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A B S T R A C T

In this work, a novel electrochemical biosensor has been fabricated based on step-by-step modification of a
glassy carbon electrode (GCE) with methylene blue (MB)-DNA/multiwalled carbon nanotubes (MWCNTs)-
chitosan (CS)/palladium nanoparticles (Pd NPs)/fullerene C60 (C60) for voltammetric and impedimetric detec-
tion of DNA damage induced by bisphenol A (BPA). Modifications applied to the GCE were characterized by
cyclic voltammetry (CV), differential pulse voltammetry (DPV), electrochemical impedance spectroscopy (EIS)
and scanning electron microscopy. The EIS and DPV responses of the biosensor were increased and decreased,
respectively, by the DNA damage induced by BPA which led us to develop novel systems for detection of DNA
damage. Our records confirmed that the biosensor was able to rapid and sensitive detection of DNA damage
induced by BPA. Finally, according to the developed systems for detection of DNA damage, we have developed
voltammetric and impedimetric methods for determination of BPA.

1. Introduction

Bisphenol A (BPA, Fig. 1) is an industrial compound which is widely
used in fabrication of a variety of consumer products such as food cans,
nursing bottles and beverage vessels. BPA is a hazardous material which
is able to cause DNA damage even at very low concentrations [1].
Therefore, detection of DNA damage induced by of BPA and determi-
nation of BPA at trace levels are very important [2,3]. Various methods
such as electrophoresis [4,5], spectroscopic methods [6], the DNA chip,
molecular probe technologies [7] and electrochemical methods [8–11]
have been reported for detection of DNA damage. Standard methods for
BPA determination are including mass spectrometry-gas chromato-
graphy (GC-MS), liquid chromatography-mass spectrometry (LC-MS)
and LC with different detections such as fluorescence, electrochemical
and UV [12]. Although these methods are accurate and reliable, but
they are expensive and time-consuming, and also require high tech-
nological instrumentation. Therefore, developing novel analytical
methods which are able to rapid and sensitive determination of BPA are
highly needed. Among the available analytical methods, electro-
chemical sensors and biosensors are interesting because their response
is fast, sensitive, selective, stable, repeatable and reproducible.

Generally, to increase the sensitivity and selectivity of

electrochemical sensors, they are assisted by chemometric methods or
their platform is modified with different modifiers [13,14]. Modifica-
tion of the platform of the electrochemical sensors by different modi-
fiers is very interesting and there are different materials for modifying
the electrodes. Fullerenes because of having unique electronic, struc-
tural and spectroscopic properties have obtained a lot of applications in
different areas of science [15,16]. Fullerene C60 (C60) is an electron
acceptor and because of its unique dimensional and electronic struc-
tures has a rich electrochemistry [17]. The previous studies revealed
that the partially reduced C60 films have favorable electrocatalytic
properties and are sufficiently conductive for using in modifying the
electrodes [18–22]. Metallic nanoparticles such as palladium nano-
particles (Pd NPs) due to having interesting properties such as elec-
trocatalytic property, high surface area and conductivity are able to
fasten the rate of electron transfer, therefore, they are frequently used
in fabrication of electrochemical sensors [23,24]. Carbon nanotubes
(CNTs) due to having some important electrochemical and mechanical
properties such as high electron transfer rate, high surface area and
stability and minimization of the surface fouling have obtained a lot of
applications in fabrication of electrochemical sensors and biosensors
[25]. Chitosan (CS) is a natural biopolymer with film-forming ability
which can also play a role of stabilizer and dispersant [26]. The CS in

https://doi.org/10.1016/j.talanta.2019.04.037
Received 19 January 2019; Received in revised form 9 April 2019; Accepted 14 April 2019

∗ Corresponding author.
E-mail addresses: ali.jalalvand1984@gmail.com, alireza.jalalvand@kums.ac.ir (A.R. Jalalvand).

Talanta 201 (2019) 350–357

Available online 15 April 2019
0039-9140/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2019.04.037
https://doi.org/10.1016/j.talanta.2019.04.037
mailto:ali.jalalvand1984@gmail.com
mailto:alireza.jalalvand@kums.ac.ir
https://doi.org/10.1016/j.talanta.2019.04.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2019.04.037&domain=pdf


combination with multiwalled carbon nanotubes (MWCNTs) can form a
composite film with better electrochemical and mechanical properties
than CS or MWCNTs [27].

