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GRAPHICAL ABSTRACT

A novel electrochemical biosensor, DNA/hemin/nafion-graphene/GCE, was constructed to quantitatively
study the DNA damage induced by the metabolite of benzo(a)pyrene in the presence of H202.
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ABSTRACT

A novel electrochemical biosensor, DNA/hemin/nafion-graphene/GCE, was constructed for the analysis
of the benzo(a)pyrene PAH, which can produce DNA damage induced by a benzo(a)pyrene (BaP) enzyme-
catalytic product. This biosensor was assembled layer-by-layer, and was characterized with the use of
cyclic voltammetry, electrochemical impedance spectroscopy (EIS) and atomic force microscopy.
Ultimately, it was demonstrated that the hemin/nafion-graphene/GCE was a viable platform for the
immobilization of DNA. This DNA biosensor was treated separately in benzo(a)pyrene, hydrogen peroxide
(H20-) and in their mixture, respectively, and differential pulse voltammetry (DPV) analysis showed that
an oxidation peak was apparent after the electrode was immersed in H,0,. Such experiments indicated
that in the presence of H,0,, hemin could mimic cytochrome P450 to metabolize benzo(a)pyrene, and a
voltammogram of its metabolite was recorded. The DNA damage induced by this metabolite was also
detected by electrochemical impedance and ultraviolet spectroscopy. Finally, a novel, indirect DPV
analytical method for BaP in aqueous solution was developed based on the linear metabolite versus BaP
concentration plot; this method provided a new, indirect, quantitative estimate of DNA damage.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are compounds,
which have fused aromatic rings, and are potent atmospheric
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pollutants [1]. In general, the main sources of PAHs include
automobile exhaust fumes and smoke from combustion of organic
material [2,3]. PAHs, especially with four or more ring structures,
and their metabolites, are mutagenic and toxic compounds with
significant human health risk [4,5]. Benzo(a)pyrene (BaP) is the
basic PAH compound with five structural rings, and is classified as a
potential carcinogen [6-9]. However, it was found that BaP could
not directly cause genetic damage; in fact, it is classified as a
procarcinogen, i.e., a compound which becomes carcinogenic only
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after it undergoes changes by metabolic processes [10]. Generally,
in vivo, BaP is catalyzed by the cytochromes such as P450 (CYP), to
form the BaP-7,8-dio-9,10-epoxide (BPDE), which is the major
carcinogen causing DNA damage [11,12]. In addition, BaP covalently
bonds to DNA, mainly with the base, guanine, to form BDPE-DNA
adducts [13-15], and two oxidation DPV peaks corresponding to
guanine and adenine residues inside the double helix of DNA are at
about +0.75V and +1.05V, respectively, with a bare GCE in pH 4.5
acetate buffer [16].

Cytochrome P450 is a powerful catalyst, which can catalyze
many types of reaction such as epoxidation and hydroxylation [17]
as well as hydroxylation of the C—H bonds, even in the presence of
a C—C bond [18]. Recently, it was found that horseradish
peroxidase and hydrogen peroxide, (HRP)/H,0,, could mimic
cytochrome P450 in metabolic processes, especially during
epoxidation [19,20]. This approach was used to develop a new
model to mimic and directly detect the DNA damage induced by
acrylamide and its metabolites [21]; the (DNA/HRP),/graphene-
ionic liquid-nafion modified electrode was immersed in an
acrylamide and H,0, solution to metabolize the acrylamide into
glycidamide; the DNA damage was then detected by the
acrylamide and its metabolite. Most natural enzymes are expen-
sive and can be readily inactivated by a variety of physical and
chemical factors; thus, their usage in the catalyst industry has been
restricted. More recently, metal porphyrins were synthesized to
mimic hydrogen peroxidase in order to overcome the strict
reaction conditions and the high costs [22-24]. Other researchers
developed enzymes to mimic the cytochrome P450, glutathione
peroxidase (GPX), and chloroperoxidase (CPO), and these novel
enzymes have been stabilized on biosensors, which were then
used for analysis [25-27]. Also, it was found that a simple metal
porphyrin, hemin (Cs4H3,CIFeN404, CAS number: 16009-13-5),
could mimic HRP [28].

