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A novel biosensor for detecting DNA damage induced by benzo(a)pyrene (BP) and its metabolite was
presented in this work. The nafion-solubilized single wall carbon nanotubes-ionic liquid (SWCNTs-NA-
IL) composite film was prepared and then horseradish peroxidase (HRP) and double-stranded DNA
were alternately assembled on the composite film by the layer-by-layer method. The biosensor was
characterized by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), differential
pulse voltammetry (DPV), scanning electron microscopy (SEM) and computational methods. UV-vis

Iéfg:gﬁrsisr: spectrophotometry was also used to investigate DNA damage induced by BP and its metabolites in
Benzo(a)pyrene solution. The DNA biosensor was treated separately in BP, hydrogen peroxide (H,0;) and in their
DNA damage mixture, respectively. The EIS analysis showed a decrease in the charge transfer resistance at the

DNA/HRP/SWCNTs-NA-IL/GCE incubated in a mixture of HRP and H,0,, because HRP in the presence
of H,0, could mimic enzymatic effects of cytochrome P450 (CYP450) to metabolize BP which could
cause significant DNA damage and the exposed DNA bases reduced the electrostatic repulsion of the
negatively charged redox probe and leads to Faradaic impedance changes. Finally, a novel biosensor for
BP determination was developed and this method provided an indirect, and quantitative estimation of
DNA damage in vitro.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction Benzo(a)pyrene (BP, Fig. 1A) is the basic PAH compound with five

structural rings, and is classified as a potential carcinogen [8-11].

DNA damage induced by environmental pollutants is a major
endogenous toxicity pathway in biological system [1]. Most of
organic pollutants may not directly cause DNA damage, but their
metabolized products by enzyme reactions are genotoxic and
may cause the DNA lesion [2]. Polycyclic aromatic hydrocar-
bons (PAHs) are compounds, which have fused aromatic rings,
and are potent atmospheric pollutants [3]. In general, the main
sources of PAHs include automobile exhaust fumes and smoke
from combustion of organic material [4,5]. PAHs, especially with
four or more ring structures, and their metabolites, are mutagenic
and toxic compounds with significant human health risk [6,7].
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However, it was found that BP could not directly cause genetic
damage; in fact, it is classified as a procarcinogen, i.e., a compound
which becomes carcinogenic only after it undergoes changes by
metabolic processes [12]. Generally, in vivo, BP is catalyzed by
the cytochromes such as P450, to form the benzo(a)pyrene-7,8-
dio-9,10-epoxide (BPDE) which is the major carcinogen causing
DNA damage [13,14]. BPDE is the carcinogenic product of three
enzymatic reactions (see Scheme 1) [15]: (1) BP is first oxidized
by cytochrome P450 (CYP450, Fig. 1B) to form a variety of prod-
ucts, including (+)benzo(a)pyrene-7,8-epoxide [16]. CYP450 is a
powerful catalyst, which can catalyze many types of reaction
such as epoxidation and hydroxylation [17] as well as hydrox-
ylation of the C—H bonds, even in the presence of a C=C bond
[18]. Recently, it was found that horseradish peroxidase (HRP) and
hydrogen peroxide (H,05) could mimic CYP450 in metabolic pro-
cesses, especially during epoxidation [19,20]. (2) This product is
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Fig. 1. (A) Molecular structure of BP. (B) Three-dimensional structure of HRP represented by solid ribbons. (C) Results of molecular docking of BPDE to DNA. (D-F) Different
views of three-dimensional structure of the SWCNT designed by Nanotube Modeler software represented by the CPK model. (G) Results of molecular docking of SWCNT to

HRP.

metabolized by epoxide hydrolase, opening up the epoxide ring to
yield (—)benzo(a)pyrene-7,8-dihydrodiol. (3) The ultimate carcino-
gen is formed after another reaction with CYP450 to yield the BPDE.
It is this diol epoxide that covalently binds to DNA. This molecule
intercalates in DNA (Fig. 1C), and this binding distorts the DNA
by perturbing the double-helical DNA structure [21]. This disrupts
the normal process of copying DNA and induces mutations, which
explains the occurrence of cancer after exposure. This mechanism
of actionis similar to that of aflatoxin which binds to the N7 position
of guanine [22].

