data

In hard-modeling methods, a model including stoichiometry of
the species and an estimation of binding constant value is defined
which can be applied to the decomposition of data matrix D accord-
ing to Eq. (1). The model defined is used to obtain an estimation of
the concentration profiles (C) and then, least squares fitting is used
to obtain the pure spectra (8T) with best matching of C and D. The
differences between the data in D and the reproduced data matrix
are collected in a residual data matrix (E). The hard-modeling
algorithm continues the optimization procedure by tuning the stoi-
chiometry of the proposed species until a desired level of residuals E
is reached. To obtain more information about mathematical details
of the hard-modeling, the reader is referred to Ref. [56].

In our work, EQUISPEC as a hard-modeling approach was
applied to an augmented data matrix built by combining spectro-
scopic and voltammetric data to calculate the binding constants
with the aim of verifying the results of Section 3.1.1. The calcu-
lated binding constants are presented in Table S2. Interestingly, the
results of EQUISPEC are in a good agreements with those reported
in Section 3.1.1.

3.5. Molecular docking

In this study, the MVD software was applied to understand the
binding mode of TAS at the HSA. Docking of TAS to HSA was per-
formed via MolDock as a docking module and MolDock SE as a
search algorithm and the number of runs was set to 10. A popu-
lation size of 50 and a maximum iteration of 1500 was used for
parameter settings. The maximum number of poses generated was
10. Fig. 5A-C shows TAS bound to HSA with different views. After
docking the TAS with HSA, the binding sites were detected which
included Trp 214, Leu 219, Lys 199, Leu 238, Arg 257, Arg 222, Leu
260, Ile 264, Ile 290, Lys 195, Glu 153, Tyr 150, Glu 292, Ala 291
and Ala 261. The AG for the binding of TAS to HSA was obtained as
—24.01 k] mol~1. As can be seen, TAS has bound to sub-domain 1A
of HSA which also conforms the results of Section 3.2.2. The LIG-
PLOT program was also used to more explore interactions between
TAS and HSA as shown in Fig. 5D. Two hydrogen bond between TAS
and Arg 222 (2.39 and 3.17 A), one hydrogen bond between TAS
and Arg 257 (3.01 A) and one hydrogen bond between TAS and Lys
195 (2.47 A) were observed, and Ala 291, Glu 292, Tyr 150, Lys 199,
Leu 238, Ile 264, Leu 260, and Ile 290 had hydrophobic interactions
with TAS. The hydrophobic interactions were also detected by the
results of the Section 3.1.1.

3.6. Analytical characterizations

Here, we are going to develop a novel analytical method based
on TAS-HSA interactions for highly sensitive determination of HSA,
and because of higher sensitivity of amperometric methods than
voltammetric ones, amperometric sensing of HSA was preferred.
In order to increase the sensitivity of the developed methodology,
we decided to use a modified GCE instead of bare GCE. Therefore,
the bare GCE was modified with MWCNTs-Gr-IL (Fig. 1C) and used
as the biosensing platform in amperometric measurements.

3.6.1. Amperometric measurements

In amperometric measurements, the MWCNTs-Gr-IL/GCE, a Pt
wire and Ag/AgCl electrode were acted as working, counter and ref-
erence electrode, respectively. Here, because of electro-inactivity
of HSA two different amperometric measurements including in the
absence and presence of HSA were performed for determination
of HSA. The first amperometric measurement was performed by
immersing the MWCNTs-Gr-IL/GCE into a cell containing 10 mLTBS
(0.05M, pH 7.4) as supporting electrolyte which was gently stirred
at 1000 rpm. Then, thirteen different concentrations of TAS rang-
ing in 1-45 M were injected into the cell solution upon applying
a potential of 0.05V (oxidation potential of TAS at the surface of
MWCNTs-Gr-IL/GCE) and the related i-t values were collected by
the NOVA software and depicted in Fig. 6A. In second amperomet-
ric measurement, TAS with the same concentrations used for the
first measurement but in the presence of increasing concentration
of HSA in the range of 0.1-1200 nM was injected to the cell solution
for thirteen times and the related i*-t values were collected by the
NOVA software and depicted in Fig. 6B. To construct a calibration
curve for sensing of HSA, Ai=i-i* values were regressed on concen-
trations of HSA as shown in Fig. 6C. As can be seen, two linear ranges
of 0-541nM and 541-1200 nM were obtained for the biosensing
of HSA. The sensitivity and limit of detection (LOD) of the sensor
were calculated to be 0.02 pLAnM~! and 0.04 nM respectively. The
LOD was calculated according to 3SD/m, where SD is the standard
deviation of the intercept and m is the slope of the calibration curve.