For a potential biosensor, it is particularly important to have
hemin and DNA immobilized on the electrode’s surface. Thus, it
was observed [29] that hemin could intercalate into DNA because it
is a large molecule with planar porphyrin; also, it was found [30]
that hemin interacted with covalently immobilized calf-thymus
DNA. Consequently, DNA biosensors were constructed to include
hemin, and this electrochemical probe was used to investigate
damaged DNA. Such work indicated that it is possible to construct
stable DNA/hemin modified electrodes. In addition, it is known
that graphene has properties, which include fast electron
transportation, large specific surface area and good biocompati-
bility; hence, it was used for the construction of different types of
sensor [31-33], in which graphene’s -7 bonds could interact
with the porphyrin of the hemin [34]. Vanlentini et al. [35] have
applied a carbon nano-material film to immobilize hemin for
amperometric H,O, and NO, ™~ detection. Consequently, such work
provided a theoretical basis for the application and development of
hemin/graphene modified electrode.

BaP may be analysed by many different techniques, e.g., high
performance liquid chromatography with mass spectrometry
(HPLC-MS) [36], ultra performance liquid chromatography with
mass spectrometry (UPLC-MS) [37], synchronous fluorescence
spectroscopy [38], kinetic spectrometric three dimensional
chemiluminescence [39], and amperometric biosensor [40].
However, most are time consuming, moderately expensive and
complex. Development of electrochemical methodology for the
analysis of BaP offers an alternative approach, which could
overcome some of the above shortcoming.

The aims of this research work were: (1) to investigate if the
hemin/H,0, system could be a substitute for the cytochrome P450
in the case of a PAH/DNA interaction; (2) to research and develop a
novel DNA/hemin/nafion-graphene/GCE biosensor for the detec-
tion of BaP-mediated DNA damage and test its potential as an

analytical tool for indirect, quantitative analysis of BaP in aqueous
solution.

2. Materials, instrumentation and methods
2.1. Materials and reagents

All experiments were performed with analytical grade reagents,
and doubly distilled water was used throughout. A stock solution of
BaP (5.0 x 10~*molL~!, Sigma-Aldrich Co., Shanghai) was pre-
pared by dissolving a suitable amount of its crystals in acetone; this
solution was diluted further with the same solvent to obtain
another solution (1.0 x10~>molL"!). Hemin solution (2.0 mg
mL~!, Sigma-Aldrich Co., Shanghai) was prepared by dissolving
50mg hemin in 25mL 5.0x10>molL~! sodium hydroxide
solution. The calf-thymus DNA (type 1, D1501; Sigma Chemical
Co. Shanghai) was used as received. A DNA solution (1.0 mg mL™1)
was prepared by dissolving 50.0 mg DNA in 50 mL 25.0 mmol L™!
sodium chloride solution. A fresh solution of 0.39 mol L~ ! H,0, was
prepared daily. All solutions used in the experiments were
adjusted with the 0.1 molL™! phosphate buffer (PBS, pH 7.4),
which was prepared by mixing suitable amounts of 0.1 molL™!
KH,PO,4 with Na,HPO,4. Graphene was obtained from Chengdu
Organic Chemicals Co., Chinese Academy of Sciences, and nafion
was purchased from Sigma-Aldrich Co., Shanghai, China.

