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In this study, we developed an electrochemical DNA biosensor based on a poly-3-amino-1,2,4-triazole-5-thiol
(P(AT)) filmmodified glassy carbon electrode (GCE/P(AT)). For the first time, this electrodewas used for the de-
termination of a new benzimidazole molecule, 2-(2-phenyl ethyl)-5-methylbenzimidazole (BNN-17). The elec-
trochemical behavior of the GCE/P(AT) electrode was investigated using cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). Differential pulse voltammetry (DPV) was carried out to obtain
the change in the oxidation signals of the guanine and adenine before and after interaction with the BNN-17.
Under the optimum conditions, a linear dependence of the guanine oxidation signals was observed when the
BNN-17 concentration was in the range of 0.213–32.03 μmol L−1 (R2 = 0.991). The limit of detection (LOD)
and limit of quantification (LOQ)were found to be 0.063 μmol L−1 and 0.21 μmol L−1, respectively. The influence
of potential interfering substances on BNN-17 determination was studied. Finally, the GCE/P(AT)/dsDNA elec-
trodewas utilized for the determination of BNN-17 in serum samples which gave sensitive, accurate, and precise
results. The binding mode of BNN-17 with dsDNA was investigated using DPV, UV–vis absorption spectroscopy,
and molecular docking methods. All of the experimental results indicated that BNN-17 preferred to bind on the
minor groove of dsDNA. The results obtained from the experimental data were in good agreement with the mo-
lecular docking studies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Benzimidazole derivatives represent an important pharmacophore
and privileged structure inmedicinal chemistry due to their broad spec-
trum of biological activity [1]. They have attracted significant attention
as an important class of heterocyclic compounds in the field of chemo-
therapy and other types of cancer treatment. Due to these properties,
benzimidazole derivatives have received great interest in connection
with their synthesis in recent years [2]. Furthermore, benzimidazole de-
rivatives are structural isoesters of naturally occurring nucleotides, thus
they can interact with biological macromolecules such as proteins,
enzyme receptors, and nucleic acids [3]. Several anticancer agents
in clinical use have been shown to be potent inhibitors of DNA
topoisomerases. Molecular studies have shown that topoisomerase II
. Tığ).
has a range of critical roles, including some related to DNA replication
and transcription.Most clinically active drugs that target topoisomerase
II generate enzyme-mediated DNA damage. Previous studies have
promised amore refined ability to target topoisomerase II as an effective
anticancer strategy [4–6]. In recent years, detailed investigations of bi-
and ter-benzimidazole derivatives revealed that these compounds con-
stitute a new class of DNA topoisomerase I and II inhibitors. Work on
such compounds indicates that a fused ring system in the structure is
critical for the activity [7–11]. Single-strand DNA breaks in the presence
of topoisomerase I, which is induced by theminor groove binding drugs
being highly site specific. It has been reported that the bisbenzimidazole
derivatives Hoechst 33258 and 33342 strongly inhibit the catalytic ac-
tivity of topoisomerase I by binding with high affinity into the minor
groove of AT-rich sequences of double-helical DNA [12,13]. A number
of benzimidazole derivatives which were synthesized by our group
were found to be inhibitors of topoisomerase I and II [14]. Herein,
some further studies on 2-(2-phenylethyl)-5-methylbenzimidazole
(BNN-17, see Scheme 1), which is one of the synthesized compounds,
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Scheme 1. The structure of 2-(2-phenylethyl)-5-methylbenzimidazole (BNN-17).
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were performed to investigate the interaction between the compound
and dsDNA.

Recently, more attention has been paid to the development of DNA
biosensors to provide new techniques for rapid and sensitive detection
of pathogens [15], human genetic diseases [16], and DNA–drug
interactions [17,18]. DNA biosensors are generally based on electrodes
with oligonucleotide immobilization. For this purpose, conducting
polymers and/or their composites were widely used due to their
promising electronic, optoelectronic, and electrochemical properties,
which can be simply designed and fabricated and then applied
in electronic devices [19–21]. Many conducting polymers, such
as polyaniline, polypyrole, polythiophene, poly(p-phenylene), and
poly(3.4-ethylenedioxythiophene) have been widely used as the
immobilizing substrate for biomolecules especially enzymes, proteins,
or nucleic acids because of their high conductivity and high redox re-
versibility [22]. Recently, poly-3-amino-1,2,4-triazole-5-thiol (P(AT))
has been used due to its various favorable properties, such as low mo-
lecular weight, stability, selectivity, and homogenous film coating with
controllable thickness [23]. This polymer has been used for the detec-
tion of the L-dopa/L-tyrosine ratio, which is an electrochemical marker
for metastatic malignant melanoma [24] and uric acid [25]. Moreover,
this polymer has functional groups (−NH2,−SH) that would be bene-
ficial to the immobilization of biomolecules such as nucleic acids.