In this work, we are going to fabricate a novel electrochemical
biosensor based on step-by-step modification of a glassy carbon elec-
trode (GCE) to monitor the DNA damage induced by BPA and to de-
velop novel analytical methods for determination of BPA. Fabrication
procedure applied to the GCE was included landing of methylene blue
(MB) onto the surface of DNA/MWCNTs-CS/Pd NPs/C60/GCE. MB is a
derivative of anthraquinone which is able to intercalate into the double
helix structure of DNA and can be used for the detection of damage on
natural DNA. Fabrication procedure applied to the GCE to fabricate the
biosensor has been summarized in Scheme 1.

2. Experimental

2.1. Chemicals and solutions

MB, CS, C60, double-stranded calf thymus DNA, BPA (≥99%), di-
methylformamide (DMF), KCl, acetic acid, CH2Cl2, phosphoric acid
(H3PO4), sodium hydroxide, potassium ferrocyanide, potassium ferric-
cyanide, palladium (II) chloride (PdCl2), phosphate monobasic
(NaH2PO4) and sodium phosphate dibasic (Na2HPO4) were purchased
from Sigma. The MWCNTs were purchased from Ionic Liquid
Technologies. The other chemicals used in this study were purchased
from regular sources and used as received without any further pur-
ifications.

A phosphate buffer solution (PBS) with a concentration of 0.05M
and pH 7 was prepared. A solution of MWCNTs was prepared by dis-
solution of 10mg of solid powder of MWCNTs in 1mL DMF and ul-
trasonicated for 45min. 10mg CS was added to 1mL acetic acid and

ultrasonicated for 45min. To prepare MWCNTs-CS, 0.5 mL CS was
added to 0.5mL MWCNTs and ultrasonicated for 20min. The C60 so-
lution was prepared by the addition of 1mg C60 to 300 μL CH2Cl2. A
redox probe solution, [Fe(CN)6]3-/4-, with a concentration of 0.005M
was prepared in the PBS (0.05M, pH 7) and used as the electrolyte for
electrochemical characterization of the modified electrodes. A MB so-
lution with a concentration of 0.01M was prepared in the PBS (0.05M,
pH 7). A solution of PdCl2 with a concentration of 0.05M was prepared
in 0.025M KCl. 100mL stock solution of BPA with a concentration of
0.1M was prepared by dissolution of 2.28 g of its solid powder in the
PBS (0.05M, pH 7) and the BPA working solutions were prepared by
applying suitable dilutions to its stock solution. A DNA solution
(1.0mgmL−1) was prepared by dissolving a suitable amount of DNA in
0.05M NaCl solution.

2.2. Instruments and softwares

An Autolab PGSTAT302N-high performance controlled by the
NOVA software was used to record the experimental data. pH adjust-
ments were performed by an ELMEIRON pH meter (CP-411). Scanning
electron microscopic (SEM) images were captured by a skilled operator
with the help of a KYKY-EM3200 scanning electron microscope. In
electrochemical experiments, a GCE, an Ag/AgCl and a Pt wire were
acted as working, reference and counter electrode, respectively. The
recorded electrochemical data was transferred to MATLAB (Version
7.14, MathWorks, Inc.) environment and smoothed when necessary. All
the computations were performed on a DELL XPS laptop (L502X).

2.3. Fabrication of the biosensor

Prior to the modification of the GCE, it was well-polished by a silky
pad which had been an immersed into the alumina slurry and then, the
GCE was rinsed by DDW. Finally, the GCE was ultrasonicated in ethanol
for 20min and rinsed with DDW and left to be dried at room tem-
perature. Modification of the GCE was started by drop-casting of 10 μL
C60 onto its surface. To reduce the C60 film formed on the GCE surface,
the electrode was immersed into a 1M KOH and the potential was
scanned in the range of 0.0 V to −1.5 V with a scan rate of 10mV s−1

for 10 cycles. Then, electrodeposition of Pd NPs was performed by re-
petitive CV scanning from 0 to −1 for 8 cycles on the C60/GCE im-
mersed into 0.05M PdCl2 solution. For landing the third layer onto the
surface of the electrode, 10 μL MWCNTs-CS was drop-casted onto the

Fig. 1. Molecular structure of BPA.