2.2. Instrumentation

All the electrochemical measurements were performed on a
CHI 660A electrochemical workstation (Chenhua, Shanghai,
China). The working glassy carbon electrode (GCE), a platinum
auxiliary and an Ag/AgCl reference electrode formed a conven-
tional three-electrode system, which was used for electrochemical
measurements. UV-vis absorbtion spectra were recorded with an
Agilent 8453 spectrophotometer (Aglient Technologies, Santa
Clara, CA, USA) equipped with a 1.0cm quartz cell. The Atomic
force microscope (AFM) images were measured with the use of an
AJ-1II instrument (Shanghai Aijian Nanotecnology, China) in the
tapping mode. Standard silicon cantilevers were used at their
typical resonance frequencies 60-150kHZ. Orion SA720 meter
(USA) was used to monitor the buffer pH, and mica sheets were
purchased from the General Research Institute Shanghai, China.

2.3. Layer-by-layer electrode assembly

First, a GCE was polished, in order, with alumina slurries of
different particle size (1.0, 0.3, and 0.05um), and then, this
polished electrode was sonicated sequentially in dilute nitric acid
(0.5 M), ethanol and deionized water, each for 5 min. This GCE was
then activated by repeated potential scanning between —1.0 and
1.0V in 10 mL 0.25 mol L' sulfuric acid until a reproducible cyclic
voltammogram was obtained. For the electrode modification
process, 1.0mg graphene was dispersed in 1.0mL 0.5% nafion
solution, which was then ultrasonicated for 2h to form a
homogenous mixture of graphene-nafion. This mixture (20 uL)
was deposited dropwise onto the activated GCE surface and dried
in air for 4h. Subsequently, 10 wL 2.0 mgmL~' hemin and 10 L
1.0mgmL! DNA were added, in succession, onto the
nafion-graphene modified electrode, and it was allowed to dry,
in air, for 12 h. The obtained biosensor was then immersed in the
PBS buffer (pH 7.4), and gently shaken for about 5min so as to
remove any loosely adsorbed hemin and DNA.

Before the AFM experiment, mica sheets were cleaved with an
adhesive tape, and then nafion-graphene, hemin/nafion-graphene
and DNA/hemin/nafion-graphene systems were immobilized on
such sheets according to the above procedure described for the GCE.
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2.4. Instrumental procedures

2.4.1. Electrochemical detection of the DNA damage

To detect the BAP metabolite and verify the mimicing effect of
the hemin/H,0, system, the DNA/hemin/nafion-graphene/GCE
biosensor was immersed in 2.0 x10~’molL~! BaP solution
(200 L 1.0 x 10~°mol L~! BaP solution mixed with 10 mL blank
solution (2mL pH 7.4 PBS and 8 mL distilled water)); 2.0 x 103
mol L~" H,0, (50 wL 0.39 mol L~! H,0, transferred to 10 mL blank
solution), and the mixed solution (2.0 x 10~ molL~' BaP+2.0
x103molL~! H,0,) for 10min, respectively. Finally, each
modified electrode surface was thoroughly washed with double
distilled water, and the pretreated biosensor was submitted to DPV
analysis over the potential range of +0.2 to +1.4 V with a scan rate of
100mVs~! in 10mL blank pH 7.4 PBS solution, respectively. It
should be noted that, in this experiment, before each DPV scan, the
biosensor was reassembled to insure experimental consistency.

2.4.2. DNA damage detection by EIS and UV-vis spectrophotometry

An electrochemical impedance spectroscopy (EIS) analysis was
performed to investigate any DNA damage; the DNA/hemin/
nafion-graphene/GCE was immersed into the mixed solution of
2x107molL™" BaP and 2 x10>molL~! H,0, for 10min, and
then the EIS mesurements were carried out in 5mmolL~! [Fe
(CN)g]>~/#~ solution for this pretreated biosensor. The frequency
range was 0.1-1 x 10° Hz.