In the present study, we developed an electrochemical dsDNA bio-
sensor based on a GCE modified with P(AT) film (GCE/P(AT)). The
GCE/P(AT)/dsDNA electrode was prepared by the adsorption of dsDNA
on the P(AT) coat on the GCE. For the first time, the developed dsDNA
biosensor was employed for the electrochemical determination of
BNN-17. The P(AT) film was characterized by cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and scanning elec-
tron microscopy (SEM) techniques. The experimental conditions, such
as the dsDNA concentration, adsorption time, BNN-17 concentration,
and its interaction time with the dsDNA, were optimized. Moreover,
the interaction mechanism between the dsDNA and the BNN-17 was
examined by differential pulse voltammetry (DPV), UV–vis spectrosco-
py, andmolecular docking techniques. Furthermore, this procedurewas
also applied to determine the concentration of BNN-17 in human serum
samples with accurate, sensitive, and precise results.
2. Experimental

2.1. Chemicals

3-Amino-1,2,4-triazole-5-thiol (AT) was purchased from Aldrich.
dsDNA (fish sperm) was obtained from Serva Company (Germany). 2-
(2-phenylethyl)-5-methylbenzimidazole (BNN-17) was synthesized
according to the literature [26,27]. Sodium acetate and acetic acid
were purchased from Sigma–Aldrich. All other chemicals were of ana-
lytical grade. The solution of dsDNA (1mg/1mL) was prepared in ultra-
pure water and stored at −20 °C. More diluted dsDNA solutions were
prepared with 0.5 mol L−1 acetate buffer (pH 4.8) containing
0.02 mol L−1 NaCl. Stock solutions of BNN-17 (100 mg L−1) were pre-
pared in ethanol solution (70%). Working standard solutions were pre-
pared daily by the appropriate dilution of the stock solution.
2.2. Apparatus

The electrochemical measurements were carried out using an
AUTOLAB-PGSTAT 302N electrochemical analysis system (potentiostat/
galvanostat combined with FRA2.0 module) (Eco Chemie, Ultrecht, The
Netherlands) connected to a three-electrode cell stand (Bioanalytical
Systems, BAS, Inc., USA). A conventional three-electrode cell containing
an Ag/AgCl (3 mol L−1 NaCl, BAS MF 2052) reference electrode, a plati-
num wire (BAS MW 1034) counter electrode, and bare (BGCE) or mod-
ified GCE as the working electrode was used. All experiments were
performed in a standard one-compartment three-electrode cell with
10 mL capacity. The cyclic voltammograms (CVs) and differential pulse
voltammograms (DPVs) were analyzed using the NOVA 1.11 software
(ECO Chemie).

The pH values of the buffer solutionsweremeasured using anORION
Model 1906 D. 720A pH/ion meter (Thermo Scientific, USA). Ultrapure
water (18.2 MΩcm) from a Purelab Elga system (Veolia Water Systems
Ltd., UK) was used for preparing all solutions. All measurements were
carried out at room temperature.

UV–visible absorption spectra were measured with a Shimadzu
1700 (Pharma Spec) double beam spectrophotometer (Shimadzu Cor-
poration, Tokyo, Japan) equipped 1 cmquartz cuvettes at room temper-
ature in the wavelength range of 200–400 nm. The absorption spectra
were recorded for the free dsDNA and the BNN-17 and dsDNA solution
for the calculation of the binding constant of the reaction occurring be-
tween BNN-17 and dsDNA.

The scanning electron micrographs of the P(AT) film were recorded
with a FEI Quanta 400F Field-Emission Scanning Electron Microscope
(FESEM, Tokyo, Japan). The surface of the P(AT) was coated with Au–
Pd alloy under vacuum before the micrographs were recorded.