Methods for detecting DNA damage could serve as a basis for
in vitro genotoxicity screening for new organic chemicals at an
early stage in their commercial development. Electrochemical
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methods have been widely used as an in vitro model system to
mimic the pathway of DNA damage in real bioprocess [23,24].
Among the electrochemical methods, electrochemical impedance
spectroscopy (EIS) technique becomes increasingly popular
because it offers several advantages such as simplicity, high sen-
sitivity and serving as an elegant way to interface biorecognition
events and signal transduction.

Carbon nanotubes (CNTs), attractive nanomaterials with spe-
cific electronic, chemical, and mechanical properties, can facilitate
electron transfer between the electroactive species and electrode,
provide a new avenue for fabricating chemical devices. Generally,
carbon nanotubes exist in single-walled carbon nanotubes (SWC-
NTs) and multi-walled carbon nanotubes (MWCNTSs). In the present
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Scheme 1. Metabolism of BP by CYP450 yielding the carcinogenic benzo(a)pyren-7,8-dihydrodiol-9,10-epoxide (BPDE).
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work, SWCNTs were dispersed in NA solution to form a homoge-
nous mixture of SWCNTs-NA. In order to improve the conductivity,
IL was doped into the mixture and the SWCNTs-NA-IL nanocom-
posite was obtained. With the isoelectric point at 8.9 [25], HRP
has net positive surface charges at pH 5.5 phosphate buffer solu-
tions. Based on this point, positively charged HRP and negatively
charged DNA were assembled on the SWCNTs-NA-IL by electro-
static attraction. The SWCNTs-NA-IL nanocomposites provide a
negatively charged surface for the immobilization of HRP and a
biocompatible microenvironment to retain its bioactivity. After
DNA/HRP/SWCNTs-NA-IL/GCE was incubated in BP or H,0, or
BP +H,0,, and DNA damage was detected by EIS based on Faradaic
impedance changes. This method of directly detecting DNA damage
provides a new strategy to screen the genotoxicity of new chem-
ical pollutants and drugs in vitro. As far as we know, there are no
reports on direct EIS detection of DNA damage induced by BP and
its metabolite at DNA/HRP/SWCNTs-NA-IL/GCE.

2. Experimental
2.1. Chemicals and solutions

The DNA, BP, HRP, and 1-butyl-3-methylimidazolium hex-
afluorophosphate (IL) were purchased from Sigma and used as
received. Nafion and SWCNTs were acquired from Aldrich (USA).
30% H,0, solution was purchased from Sigma-Aldrich. A phos-
phate buffer solution (PBS, 0.1 M, pH 5.5) were prepared by mixing
suitable amounts of the stock solutions of 0.1 M NaH,PO4 and
0.1 M NayHPOy4. All other chemicals were of analytical grade and
used as received. A stock solution of BP (0.1 M) was prepared by
dissolving a suitable amount of its crystals in dimethyl sulfox-
ide. A HRP solution (2.0mgmL~!) was prepared by dissolving a
suitable amount of solid powder in 25 mL sodium hydroxide solu-
tion (5.0 x 10-3M). A DNA solution (1.0mgmL-') was prepared
by dissolving 50.0 mg DNA in 50mL 25.0 mmolL~! sodium chlo-
ride solution. A fresh solution of 0.39 molL~! H,0, was prepared
daily. All solutions used in the experiments were adjusted with
the PBS (0.1 M, pH 5.5). Doubly distilled water was used for all the
preparations.