UV-vis spectrophotometry was performed to verify any DNA
damage induced by the BaP metabolite. The absorption spectra
were recorded in the range of 200-900 nm. Since it is known that
the absorption of the damaged DNA is stronger than that of the
normal dsDNA under the same conditions [21], the absorption of
DNA (at about 260 nm) was used as an indicator of DNA damage.
However, it has been reported that hemin and BaP have
absorptions at 265 and 254 nm, respectively [34,41], and conse-
quently, there may be peak overlaps at the DNA wavelengths. Since,
it has been noted that the BaP absorption at the experimental
concentration was almost eight or nine times higher than that of
DNA and hemin, the UV-vis spectra were corrected for the BaP
absorption by subtraction as required. In this work, eight types of
analyte solution were investigated in order to extract the
information on DNA damage: DNA, DNA+H,0,, DNA+hemin,
DNA +BaP, DNA + H,0, + BaP, DNA + hemin + BaP, DNA + H,0, + he-
min, and DNA + H,0, + hemin + BaP.

2.4.3. Indirect quantitative analysis of BaP

This quantitative analysis relied on the characteristic DPV
response of BaP metabolite, i.e., guanine, which was used as an
indirect, quantitative indicator of BaP. The DNA/hemin/
nafion-graphene/GCE was immersed in BaP solutions with
different concentrations (0-220 x 10~°molL~! with an interval
of 40 x 10-9mol L™ 1); these solutions were dissolved in 2 x 1073
mol L~! H,0, in PBS buffer. Then, each of the DPV measurements
was sequentially carried out in a blank solution (pH 7.40 PBS), and
the respective voltammograms were recorded in the potential
range of +0.2 to +1.4V at a scan rate of 100mVs . It should be
noted that each DPV measurement of pretreated biosensor was
performed in 10 mL blank solution (2mL PBS and 8 mL distilled
water), as described in Section 2.4.1.

3. Results and discussion
3.1. Electrochemical characterization of the prepared biosensor
Nafion-graphene, hemin/nafion-graphene and DNA/hemin/

nafion-graphene modified GCE electrodes were prepared (Sec-
tion 2.3), and each one was characterized with the use of CV and

the relevant sensor being immersed in 5 x 107> mol L' [Fe(CN)g]
3-14= solution (Fig. 1A). It was quite evident that a pair of well
defined redox peaks were obtained at the untreated GCE with the
reduction peak at 0.17 V and the oxidation peak at 0.25V (Fig. 1A,
curve a). However, after the modification of the untreated GCE with
nafion-graphene, the redox peak current of this electrochemical
probe clearly decreased (Fig. 1A, curve b); this could be attributed
to the nafion cation exchange film itself, which resists the diffusion
of [Fe(CN)g]®>/*~ anions [42]. When the hemin was deposited on
the nafion-graphene modified GCE, it produced a marginally
improved profile than that of the nafion-graphene GCE (Fig. 1A,
curve c); this observation may be explained by the likely
coordination effect between the iron of the hemin and the cyanide
group of [Fe(CN)g]>~/~. Finally, since electrostatic repulsion is
likely to occur between DNA and [Fe(CN)g]>/4~, the CV analysis of
the electrochemical probe was more difficult to detect by the DNA/
hemin/nafion-graphene modified electrode than the two other
biosensors (Fig. 1A, curve d).

Further characterization of the modified electrode was per-
formed with the EIS technique with the use of the same electrodes
immersed in the 5 x 10 >mol L' [Fe(CN)g]>/*~ solution. The EIS
Nyquist plots (Fig. 1B) of the untreated GCE (curve a),
nafion-graphene/GCE (curve b), hemin/nafion-graphene/GCE
(curve c) and DNA/hemin/naifon-graphene/GCE (curve d) indicat-
ed significant differences between the four types of electrode.
Elsewhere, it has been demonstrated that the measured curvature
of the EIS profiles is indicative of the charge transfer resistance of
the sample [43] - hence, the approximately straight line fit of the
EIS responses from the untreated GCE indicated a low electron
transfer resistance. When the electron transfer resistance was
moderate or high, then it was reflected in the change of curvature
of the EIS profile, i.e., changes in the semi-circular diameters. Such
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Fig. 1. CVs (A) and EIS (B) of (a) GCE, (b) nafion-graphene/GCE, (c) hemin/
nafion-graphene/GCE, and (d) DNA/hemin/nafion-graphene/GCE in 5 x 10~>mol
L' Fe(CN)s*> "~ (1:1) solution containing 0.1 molL~! KCI. Scan rate: 100mVs~".
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changes were evident to a lesser or greater extent in the high
frequency region of the EIS profiles in this work - DNA/hemin/
nafion-graphene/GCE showed the strongest semi-circular diame-
ter changes, which were followed by the diminishing effects of the
nafion-graphene/GCE and hemin/nafion-graphene/GCE in that
order. This indicated that the charge on the [Fe(CN)s]*> /4~ probe
was the most difficult to transfer from the solution to the surface of
the DNA/hemin/nafion-graphene/GCE; the difficulty decreased in
order from the hemin/nafion-garaphene/GCE followed by the
nafion-graphene/GCE, respectively. These results were consistent
with the conclusions from the CV analysis.