2.3. Molecular docking study

The crystal structure of the synthetic DNA dodecamer
d(CpGpCpGpApApTpTpCpGpCpG) was retrieved from the Protein Data
Bank (PDB ID: 1BNA) [28]. Accelrys Discovery Studio 3.5 (Discovery Stu-
dio 3.5, Accelrys Inc., 2012) software was used for the preparation and
docking processes. The DNAwas taken, water molecules were removed,
hydrogenswere added, and their positionswere optimized using the all-
atom CHARMm force field and the Adopted Basis set Newton Raphson
(ABNR) method available in the Discovery Studio 3.5 protocol until the
rootmean deviation (RMS) gradient was b0.05 kcal⁄mol⁄Å2. The bind-
ing sitewas definedusing the cavityfindingmethodwhichwasmodified
to accommodate the minor groove of DNA. The binding sphere for 1BNA
(8.88, 24.72, 6.11, 8.95) was selected from the active site using the bind-
ing site tools. Our synthesized compound of BNN-17 was sketched; all-
atom CHARMm force field parameterizations were assigned and then
minimized using the ABNR method as described above. Conformational
searches of the BNN-17 were carried out using a simulated annealing
molecular dynamics (MD) approach. Afterwards, the CDocker [29]
method was performed using Discovery Studio 3.5. The DNA was held
rigid while the BNN-17was allowed to flex during the refinement. Final-
ly, all docked poses were scored by applying the Analyze Ligand Poses
subprotocol and binding energies were calculated by applying the Calcu-
late Binding Energy subprotocol in Discovery Studio 3.5 by using in situ
ligand minimization step (ABNR method) and implicit solvent model
(Molecular Mechanics–Generalized Born with Molecular Volume,
GBMV). The lowest binding energywas taken as the best-docked confor-
mation of the compound for the DNA.

2.4. Preparation of the modified electrode

Firstly, the surface of the GC electrode was polished with 0.05 μm
alumina powder until a mirrored finish was obtained and then it was
rinsed thoroughlywith ultrapure water followed by ethanol. Then, son-
ication was used to remove the alumina residues, and it was dried at
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room temperature. The GCE/P(AT) was prepared according to the liter-
ature [25]. Briefly, the P(AT) film was electrochemically deposited be-
tween −0.20 V and +1.70 V (vs. Ag/AgCl) at a scan rate of 50 mVs−1

with 15 cycles in 0.1 mol L−1 H2SO4 containing 1.0 mmol L−1 AT. Fol-
lowing this procedure, the GCE was covered with a thin film of P(AT).
Then, the GCE/P(AT) was washed with ultrapure water and allowed to
dry for 1 h at room temperature.

For the immobilization of the dsDNA, the GCE/P(AT) was immersed
into vials containing 40 μg mL−1 dsDNA in a 0.5 mol L−1 acetate buffer
solution (0.02mol L−1 NaCl) for 15min. Each of the electrodeswas then
gently rinsed with acetate buffer (0.5 mol L−1 at pH 4.8) for 3 s for the
removal of the unbound dsDNA at the modified electrode surface.

2.5. Interaction of BNN-17 with dsDNA

Electrochemical detection of the interaction between the BNN-17
and the dsDNA on the modified GCE is dependent on the oxidation sig-
nals of guanine. For this purpose, the GCE/P(AT)/dsDNA was immersed
into a BNN-17 solution in 0.5mol L−1 acetate buffer (pH 4.8) for various
times after the adsorption of the dsDNA onto the GCE/P(AT). The elec-
trode was rinsed with acetate buffer after the interaction and then re-
placed in the BNN-17-free acetate buffer solution, where differential
pulse voltammogramswere recorded. The DPV studieswere performed
in the potential range of +0.4 to +1.2 V (vs. Ag/AgCl) in 0.5 mol L−1

pH 4.8 acetate buffer solution containing 0.02 mol L−1 NaCl. The DPV
conditions used were as follows: step potential: 0.003 V; modulation
amplitude: 0.05 V; modulation time: 0.02 s; interval time: 0.2 s; and
scan rate: 0.015 Vs−1.