2.2. Apparatus and softwares

Electrochemical experiments were performed using a -
Autolablll/FRA2 controlled by the Nova software (Version 1.8).
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. Elec-
trochemical impedance spectroscopy (EIS) was carried out using
the same three-electrode configuration above on the mentioned
p-Autolab in 5mM [Fe(CN)s]>~/4~ solution containing 0.1 M KCl
adjusted by the PBS (0.1 M, pH 5.5) in a frequency range from 0.1 Hz
to 100 kHz. The UV-vis spectra were measured on an Agilent 8453
UV-vis Diode-Array spectrophotometer controlled by the Agilent
UV-vis ChemStation software. AJENWAY-3345 pH-meter equipped
with a combined glass electrode was used to pH measurements. All
the recorded electrochemical data was smoothed, when necessary,
and converted to data matrices by the use of several home-made
mfiles in MATLAB environment (Version 7.14, MathWorks, Inc.).
The three-dimensional structure of nanotubes was generated using
Nanotube Modeler software (Fig. 1D-F). The chemical structure
of the BP was constructed by Hyperchem package (Version 8.0),
and energy minimization for BP was performed by the AM1 semi-
empirical method with the Polak-Ribiere algorithm until the root
mean square gradient of 0.01kcal mol~!. The molecular docking
Arguslab 4.0.1 program was applied for docking studies. All the
computations were performed on a DELL XPS laptop (L502X) with
Intel Core i7-2630QM 2.0 GHz, 8 GB of RAM and Windows 7-64 as
its operating system.

2.3. Preparation of the biosensor

The GCE was first polished to a mirror-like surface with 0.3 and
0.05 pm alumina slurry, and then sonicated successively in ethanol
and doubly distilled water. Finally, the GCE was dried at room tem-
perature for further use. In order to prepare the modified electrode,
1 mg SWCNTs was dispersed in 2 mL 0.1% NA solution with ultra-
sonication for 1h to form a homogenous mixture of SWCNTSs-NA.
And then, 10 L of IL was added into SWCNTs-NA solution, and
continuously sonicated to obtain a homogenous SWCNTs-NA-IL

Bare GCE

Scheme 2. Schematic representation of the fabrication procedure of DNA/HRP/SWCNTs-NA-IL/GCE.
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Fig. 2. In 5mM [Fe(CN)s]>~/4~ solution containing 0.1 M KCl adjusted by the PBS (0.1 M, pH 5.5): (A) CVs of different modified GCEs, scan rate: 50mVs~'. (B) EISs of (a)
DNA/SWCNTs-NA-IL/GCE, (b) DNA/HRP/SWCNTSs-NA-IL/GCE, (c) bare GCE, (d) SWCNTs-NA/GCE, (e) SWCNTs/GCE, (f) SWCNTs-NA-IL/GCE, and (g) HRP/SWCNTs-NA-IL/GCE,

the frequency range was 0.1-10° Hz.

solution. 6 uL of SWCNTs-NA-IL solution was dropped on the
cleaned GCE surface and dried at room temperature. After that,
6 L HRP solution (2.0mgmL~1, pH 5.5) and 6 wL DNA solution
(1.0mgmL-!, pH 5.5) were alternately coated on the SWCNTs-NA-
IL/GCE. Each layer was gently rinsed with doubly distilled water to
remove weakly adsorbed molecules and then dried at room tem-
perature. The obtained electrode was noted as DNA/HRP/SWCNTs-
NA-IL/GCE and kept in a refrigerator at 4°C before use. The
preparation procedure is schematically illustrated in Scheme 2.