3.2. Surface morphology of various modified electrodes

The AFM images of the nafion-graphene, hemin/
nafion-graphene, and DNA/hemmin/nafion-graphene modified
electrodes (Fig. 2), indicated that the nafion-graphen flim (Fig. 2A)
appeared as if it was constructed from fibrous structures similar to
flattened fibres; on the other hand, the image of the hemin/
nafion-graphene film displayed a very different, rather finely
disordered, granular structure distributed more or less over the
fibrous network (Fig. 2B). These findings are consistent with
previous work [44]. On the introduction of DNA, the granular units
seemed to combine more tightly into more ordered clumps of
various sizes but the overall structure appeared to be less ordered
and more porous (Fig. 2C). In general, these images reflect the
structural changes that occur as the electrode surface is modified
layer-by-layer for 10 min, before the introduction of hemin and
DNA, respectively.

3.3. Influence of immersion time on DNA damage

In order to investigate the influence of immersion time on the
anodic peak current of guanine, the modified DNA/hemin/
nafion-graphene electrode was separately immersed in BaP, H,0,,
and their mixed solutions (solution preparation: see Section 2.4.2),
respectively, for the different time periods. From Fig. 3, it can be seen
that no obvious anodic peak could be observed, and there was no

Fig. 2. AFM images of deposits on mica sheet surfaces: (A) nafion-graphene, (B)
hemin/nafion-graphene, and (C) DNA/hemin/nafion-graphene.
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Fig. 3. Relationship between the DPV anodic peak intensity and the immersion
time for guanine by using differently pretreated DNA/hemin/nafion-graphene/GCE
biosensor in PBS buffer (pH 7.40): (a) untreated, (b) immersed in 2.0 x 10" mol L™
BaP solution, (c) 2.0 x 10> mol L~! H,0, solution, and (d) 2.0 x 10" mol L' BaP
and 2.0 x 10> mol L' H,0, mixed solution.

significant change for the anodic peak of BaP with increasing,
immersed time (curve a). In the presence of H,0,, it substantially
increased with time up to 10 min (curve b), and with the mixed
solution (curve c) the current rose rapidly and the curve leveled off
between 5 and 10 min. Thus, 10 min was selected as a suitable time
for the experiments in further work with this electrode system.

3.4. DPV electrochemical detection of the DNA damage

To investigate DNA damage, which was caused by the BaP-
metabolite, the DNA/hemin/nafion-graphene/GCE was immersed
separately in three different solutions: 2.0 x 10~ molL~' BaP,
2.0x10>molL™! H,0,, and 2.0x10~"molL~! BaP+2.0 x 1073
molL~! H,0, for 10 min each; thereafter, the DPV analysis was
performed on these treated electrodes immersed in the blank
solution (Section 2.4.1).