2.6. Preparation of serum samples

Human serum samples supplied from healthy individuals were se-
lected and stored at −20 °C until the assay procedure. 10 μL volume
of serum was transferred into a vial containing 90 μL acetate buffer so-
lution and a certain volume of the stock solution of BNN-17 was
added into the vial. This mixture was transferred to an electrochemical
cell and left to interact with the GCE/P(AT)/dsDNA electrode for 60 s.
After the interaction, the GCE/P(AT)/dsDNA electrode was rinsed and
placed in a blank ABS and the DPVs were recorded.

3. Result and discussion

3.1. Electrosynthesis of P(AT)

The electrosynthesis of P(AT) was performed in 0.1 mol L−1 H2SO4

using the CV technique. As can be seen in Fig. 1(a), the first cycle of
the forward scan had three oxidation peaks at 0.56 (x), 1.19 (y), and
1.3 V (z) (curve 1), and in the reverse scan a reduction peak at 0.96 V
was observed. In the second cycle, the oxidation peak currents de-
creased and the oxidation peaks of a, b, and c were shifted to less posi-
tive potentials (curve 2). In the subsequent cycles, the oxidation peak
currents increased concurrently (curve 15), which suggests that the
new monomer undergoes oxidation in each oxidative potential scan
and the amount of electroactive polymer increases on the GCE [25].

3.2. SEM images of bare GCE and P(AT) modified electrodes

SEMmicrographs of the bare GCE and P(AT)-coated GCE are shown
in Fig. 1. As shown in Fig. 1(c,d), the surface morphology of the P(AT)-
coated GCE was different from than that of the bare GCE (Fig. 1(b)).
The bare GCE presented amore uniform and smooth structure, whereas
the P(AT)film exhibited a rough surface. This confirmed that the surface
of the GCE was covered with P(AT) and a thin P(AT) film was
formed on the GCE. As shown in Fig. 1(e), a heterogeneous layer on
the polymer surface was observed after immobilization of dsDNA. To
further confirm the immobilization of dsDNA on polymer film, the
energy dispersive X-ray spectroscopy (EDS) analysis was conducted
and the spectrum was shown in Fig. 1(f). The signals of C and N ele-
ments in EDS data confirm the existence of P(AT) on GCE surface and
the P signal indicates the successful immobilization of dsDNA upon
the surface of the GCE/P(AT) (Fig. 1(f)). The presence of ionic chloride
and sodium due to the preparation of dsDNA solution in acetate buffer
containing NaCl.

3.3. Electrochemical characterization of P(AT) and P(AT)–DNA-modified
GCEs

To investigate the electron transfer properties of bare, GCE/P(AT),
and GCE/P(AT)/dsDNA, ferro-ferricyanide ion (Fe(CN)63−/4–) was used
[30]. The CV and EIS techniques were utilized for the electrochemical
characterizations of the BGCE, GCE/P(AT), and GCE/P(AT)/dsDNA
electrodes in 0.1 mol L−1 KCl containing 5.0 mmol L−1 Fe(CN)63−/4–.
Fig. 2(A) shows the CVs of the bare and modified GCEs at a scan rate
of 50 mV s−1. The anodic and cathodic peak currents of the Fe(CN)63−/4–

for P(AT)-coatedGCE increased according to that of the BGCE. In addition,
the peak-to-peak separations (ΔEp) for BGCE and GCE/P(AT) electrodes
were 0.301 and 0.142 V, respectively (Table S1). These results suggest
that the positively charged P(AT) film electrostatically attracts
Fe(CN)63−/4– ions with a negative charge [31]. When the surface of the
GCE/P(AT) was covered with dsDNA (Fig. 2(A)(c)), a decrease in the
peak currents of the redox probe was observed. Moreover, the ΔEp in-
creased (0.418 V) when compared to that of the P(AT) modified elec-
trode. The results showed that the negatively charged dsDNA had been
adsorbed on the surface of the GCE/P(AT), and this impedes the
Fe(CN)63−/4– ions access to the surface of the GCE [32,33].

EIS was also used to investigate the electron transfer features of the
bare and modified electrodes. Fig. 2B presents the Nyquist plots of the
BGCE (curve a), GCE/P(AT) (curve b), and GCE/P(AT)/dsDNA (curve c)
electrodes in 0.1 mol L−1 KCl containing 5.0 mmol L−1 Fe(CN)63−/4–.
The Nyquist plot shows a semicircle part at high frequencies and the dif-
fusion control impedance of ions at low frequencies. The values of the
electron transfer resistance (Ret) were calculated for BGCE, GCE/P(AT),
and GCE/P(AT)/dsDNA as 2097, 532, and 1010 Ω, respectively. It is
clear that the P(AT) film increases the rate of electron transfer at the so-
lution/electrode interface when compared with the BGCE. After the ad-
sorption of dsDNA to the surface of the P(AT) film, the Ret value of the
GCE/P(AT)/dsDNA electrode increased due to the negative charge of
the dsDNA [18].