3. Results and discussion
3.1. Characterization of the prepared biosensor

3.1.1. Electrochemical characterization

The bare GCE, SWCNTs/GCE, SWCNTs-NA/GCE, SWCNTs-NA-IL
/GCE, HRP/SWCNTs-NA-IL/GCE, DNA/SWCNTs-NA-IL/GCE, and
DNA/HRP/SWCNTs-NA-IL/GCE were prepared and each one was
characterized in 5 mM [Fe(CN)g]>~/4- solution containing 0.1 M KCI
adjusted by PBS (0.1M, pH 5.5) with the use of CV (Fig. 2A). It
was quite evident that a pair of well-defined redox peaks were
obtained at the bare GCE and after the modification of the bare
GCE with SWCNTs, the redox peak current of the electrochemical
probe increased showing the enhancement in the rate of electron
transfer at the SWCNTs/GCE surface. After addition of NA to SWC-
NTs the redox peak current of the electrochemical probe decreased
and it could be attributed to the negatively charged skeleton of NA
that blocked the diffusion of [Fe(CN)s]3~/4~ anions into the film
and hindered the electron transfer. After IL was doped in SWCNTs-
NA, the redox peak current of the electrochemical probe increased
which could be due to the ionic conductivity of IL. After posi-
tively charged HRP and negatively charged DNA were adsorbed on
the surface of SWCNTs-NA-IL/GCE, the redox peak current of the
electrochemical probe increased and decreased remarkably due to
electrostatic attraction between HRP and [Fe(CN)g]>~/4~ and elec-
trostatic repulsion between DNA and [Fe(CN)g]3~/4-, respectively.
After positively charged HRP and negatively charged DNA were
alternatively adsorbed on the surface of SWCNTs-NA-IL/GCE, an
obvious change in the redox peak current of the electrochemi-
cal probe was observed which could be ascribed to the negatively
charged DNA in the (DNA/HRP) film, which blocked the electron
transfer of [Fe(CN)g]>~/4~ with negative charge. Meanwhile, it also
suggested that the (DNA/HRP) film was successfully immobilized
on the SWCNTs-NA-IL/GCE.

The EIS can be used as an effective method for probing
the features of interfacial electron-transfer resistance during the

modification process. In the Nyquist diagram, the diameter of the
semicircle reflects charge transfer resistance (R.) of redox con-
version of [Fe(CN)g]3>~/4~ at the electrode surface. The electron
transfer process is caused by the presence of [Fe(CN)g]>~/4~ cou-
ple in the bulk solution. Any modification of the electrode surface
strongly influences its electrochemistry, thus leads to a change
in the Ry value. When the R is changed, then it is reflected
in the change of curvature of the EIS profile, i.e., changes in the
semi-circular diameters. Such changes were evident to a lesser
or greater extent in the high frequency region of the EIS pro-
files. Therefore, further characterization of the modified electrodes
immersed in the 5mM [Fe(CN)s]3~/4~ solution containing 0.1 M
KCl adjusted by PBS (0.1 M, pH 5.5) was performed by the EIS
technique. The EIS Nyquist plots of bare GCE (Fig. 2B, curve c),
SWCNTs/GCE (Fig. 2B, curve e), SWCNTs-NA/GCE (Fig. 2B, curve
d), SWCNTs-NA-IL/GCE (Fig. 2B, curve f), HRP/SWCNTs-NA-IL/GCE
(Fig. 2B, curve g), DNA/SWCNTs-NA-IL/GCE (Fig. 2B, curve a), and
DNA/HRP/SWCNTs-NA-IL/GCE (Fig. 2B, curve b) indicated signifi-
cant differences between the seven types of electrode. In this work
DNA/SWCNTs-NA-IL/GCE showed the largest semi-circle which
may be related to diminishing effects of the NA and DNA. This
indicated that the charge on the [Fe(CN)g]>~/4~ probe was the
most difficult to transfer from the solution to the surface of the
DNA/SWCNTs-NA-IL/GCE. The smallest semi-circle was observed
for HRP/SWCNTs-NA-IL/GCE which could be due to the high
ionic conductivity of IL and electrostatic attraction between pos-
itively charged HRP and negatively charged electrochemical probe.
These results were consistent with the conclusions from the CV
analysis.

3.1.2. SEM characterization

The morphology of the as-prepared electrodes was investi-
gated by SEM. Fig. 3A shows the SEM image of SWCNTs-IL/GCE.
It confirms that SWCNTs twining around each other and aggre-
gated on the electrode surface. Fig. 3B shows the SEM image of
SWCNTs-NA-IL/GCE which confirms the role of NA on dispersing
SWCNTs. Fig. 3C and D shows the SEM images of HRP/SWCNTs-
NA-IL/GCE and DNA/HRP/SWCNTs-NA-IL/GCE, respectively. As
can be seen the HRP adsorbed and aggregated onto the
surface of the tubes and after modification of HRP/SWCNTs-
NA-IL/GCE with DNA, DNA forms a thin layer on the electrode
surface.