First, to eliminate any interference from the blank, the
untreated modified electrode was analysed in a blank solution
(2 mL PBS and 8 mL distilled water), and a small anodic peak was
recorded at 0.62 V (Fig. 4A, curve a). A similar peak was observed at
the same potential when the nafion-graphene modified electrode
(in the absence of DNA and hemin) was measured in the blank
solution (Fig. 4A, insert). This indicated that there was an anodic
peak for graphene at 0.62 V rather than the anodic peak for DNA. A
further experiment with the DNA/hemin/nafion-graphene/GCE,
which was treated in a BaP solution, produced a similar result, i.e., a
peak at 0.62 V was observed (Fig. 4A, curve b). More importantly,
no other oxidation signal was obtained. These observations
indicated that BaP could not be metabolized in the absence of
H,0,. A new anodic peak at 1.0V was noted after the modified
electrode was immersed in the H,O, solution for 10 min (Fig. 4A,
curve c); this was consistent with H,0, interacting with hemin to
produce the hydroxyl free radicals (OH®), and DNA will have been
damaged most likely at the guanine site. Then, under the same
experimental conditions, the modified electrode was immersed
into a BaP and H,0, solution at the same concentration, and as
expected, a significant increase in the intensity of the anodic peak
was observed (Fig. 4A, curve d). This indicated that BaP could be
oxidized by hemin in the presence of H,O, to produce a new
carcinogenic substance (BaP-metebolite), which could cause
significant DNA damage. Consequently, this work has indicated
that BaP is a typical procarcinogen, and strongly suggested that the
hemin/H,0, system could mimic cytochromes such as the P450.
Thus, a new in vitro model to mimic and detect DNA damage has
been successfully demonstrated.
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Fig.4. (A) DPV voltammograms obtained by the DNA/hemin/nafion-graphene/GCE
in PBS buffer (pH 7.40): (a) untreated, (b) immersed in 2.0 x 10~"molL~! BaP
solution, (c) 2.0 x 10> mol L~! H,0, solution, and (d) 2.0 x 10~” molL~! BaP and
2.0 x 10~ mol L~ ! H,0, mixed solution. Insert: DPV of nafion-graphene/GCE in PBS
buffer (pH 7.40); (B) DPV voltammograms obtained with the DNA/hemin/GCE
(curves a’ and c’) and DNA/hemin /nafion-graphene/GCE (curves b’ and d’) in PBS
buffer (pH 7.40). (a’) and (b’): untreated, and (¢’) and (d’): immersed in
2.0 x 107" molL~! BaP and 2.0 x 10> mol L' H,0, mixed solution for pretreatment.

The influence of the electrode material on DNA damage was
further investigated, and DPV analysis was performed in the blank
solution before and after the DNA/hemin/GCE and DNA/hemin/
nafion-graphene/GCE were treated in BaP and H,0, solution for
10 min. It can be seen that when the DNA/hemin/GCE (Fig 4B, curve
a’) and DNA/hemin/nafion-graphene/GCE (Fig 4B, curve b’) were
untreated, no apparent anodic peak was present at 1.0V; this
indicated that there was no electrochemical activity at 1.0V when
only DNA itself was present. However, when the treated, modified
electrodes were similarly scanned, as expected, a relatively
stronger anodic peak was obtained at 1.0V at the DNA/hemin/
nafion-graphene/GCE (Fig 4B, curve d’) than at the DNA/hemin/
GCE (Fig. 4B, curve c’). These results showed that graphene was an
effective sensing platform for small biomolecules and could
improve the sensitivity for DNA damage analysis.