3.4. Immobilization of dsDNA onto P(AT) modified GCEs

To obtain the best conditions for the electrochemical response of the
GCE/P(AT)/dsDNA electrode, the adsorbed dsDNA concentration at the
surface of the GCE/P(AT)/dsDNA electrode was optimized. Fig. 3 ex-
hibits a plot of the guanine and adenine oxidation current signals as
functions of the dsDNA concentration. As can be seen from the figure,
the peak currents of guanine increased with increasing concentration
of dsDNA up to 40 μg mL−1, and then became constant (Fig. 3 (A)).
Thus, 40 μg mL−1 of the dsDNA was chosen as the optimum value for
the determination of and interaction with BNN-17 in the subsequent
experiments. The effect of the adsorption time of the dsDNA at the
GCE/P(AT) surface was evaluated between 1 and 25 min. As shown in
Fig. 3 (B), the oxidation peak currents of guanine increased up to
15 min of the adsorption time and then leveled off. Therefore, the opti-
mum adsorption time was selected as 15 min.

3.5. Electrochemical studies for the interaction of BNN-17 with dsDNA at
GCE/P(AT)

The effect of the concentration of the BNN-17 on the DPV signals in
the presence of 40 μg mL−1 dsDNA was evaluated in the concentration
range of 0.213 μmol L−1 and 85.40 μmol L−1. Fig. 4 displays the guanine



Fig. 1. Cyclic voltammograms recorded during the electrosynthesis of P(AT) on the GCE in 0.1mol L−1 H2SO4 (a), SEM images of the bare GCE (b), GCE/P(AT) (c,d), and GCE/P(AT)/dsDNA
(e), the EDS spectra of GCE/P(AT)/dsDNA (f).
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and adenine oxidation signals at the GCE/P(AT) electrode for the differ-
ent concentrations of BNN-17. Increasing the concentration of the BNN-
17 caused a decrease in the oxidation peak current of the guanine and
adenine which corresponds to the binding of the BNN-17 to those
electroactive bases. This could be explained as possible damage to, or
shielding of, the oxidizable groups of the electroactive bases while the
BNN-17 interacts with dsDNA at the surface of the GCE/P(AT) [34,35].

It was expected that the binding of the BNN-17 to the dsDNAwould
be dependent on the interaction time. As shown in Fig. 5(A), the gua-
nine peak currents decreased as the time increased up to 60 s, and
then the currents almost leveled off. Thus, 60 s was selected as the opti-
mum interaction time in all of the subsequent experiments.

As can be seen from Fig. 5(B), the oxidation peak currents
for the guanine were linear with the BNN-17 concentration over
the range of 0.213–32.03 μmol L−1 with a linear equation of
I(μA) = −0.0103C + 0.418 with R2 = 0.991 (n = 3) where C is the
BNN-17 concentration. The limit of detection (LOD) and limit of quanti-
fication (LOQ) from the calibration curve were found to be 0.063 and
0.21 μmol L−1, respectively. The LOD and LOQ values confirmed the
sensitivity of themodified electrodewhichwas calculated using the fol-
lowing equation [36]:

LOD ¼ 3:3s=m; LOQ ¼ 10s=m ð1Þ

where s is the standard deviation of the current (three runs) for the low-
est concentration of the linearity range,m is the slope of the related cal-
ibration curve. The analytical characteristics obtained for the BNN-17
determination using the DPV method are shown in Table 1.

The repeatability and reproducibility studies are themost important
properties for biosensor application. The repeatability and reproducibil-
ity of the GCE/P(AT)/dsDNA electrodewere evaluated bymeasuring the
oxidation peak current of guanine after interaction with BNN-17. The
repeatability for the same electrode was calculated from the relative
standard deviation (RSD) of the guanine oxidation currents and it was
found to be 2.15% (n=7). In addition, the reproducibility for five differ-
ent electrodes was tested and the RSD value was found to be 3.17%
(Table 1).