3.6.2. Interference study

The selectivity of the developed sensor for determination
of 200nM HSA in the presence of 200-fold concentration of
cysteine, tyrosine, histidine, valine, methionine, proline, pheny-
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Fig. 5. Computer-generated models of binding TAS to HSA presented by: (A) secondary structure view, (B) pose organizer view and (C) hydrophobicity view. (D) TAS-HSA

interactions presented by LigPlot program.

lalanine, egg albumin, chloramphenicol, amoxicillin, vitamin C,
vitamin B12, NO,~, Zn2?*, Sn?* and CaZ* was amperometri-
cally examined and the results are shown in Fig. 6D. As can
be seen, the sensor was able to selective determination of
HSA even in the presence of high concentrations of interfering
species.

3.6.3. Stability, repeatability, and reproducibility

Long-term stability is one of the most important characteris-
tics of an electrochemical sensor which must be verified prior to
its application to real samples. Therefore, to verify this parame-
ter, the MWCNTs-Gr-IL/GCE was used to determine 200 nM HSA
prepared in the TBS (0.05M, pH 7.4) by weekly recording of its
amperometric response during six weeks and the results are shown
in Fig. GE. As can be seen, the sensor was able to retain 96.2% of its
original response which confirmed that the sensor has a good sta-
bility. The sensor was also applied to determine 200 nM HSA for
ten times during one day and the results showed a good relative
standard deviation (RSD) value of 2.31% which confirmed that he
sensor response was repeatable. The next study of this section was
devoted to the examination of the reproducibility of the fabricated
sensor. To achieve this goal, eight sensors were fabricated and sep-
arately used to determine 200 nM HSA, and an acceptable value of
3.11% for RSD confirmed that the response of the biosensor was
reproducible.

Table 2
Results of the analysis of human serum samples by the reference method and pro-
posed method in this study.

Sample The proposed method in this study The reference method
Serum 1 6.24 (£0.02) x 104 M 6.41(£0.03)x 104 M
Serum 2 7.96 (£0.04) x 104 M 8.06 (+0.04) x 104 M
Serum 3 8.11(+0.03) x 104 M 8.08 (+0.02) x 104 M

3.6.4. Validation of the developed method

In this section, the performance of the sensor for determination
of HSAin human serum samples was examined and the results were
compared with those of obtained by a medical diagnostic laboratory
whose method was based on capillary electrophoresis (reference
method). The results of the analysis of serum samples by the refer-
ence method and the method developed in this study are presented
inTable 2. As can be seen, there is an acceptable agreement between
the results obtained by the two methods. But, in comparison with
the reference method, the proposed sensor is fast, simple and low-
cost. Therefore, accurate determination of HSA in real samples may
allow one to propose the present sensor as a low-cost, promissory
and accessible alternative for the clinical analysis of protein.

4. Conclusion

In this study, interactions of TAS with HSA were investigated by
electrochemical and spectroscopic methods and also in combina-



G. Mohammadi et al. / Journal of Pharmaceutical and Biomedical Analysis 156 (2018) 23-35 33

S
o
o

w
v
o

w
o
o

200

150

Current (i, pA) >

100

50

0 500 1000 1500 2000

Time (s)

60

i*
8

@
yod y = 0.023x + 24.914
R?=0.9917

i-

_
w
o
N
.

i
%

A

20 ‘

. 4
<  y=0.0655x+2.5723

10 s R? = 0.9959

0 200 400 600 800 1000 1200 1400

Concentration (nM)

98.5
98
97.5
97
96.5
96
95.5
95
94.5

Current (i*, nuA)

Current (pA)

w

o

o
v}

w
o
o

N
w
o

[y
w
o

(=)

500 1000 1500

0 500 1000 1500 2000

Weeks
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stability of the sensor response to 200 nM HSA by weekly measurement of its response during six weeks.

tion with each other by chemometric methods. At the first stage
of the study, electrochemical and spectroscopic techniques were
separately used to obtain some information and then, combined
and simultaneously analysed by MCR-ALS as an efficient chemo-
metric tool. The binding of TAS to HSA causes a series of changes in
electrochemical and spectral recordings which confirm the inter-
actions between TAS and HSA. The resolved profiles by MCR-ALS
were in a good agreements with measured responses which con-

firmed the successfulness of MCR-ALS in resolving the augmented
data matrix. The binding of TAS to HSA was also modeled by molec-
ular docking methods which showed the location of binding of TAS
at HSA and the residues interacted with TAS. The results of molec-
ular docking confirmed that TAS is located in sub-domain IIA of
HSA which confirmed the results of experimental sections as well.
Finally, two amperometric measurements of TAS in the absence
and presence of HSA were performed to develop a novel method
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for determination of HSA. Fortunately, the developed method was
able to determine HSA in serum samples which its results were in
a good agreement with those of obtained by a reference method.
But, in comparison with the reference method, the proposed sensor
is fast, simple and low-cost. Therefore, accurate determination of
HSA in real samples may allow one to propose the present sensor
as a low-cost, promissory and accessible alternative for the clinical
analysis of protein.
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