3.5. Detection of DNA damage by the EIS technique and UV-vis
spectrophotometry

The EIS technique is well-known for the detection of DNA
damage [45], and in this work, it was used to verify such damage
induced by a metabolite of BaP; it was demonstrated that the DNA/
hemin/nafion-graphene modified electrode displayed high charge
transfer resistance, which was caused by the electrostatic
repulsion between DNA and [Fe(CN)g]> /# anion in an electrolyte
solution (Fig. 5A, curve a). However, when the modified electrode
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Fig. 5. (A) EIS recorded in the 5.0 x 10~ >mol L~ [Fe(CN)s]> /4~ solution with the
use of: (a) DNA/hemin/nafion-graphene, (b) immersion in 2.0 x 1077 mol L~'BaP
and 2.0 x 102> molL~! H,0, mixed solution for 10 min. (B) UV-vis spectra of
12pugmL~! DNA in: (a) 5.0x10 *molL~! H,0,+8.0x10 ®molL~' BaP, (b)
8.0 x 10~ ¥ mol L' BaP,(c) 0.8 pg mL ™" hemin+8.0 x 10 ¥ mol L' BaP,(d) 5.0 x 10~
molL~! H,0,, (e) blank, (f) 0.8 wgmL~! hemin, (g) 0.8 wgmL~! hemin+5.0 x 104
molL~! H,0,, (h) 0.8 wugmL~! hemin+5.0 x 10~*molL~! H,0,+8.0 x 10 ¥ mol L'
BaP.

was immersed into the BaP and H,O, solution for 10min, a
decrease in the charge transfer resistance was detected at the DNA/
hemin/nafion-graphene/GCE (Fig. 5A, curve b); this possibly
occurred because the exposed DNA bases reduced the electrostatic
repulsion of the negatively charged redox mediator, ([Fe(CN)g]*~/4)
[46].

UV-vis spectrophotometry was also carried out to investigate
DNA damage attributed to the benzo(a)pyrene enzyme; also, the
technique was applied to investigate the feasibility of the hemin/
H,0, system mimicking the benzo(a)pyrene effect enzymatic
effects (Fig. 5B). In order to eliminate the interference from BaP, the
UV spectrum of this compound was subtracted from the overall
spectrum of the reaction system under study (Section 2.4). Thus,
DNA has a strong absorption at 260 nm (Fig. 5B, curve e), and after
the addition of BaP or H,0; (curves b and d), the UV absorption of
DNA was almost the same for the three profiles, a, b and d.
However, there was an increase in peak intensity when hemin was
added to the DNA solution, and a new UV absorption peak at
400 nm was observed (curve f); in this context, previous research
has noted that hemin itself has two absorption peaks at 265 and
400 nm [34]. Hence, the observed increasing absorption at 260 nm
and that at 400 nm peak could be attributed to the overlap of the
DNA and hemin profiles. The important conclusion from these
observations was that neither the BaP and H,O, nor hemin alone
could damage DNA. When BaP and H,0, were mixed with DNA
(curve a), the absorption of DNA was the same as that with the BaP
alone; also, when hemin and H,0, were mixed with DNA, the same
UV spectrum was obtained as that with the addition of hemin
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alone (curve g). However, when the absorption profile of hemin +
BaP+DNA was compared with that of the hemin+DNA, it was
found that the intensities of the former decreased markedly at both
260 and 400 nm (curve c). These observations suggested that there
was an interaction between hemin and BaP. However, the lower
spectral intensities noted above, were less than the spectral
absorptions of the DNA; this indicated that the product of the
hemin +BaP+DNA interaction in the absence of H,0,, could not
damage the DNA. Thus, the outcome of this conclusion was that
hemin itself could not mimic the effect of cytochrome P450. When
all these four substances, i.e. DNA+hemin+Bap+H,0,, were
mixed together, a significant increase in the intensity of the UV-vis
absorption peak at 260 nm was observed, while that of the peak at
400nm was barely detected (curve h). Thus, collectively, these
results indicated that hemin has the same effect on DNA as the
cytochrome P450 in the presence of H,0,; DNA was damaged by a
metabolite of BaP, which was produced by the hemin/H;0, system.