Fig. 2. (A) CVs of GCE, GCE/P(AT), and GCE/P(AT)/dsDNA electrode at scan rate of
50 mV s−1; (B) the Nyquist plots of (a) GCE, (b) GCE/P(AT), and (c) GCE/P(AT)/dsDNA
in 0.1 mol L−1 KCl containing 5.0 mmol L−1 Fe(CN)63−/4–.

Fig. 3. The effect of dsDNA concentration (A) and adsorption time (B) on the
electrochemical responses of guanine at GCE/P(AT)/dsDNA.

Fig. 4.DPVs of the guanine and adenine peaks in the absence and presence of the BNN-17
concentrations varying from 0.0 to 85.40 μmol L−1 in ABS (pH 4.8).
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DNA–small molecule interactions involve intercalation, electrostatic
interaction, and groove binding [37]. The electrostatic interaction mode
happens out of the groove of the negative phosphate backbone of the
dsDNA and, conversely, the intercalation and groove binding modes
occur on the DNA double helix. DPV was used to determine the interac-
tion mode between the dsDNA and the BNN-17. Generally, the positive
shifts or negative shifts in the oxidation peak potential of the guanine
showed the binding form to be via intercalation or electrostatic binding,
respectively [38]. Since Fig. 4 clearly indicates no measurable shift in
the oxidation peak potential of the guanine upon the addition of BNN-
17, it can be concluded that the binding mode of the BNN-17 to the
dsDNA was neither an electrostatic interaction nor intercalative binding.
Furthermore, the decrease in the peak current of the dsDNAwith the ad-
dition of the BNN-17was due to the decrease in the equilibrium concen-
tration of the free dsDNA. It can be assumed that a BNN-17-dsDNA
complex (Eq. (2)) occurred between the dsDNA and BNN-17, and that
this complex was electrochemically more inactive than the dsDNA.

dsDNAþ BNN‐17⇌BNN‐17−dsDNA ð2Þ

If it is supposed that the interaction of the BNN-17 with the dsDNA
generates only one complex, the interaction between the BNN-17 and
dsDNA can be determined using the following equation [39,40]:

log
1

BNN−17½ �
� �

¼ log K þ log
IBNN‐17−dsDNA

IdsDNA−IBNN‐17−dsDNA

� �
ð3Þ
where K is the binding constant, IdsDNA is the peak current of the
dsDNA, and IBNN-17–dsDNA is the peak current of the BNN-17–dsDNA
complex formation after the interaction of the drug with the
dsDNA that is immobilized on the surface of the GCE/P(AT). The binding
constant value of this complex, K, can be determined from the inter-
cept of the non-linear curve fitting plot of log(1/[BNN-17]) vs. log



Fig. 5. (A) The effect of the interaction time and (B) concentration of BNN-17 with dsDNA
on the guanine oxidation peak current (inset: linear dependence of BNN-17 concentration
on the guanine signals at GCE/P(AT)/dsDNA electrode) (0.5 mmol L−1 ABS, pH 4.8).

Fig. 6. UV–vis spectra of BNN-17 (32.03 μmol L−1) in the absence and presence of dsDNA
in the range of 5.0–40.0 μg mL−1.
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(IBNN-17–dsDNA/IdsDNA − IBNN-17–DNA). The value of K can be calculated as
2.9 × 103 L mol−1.

3.6. UV–vis spectrophotometric studies for the interaction of BNN-17 with
dsDNA

To investigate the drug–DNA interaction, UV–vis absorption spec-
troscopy was also used. Generally, a bathochromic/hypsochromic shift
for the absorption peak can indicate a drug–DNA interaction [41].
Fig. 6 exhibits the UV–vis spectra of the BNN-17 alone (a) and the
dsDNA-BNN-17 mixtures (b–e). As can be seen from Fig. 6, the BNN-
17 exhibited two absorption peaks at about 275 and 285 nm. The
Table 1
Analytical characteristics for voltammetric determination of BNN-17 using DPV at
GCE/P(AT)/dsDNA electrode.