3.1.3. Computational characterization
In order to gain preliminary insights related to the interaction
of HRP with SWCNTs molecular docking studies were performed to
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Fig. 3. SEM images of (A) SWCNTs-IL/GCE, (B) SWCNTs-NA-IL/GCE, (C) HRP/SWCNTs-NA-IL/GCE, and (D) DNA/HRP/SWCNTs-NA-IL/GCE.

identify the potential interaction sites, assuming that the SWCNTs
(considered as ligand) would freely rotate around the entire struc-
ture of the HRP. Such docking studies enabled the identification of
the most likely manner by which SWCNTs was bound to HRP. The
docking results are shown in Fig. 1G. An additional advantage of the
docking studies is the possibility to identify the HRP residues that
interact the most with SWCNTSs. As can be seen, SWCNTs are sur-
rounded by Ser 269, Ser 265, Phe 266, Pro 261, Leu 262, Asp 258, Lys
149, Gln 271, Thr 272, Ser 160, Ser 161, Asn 275, Ala 276, Glu 279,
Asp 162, Arg 159, Asn 158, and Arg 153. The docking of SWCNTs
to HRP seems to be dominated by hydrophobic interactions. The
binding constant (K, ) and free energy change (AG) for the binding
of SWCNTSs to HRP were 3.1 x 10° M~! and —12.31k]M~!, respec-
tively. Therefore, it is also reasonable to expect that the interaction
of HRP with SWCNTs will be energetically favorable, leading to
spontaneous formation of the nanobiocomposite which is suitable
for analytical purposes.

3.2. Differential pulse voltammetric detection of DNA damage

To investigate DNA damage, which was caused by the BP
metabolite, the DNA/HRP/SWCNTs-NA-IL/GCE was immersed sep-
arately in three different solutions: 0.1 wM BP, 2.0mM H,0,, and
0.1 wMBP +2.0 mM H, 0, for 10.0 min; thereafter, differential pulse
voltammetric (DPV) analysis was performed on these treated elec-
trodes immersed in PBS (0.1 M, pH 5.5). Fig. 4A, curve a, shows
the DPV of DNA/HRP/SWCNTs-NA-IL/GCE immersed in PBS (0.1 M,
pH 5.5) and no peak was observed. The possible reason for this
phenomenon was that the active bases were protected by the
double-stranded form of DNA and the electron transfer became
very difficult to reach the electrode surface [26,27]. At the same
time, it also demonstrated that DNA maintained the intact dou-
ble helix under these conditions. A similar result was obtained
after incubating the biosensor in 0.1 wM BP (Fig. 4A, curve b).
As can be seen, there was also no any oxidation signal and this

observation indicated that BP has not induced any damage to
DNA because it could not be metabolized in the absence of H,0,.
However, when the DNA/HRP/SWCNTs-NA-IL/GCE was incubated
in 0.1 M BP+2.0mM H,0, for 10.0 min (Fig. 4A, curve c), there
was an obvious peak at 0.97V corresponding to guanine oxida-
tion, which could be explained that the double helix of DNA was
disturbed or destroyed during the incubation. These changes of
DNA structure resulted from DNA damage. As can be seen, when
the DNA/HRP/SWCNTs-NA-IL/GCE was immersed into a 0.2 uM
BP+2.0mM H,0, for 10.0 min which contains a higher concen-
tration of BP a significant increase in the intensity of the anodic
peak was observed (Fig. 4A, curve d). This indicated that BP could
be oxidized by HRP in the presence of H,O, to produce a new car-
cinogenic substance (BP-metabolite), which could cause significant
DNA damage. Consequently, this work has indicated that BP is a
typical procarcinogen, and strongly suggested that the HRP/H,0,
system could mimic enzymatic effects of CYP450. Thus, a new
in vitro model to mimic and detect DNA damage has been suc-
cessfully demonstrated.