3.6. Reproducibility and stability

The DNA/hemin/nafion-graphene/GCE was prepared five sepa-
rate times using the same GCE. Each one of these electrodes was
immersed into 2.0 x 1077 molL~! BaP+2.0 x 10> molL~! H,0,
solution for 10 min and DPV analysis was performed using a blank
solution (pH 7.40); the results were compared using the anodic
peak attributed to guanine, and the average relative standard
deviation (%RSD) was 8.21. This indicated that the reproducibility
of this modified electrode was satisfactory. Additionally, the
stability of the modified electrode was also estimated, and the
sensor was stored in PBS buffer (pH 7.40) for 7 days at about 4°C
and then it used to test DNA damage; the anodic peak attributed to
guanine decreased slightly, and the corresponding %RSD value was
9.08. Thus, this result indicated that DNA/hemin/nafion-graphene/
GCE has acceptable stability.

3.7. Indirect quantitative analysis of BaP

From the experimental work in Sections 3.1-3.5 above, it was
found that BaP could damage DNA via an enzymatic catalytic
reaction. As described in Section 2.4.5, the DNA/hemin/
nafion-graphene/GCE was immersed for 10min into each of
several BaP solutions; each solution had a different concentration
- 0, 2.0, 6.0, 10.0, 14.0, 18.0, and 22.0 x 10 8molL"}, each in
2 x 1073 mol L~! H,0,, PBS buffer, and the pretreated biosensor was
submitted to DPV measurements in the blank solution (pH 7.40
PBS). It was observed that the anodic peak current of guanine

-12
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Fig. 6. DPV voltammograms of guanine obtained at the DNA/hemin/
nafion-graphene/GCE at different concentrations of BaP (a-g): 0, 2.0, 6.0, 10.0,
. ..,220x10 %molL L

Table 1
Results of other published methods for the determination of BaP in comparison
with the novel method from this work.

Electrode Linear range Limit of Refs.
(molL™") detection
(molL™ 1)
Amperometric biosensor  3.31-16.56 x 10°®  58.57 [40]
(RAmMM 1)
Boron-doped diamond 1.60-20.00 x 1078 2.86x107°  [47]
electrode
Pencil graphite 2.5-125%x1077 2.7x10°8 (48]
electrode
Mercury electrode 1.6x107° [49]
DNA/hemin/nafion- 2.0-22.00x 1078 112x10°®  This method

graphene/GCE

increased linearly with the concentration of BaP in the range of 2.0
- 22.0x10"®molL"! (Fig. 6). The regression equation was:

I, (10—7 A) - 712.3c33p(10-7 mol L’]> ~79.2 (R = 0.997)

The detection limit of BaP was estimated tobe 1.12 x 10~ mol L.
For comparative purposes, Table 1 lists the linear ranges and
detection limits of some other published methods for the
determination of BaP against the proposed method [40,47-49]. It
can be seen that as compared with these published methods, the
sensitivity of this method is similar. Importantly, it is quite evident
that it is difficult to detect the content of BaP in aqueous media by
classical electrochemical methods; thus, the novel method for BaP
analysis, described in this work, is particularly useful in this context.

4. Conclusions

A novel electrochemical biosensor, DNA/hemin/nafion-
graphene/GCE, was constructed with the use of the layer-by-layer
method onthe GCE. It was demonstrated with the use of DPV that this
novel biosensor could detect the DNA damage in a solution of
BaP + H,0,, and the hemin/H,0, system can replace the cytochrome
P450.Thus, a chemical processes in this system actually provide anin
vitro model to mimic the DNA damage in vivo. The EIS and UV-vis
methods were used to detect the DNA damage induced by the BaP
metabolite and to test the feasibility of the hemin/H,0, system in
this context, which was designed to mimic the effects of the
cytochrome P450. It was demonstrated that this model system
could successfully metabolize the BaP PAH molecule to its ultimate
carcinogenic form, which facilitated the explanation of the
mechanism of the DNA damage induced by BaP.

Subsequently, a novel, indirect DPV method of analysis of BaP in
aqueous solution was developed based on the linear changes of
anodic current of guanine as a function of the BaP concentration. The
results of such analyses indirectly provided a quantitative estimate of
DNA damage. This method had a concentration range of
2.0-22.0 x 10-°mol L, with a detectionlimit of 1.12 x 10~ mol L.
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