Parameters Obtained results

Potential applied (V) 0.80
Linearity range (μmol L−1) 0.213–32.03
Sensitivity (μA μmol−1 L) −0.0105
Determination coefficient (R2) 0.991
SE of slope 7.53 × 10−4

SE of intercept 0.006
LOD (μmol L−1) 0.063
LOQ (μmol L−1) 0.210
RSD for repeatability 2.15% (n = 7)
RSD for reproducibility 3.17% (n = 5)
hyperchromic effect in the absorption peaks of BNN-17 was observed
with the addition of dsDNA (5–40 μg mL−1) to the fixed concentration
of the BNN-17 (32.05 μmol L−1). In addition, no bathochromic shift
was observed at the position of the maximum absorption of the BNN-
17-dsDNA complexes. Thus, the absence of a bathochromic shift and hy-
pochromic effect in the UV–vis spectra showed that the binding mode
was not intercalative binding [42,43]. It is known that imidazole deriv-
atives bind to theminor groove of dsDNA and show the AT sequence se-
lectivity [44].

The binding constant (K) can be calculated from the equation based
on the variations in the absorbance of the of BNN-17-dsDNA complexes:

A0

A−A0
¼ εG

εH−G−εG
þ εG
εH−G−εG

� 1
K DNA½ � ð4Þ

where K is the binding constant; A0 and A are the absorbance values of
the drug and its complex with dsDNA, respectively, and ƐG and ƐH–G

are the absorption coefficients of the drug and the BNN-17–dsDNA
complex, respectively. The binding constant, K, can be obtained from
the intercept-to-slope ratio of the A0/(A − A0) vs. 1/[dsDNA] plot. The
value of K for the BNN-17–dsDNA interaction was calculated to be
3.27 × 103 L mol−1. Moreover, it was close to the value obtained from
the DPV method (2.9 × 103 L mol−1). The calculated values of K are in
the order of 103, which is significantly lower than that of the classic in-
tercalation binding like the EtBr–DNAcomplex (K=1.4 × 106 Lmol−1).
This indicates that the interaction mode between the dsDNA and BNN-
17 may be that of groove binding [45].

To confirm the interaction of the BNN-17 with the dsDNA
immobilized at the GCE/P(AT) surface, the effect of the salt concentra-
tion on the guanine oxidation signal was investigated. DPVs were
obtained in 0.5 mmol L−1 ABS (pH 4.8) containing different concentra-
tions of NaCl (5.0–40mmol L−1) (Fig. S2). As shown in Fig. S2, the peak
current of the guanine hardly changed with the increasing salt concen-
tration of the acetate buffer. The electrostatic interaction between the
small molecule and the dsDNA is one of non-covalent binding, which
served as an auxiliary mode to assist the intercalation and groove bind-
ing. If the electrostatic interaction occurs between the small molecule
and dsDNA, the strength of the interaction decreases with an increase
in the salt concentration in the solution [46,47]. The results indicated
that there was no significant electrostatic binding between the BNN-
17 and dsDNA.

3.7. Molecular docking

The docking method is an effective way to predict the correct bind-
ing mode and the interaction between the target and the ligand.



Fig. 8. Guanine peak currents of GCE/P(AT)/dsDNA for 0.032 mmol L−1 BNN-17 in
0.5 mmol L−1 ABS (pH 4.8) containing 0.02 mmol L−1 NaCl before (dsDNA + BNN-17)
and after adding of 0.01 mmol L−1 ascorbic acid (AA), uric acid (UA), D-glucose (D-GLU),

L-cysteine (L-CYS), and dopamine (Dopa).
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Targeting theminor groove of dsDNA through the binding of a smallmol-
ecule is considered to be an important tool in themolecular recognition of
a specific dsDNA sequence [48]. The spectroscopic results explained here
were further confirmed bymolecular docking studies that provide insight
into the interaction of BNN-17 with the minor groove of dsDNA. Accord-
ing to the docking results, BNN-17 showed a hydrogen bond with the
deoxythymidine, DT8 (the bond length was 1.87 Å between the NH hy-
drogen of the imidazole ring and the carbonyl oxygen of the thymine)
and showed aᴨ–sigma interactionwith the deoxycytidine, DC9 (between
the phenyl ring of the benzimidazole and the C-4 hydrogen of the deoxy-
ribose) (Fig. 7). The free binding energy (ΔG) of the interaction between
the BNN-17 and the dsDNAwas estimated to be−4.75 kcal/mol. Further-
more, the binding constant, K, between the BNN-17 and the dsDNA ob-
tained by UV–vis spectroscopic and electrochemical results were
correlated with the free binding energy of the docked model. The basic
formula of the binding constant and Gibbs free energy is [49]