3.3. UV-vis spectrophotometric studies on DNA damage

UV-vis spectrophotometry was carried out to investigate DNA
damage induced by BP and its metabolite; also, the technique
was applied to investigate the feasibility of the HRP/H,0, sys-
tem for mimicking enzymatic effects of CYP450 by monitoring the
absorbance of DNA at 260 nm. Fig. 4B shows the UV-vis absorption
spectra of 15 ug/mL DNA in PBS (0.1 M, pH 5.5) after incuba-
tion with different solutions for 12h. DNA has an absorption at
260 nm (Fig. 4B, curve a), and after incubation with 0.5 mM H,0,,
2 wg/mL HRP, 2 pg/mL HRP+0.5 mM H,0;, 5 pg/mL BP, 5 ug/mL
BP+0.5mM H;0,, and 5 pg/mL BP +2 pwg/mL HRP shown in curves
b-g of Fig. 4B, respectively, the absorbance of DNA at 260 nm were
almost the same as that of curve a. It indicated that H,O,, HRP,
HRP+H;0,, BP, BP+H;0,, and BP+HRP, could not induce DNA
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Fig. 4. (A) Differential pulse voltammograms of DNA/HRP/SWCNTs-NA-IL/GCE: (a) in PBS (0.1 M, pH 5.5) without incubation and (b-d) in PBS (0.1 M, pH 5.5) after incubation
in 0.1 wM BP, 0.1 uM BP+2.0mM H,0,, and 0.2 uM BP+2.0mM H,0, for 10.0 min, respectively. (B) The UV-vis absorption spectra in PBS (0.1 M, pH 5.5): (a) 15 pg/mL

DNA, (b) 15 pg/mL DNA+0.5mM H,0,, (c) 15 wg/mL DNA+2 pg/mL HRP, (d) 15 wg/mL DNA+2 p.g/mL HRP+0.5mM H,0,, (e) 15 wg/mL DNA+5 p.g/mL BP, (f

) 15 pg/mL

DNA+5 pg/mL BP+0.5mM H;03, (g) 15 pg/mL DNA +5 pg/mL BP + 2 pg/mL HRP, and (h) 15 pg/mL DNA +5 pg/mL BP + 0.5 mM H,0; + 2 pg/mL HRP.

damage. However, under the existence of 5ug/mL BP+0.5 mM
H,0, +2 pg/mL HRP, Fig. 4B, curve h, the absorbance of DNA
increased significantly compared with those of curves a-g in Fig. 4B.
This may be explained that during the incubation of DNA with
HRP +H;0, +BP, this incubation may disrupt the double helix of
DNA or induce local bulges in the DNA helix, making some addi-
tional guanines inside the double-helix structure become exposed,
which resulted in the increase of the absorbance of DNA at 260 nm.

3.4. EIS as an indirect method for quantitative analysis of BP

It was demonstrated that when the DNA/HRP/SWCNTs-NA-
IL/GCE was immersed into the BP+H,0, solution, a decrease
in the Ry was detected (see Section 3.1.1); this possibly
occurred because the exposed DNA bases reduced the electrostatic

repulsion of the negatively charged probe [28] and leads to Faradaic
impedance changes. Therefore, the EIS method could be used as
an indirect method for the determination of BP. For this purpose,
the DNA/HRP/SWCNTs-NA-IL/GCE was immersed for 10.0 min into
several solutions containing different concentrations of BP in the
presence of 2.0 mM H,0, adjusted by the PBS (0.1 M, pH 5.5) and
then the pretreated biosensor was submitted to EIS measurements
in 5mM [Fe(CN)g]*>~/4~ solution containing 0.1 M KCl adjusted by
the PBS (0.1 M, pH 5.5). Subsequently, the relationship between
AR /RY, values (ARct = RS, — Rer, R%: the diameter of the semicir-
cle of the EIS curve of DNA/HRP/SWCNTs-NA-IL/GCE in the absence
of BP (Fig. 5, curve a), R¢t: the diameter of the semicircle of the
EIS curve of DNA/HRP/SWCNTs-NA-IL/GCE in the presence of BP
(Fig. 5, curves b-i)) and the concentrations of synthetic BP samples
was studied (inset of Fig. 5). As shown in the inset of Fig. 5, there is a
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Fig. 5. The EIS curves of the DNA/HRP/SWCNTs-NA-IL/GCE in 5mM [Fe(CN)s]3~/4~ solution containing 0.1 M KCI adjusted by the PBS (0.1 M, pH 5.5) after immersion for
10.0 min into several BP + H, 0, solutions. The solutions contain a constant concentration of H, 0, (2.0 mM), but different concentrations of BP including: (a) 0.0, (b) 1.5 nM, (c)
5.0nM, (d) 12.0nM, (e) 28.0nM, (f) 44.0nM, (g) 65.0nM, (h) 96.0 nM, and (i) 130.0 nM. Inset: The corresponding calibration plot of ARct/R0 versus different concentrations