ΔG = −RT ln K.where ΔG is the free energy, R is the gas constant
(1.98 cal/mol/k), T is the temperature (298 K), and K is the binding con-
stant which is calculated using the UV–vis spectroscopic results
(3.27 × 103M−1) and the electrochemical results (2.90 × 103M−1). Ac-
cording to the UV–vis spectroscopic and electrochemical results, ΔG
was calculated to be −4.78 and −4.70 kcal/mol, respectively. The free
energy, ΔG, was calculated to be −4.78 kcal/mol. This value approxi-
mately matches the docked BNN-17 and the dsDNA model that is
−4.75 kcal/mol. The docked model has a good correlation with our ex-
perimental results.

3.8. Interference study and storage stability

Interference studies were performed with various substances such
as ascorbic acid, uric acid, D-glucose, L-cysteine, and dopamine. Fig. 8
shows the responses of the GCE/P(AT)/dsDNA electrode in a
0.032 mmol L−1 BNN-17 solution (pH 4.8) before and after adding
0.1 mmol L−1 of these substances. The tolerance limit was defined as
the maximum concentration of the interfering substance that caused
Fig. 7. (a) Docking overlay of BNN-17 (shown in stick representation andC atoms rendered in yello
in red, deoxyguanosine (DG) rendered in green, deoxycytidine (DC) rendered in purple, and de
of DNA. (c) A close-up view of the binding: BNN-17 showed hydrogen bond with the deoxythy
thymine and showed ᴨ–sigma interaction with the deoxycytidine DC9, between phenyl ring of b
line, ᴨ -sigma interaction is shown as purple dashed line).
an error of b5% [35]. It can be seen that all these substances hardly
caused any interference on the guanine oxidation current, which indi-
cated the high selectivity of the recommended method for the BNN-17
determination. The storage stability of the modified electrode was also
evaluated. The guanine oxidation response current decreased to 86.2%
of initial value after 2 weeks and 75.4% remained after 3 weeks storage,
showing a good long-term stability.

3.9. Serum sample analysis

To evaluate the analytical applicability of the proposed method,
human serum samples were selected for the BNN-17 analysis. The
w) inDNAdodecamer (1BNA) surface area as parent colors: deoxyadenosine (DA) rendered
oxythymidine (DT) rendered in blue. (b) Docking position of BNN-17 in the minor groove
midine DT8, between the NH hydrogen of imidazole ring and the carbonyl oxygen of the
enzimidazole and C-4 hydrogen of deoxyribose (hydrogen bond is shown as green dashed



Table 2
Determination of BNN-17 in serum samples.

Sample
no

Amount of added
(μmol L −1)

Amount of found
(μmol L −1)

Recovery
(%)

RSD⁎

(%)
Bias
(%)

1 2.135 2.15 100.7 6.68 0.70
2 4.270 4.278 100.2 4.46 0.19
3 21.35 21.88 102.5 2.91 2.48

⁎ Each value is the mean of three measurements.
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recovery rates of the samples ranged between100.2 and 102.5, and they
are given in Table 2. The results indicated the applicability of the pro-
posed electrochemical dsDNA biosensor based on the GCE/P(AT)/
dsDNA electrode for the analysis of BNN-17 in human serum.

4. Conclusion

In the present study, a selective and sensitive electrochemical dsDNA
biosensor based on a GCE/P(AT) electrode was constructed and used for
the determination of BNN-17 for the first time. The P(AT)-film-modified
GCE enhanced the electron transfer at the solution/electrode interface
according to the results obtained by the CV and EIS methods using
Fe(CN)63−/4– as the redox probe. The interaction mechanism between
the dsDNA and the BNN-17 was examined by electrochemical, spectro-
scopic, and molecular docking methods, and the results revealed that
the BNN-17 bound to the dsDNA minor groove with the binding ener-
gies of −4.70, −4.78, and −4.75 kcal/mol, respectively. These values
approximately match with each other. The proposed DNA biosensor
has excellent applicability for the determination of BNN-17 in human
serum samples. Moreover, the present method could contribute to un-
derstanding the interaction mechanism of benzimidazole compounds
with dsDNA and lead to the design of new drug compounds.
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