of BP.
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Table 1

Comparison of the proposed method in this work with previous works.
Electrode Linear range (mol L") LOD (molL-1) Ref.
Amperometric biosensor 3.31-16.56 x 106 58.57 [29]
Boron-doped diamond electrode 1.6-20 x 10-8 2.86x 1072 [30]
Pencil graphite electrode 2.5-12.5x 1077 2.7x1078 [31]
Mercury electrode - 1.6 x 1072 [32]
DNA/hemin/nafion-graphene/GCE 2.0-22.00 x 10-8 1.12x10°8 [26]
DNA/HRP/SWCNTSs-NA-IL/GCE 1.5-130 x 102 0.65 x 1072 This work

linear relationship between ARc/R% and the concentration of BP
over a concentration range from 1.5nM to 130.0nM (R? 0.9857).
The limit of detection (LOD) of this method was calculated by fol-
lowing IUPAC recommendations (3S,/b, where S}, is the standard
deviation (n=6) of the blanks, and b is the slope value of the
respective calibration graph) at a concentration level of 0.65nM.
For comparative purposes, Table 1 lists the linear ranges and detec-
tion limits of some other published methods for the determination
of BP against the proposed method [26,29-32]. It can be seen that
as compared with these published methods, linear range and LOD
of this method are better. Therefore, the novel method for BP anal-
ysis, described in this work, is particularly for the determination of
BP.

3.5. Stability, and reproducibility

The stability and reproducibility of a biosensor are two impor-
tant parameters. The stability of the proposed biosensor was
investigated by immersing it into a solution containing 20 nM BP
and 2 pM H;0, for 10min and then EIS analysis was performed
in the PBS (0.1 M, pH 5.5) containing 5.0 mM [Fe (CN)g]3~/4~. Our
experiments showed that fifteen days later the response of the
biosensor retained 95.6% of its initial value. This showed good
stability of the biosensor. Furthermore, the reproducibility of the
biosensor was examined by recording the EIS responses of six indi-
vidual electrodes in the PBS (0.1 M, pH 5.5) containing 5.0 mM [Fe
(CN)g]3—"- after immersing into a solution containing 20 nM BP
and 2 uM H,0; for 10 min and the RSD was got as 5.4%. This result
indicated good reproducibility of the proposed biosensor.

4. Conclusions

A novel electrochemical biosensor, DNA/HRP/SWCNTs-NA-
IL/GCE, was constructed with the use of the layer-by-layer method
on the GCE. Computational results showed that the docking of SWC-
NTs to HRP seems to be dominated by hydrophobic interactions.
The binding constant (K;) and free energy change (AG) for the
binding of SWCNTs to HRP were 3.1 x 10° M~! and —12.31 kM1,
respectively. Therefore, it was also reasonable to expect that the
interaction of HRP with SWCNTs will be energetically favorable,
leading to spontaneous formation of the nanobiocomposite which
is suitable for analytical purposes. It was demonstrated that with
the use of DPV this novel biosensor could detect the DNA damage
in a solution of BP+H,0,, and the HRP/H,0, system could mimic
the enzymatic effects of the CYP450. Thus, a chemical processes in
this system actually provide an in vitro model to mimic the DNA
damage in vivo. The EIS and UV-vis methods were also used to
detect the DNA damage induced by the BP metabolite and to test
the feasibility of the HRP/H,0, to mimic the enzymatic effects of
the CYP450. It was demonstrated that this model system could suc-
cessfully metabolize the BP to its metabolite, which facilitated the

explanation of the mechanism of the DNA damage induced by BP.
Subsequently, a novel, and indirect EIS method for the analysis of
BP was developed based on the Faradaic impedance changes as a
function of the BP concentration.
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