Scheme 1. Schematic representation of fabrication procedure applied to the GCE to fabricate MB-DNA/MWCNTs-CS/Pd NPs/C60/GCE.
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surface of Pd NPs/C60/GCE and left to be dried at room temperature.
Finally, 10 μL 1.0mgmL−1 DNA solution was casted on the surface of
the MWCNTs-CS/Pd NPs/C60/GCE and left to be dried at room tem-
perature and then, the sensor was washed with DDW and immersed into
PBS (0.05M, pH 7) for 5min to remove any loosely adsorbed DNA. For
loading of MB onto the surface of DNA/MWCNTs-CS/Pd NPs/C60/GCE,
the electrode was immersed into the 1mMMB solution for 30min and
then, the electrode (MB-DNA/MWCNTs-CS/Pd NPs/C60/GCE) was
rinsed with PBS (0.05M, pH 7) and kept in a refrigerator until analysis
time.

3. Results and discussion

3.1. Characterization of the prepared biosensor

After fabrication of a biosensor, its structure must be characterized
to prove the successfulness of the fabrication process. Characterization
of the biosensor can be performed by electrochemical and microscopic
techniques. Therefore, we have used cyclic voltammetry (CV), differ-
ential pulse voltammetry (DPV), electrochemical impedance spectro-
scopy (EIS) and SEM for characterizing the modifications applied to the
GCE.

3.1.1. Characterization of the modifications by SEM
The surface of different modified electrodes was characterized by

SEM and the results are shown in Fig. 2. The Fig. 2A showed that the
C60 has formed a layer at the surface of GCE which was decorated by Pd
NPs after electrosynthesizing the Pd NPs onto the surface of C60/GCE.
The SEM image captured from the surface of Pd NPs/C60/GCE is shown
in Fig. 2B. Characterization of MWCNTs-CS/Pd NPs/C60/GCE by SEM
showed an elegant image (Fig. 2C) in which tubes of MWCNTs have
been integrated with CS to form a composite layer. By the presence of
DNA at the surface of MWCNTs-CS/Pd NPs/C60/GCE, the surface of the
electrode was covered by a new layer in which some details of the
previous layer can also be observed (Fig. 2D). On the whole, we think
that the SEM was a successful method which helped us to observe the

modifications used to fabricate the biosensor, but in next section more
information about characterization of the modifications will be ex-
tracted by electrochemical techniques.

3.1.2. Electrochemical characterization of the modifications
Electrochemical methods are suitable methods which can help us to

monitor and characterize the modifications applied to the GCE.
Therefore, we have used CV, DPV and EIS for characterization the
modifications. The CVs of different electrodes including GCE (curve a),
C60/GCE (curve b), Pd NPs/C60/GCE (curve c), MWCNTs-CS/Pd NPs/
C60/GCE (curve d) and DNA/MWCNTs-CS/Pd NPs/C60/GCE (curve e) in
contacting with the redox probe solution, [Fe(CN)6]3-/4-, with a con-
centration of 0.005M under scanning the potential with a rate of
50mV s−1 are shown in Fig. 3A. Recording the response of the GCE
showed a well-defined CV and after its modification with C60, a no-
ticeable improvement was observed in its response which can be clearly
observed in curve b. The previous works reported on C60 showed that by
partial reduction of C60 immobilized onto the electrode surface in
aqueous solutions having potassium ions, conductive films are formed
onto the electrode surface [28]. By the electrodeposition of Pd NPs onto
the C60/GCE surface, a new sensor with higher peaks' currents were
fabricated which confirmed the role of NPs in improving the mod-
ification procedure. Drop-casting of MWCNTs-CS onto the surface of Pd
NPs/C60/GCE helped us to fabricate a new sensor whose performance
was further improved. Finally, by the presence of DNA at the electrode
surface, an electrostatic repulsion between DNA and the electro-
chemical probe carrying negative charge was occurred which caused a
poorer response of the biosensor to the electrochemical probe [29].

The DPV is another electrochemical technique which has been used
to characterize the modifications applied to the GCE to fabricate the
biosensor. The DPV responses of different electrodes including GCE
(curve a), C60/GCE (curve b), Pd NPs/C60/GCE (curve c), MWCNTs-CS/
Pd NPs/C60/GCE (curve d) and DNA/MWCNTs-CS/Pd NPs/C60/GCE
(curve e) in contacting with the redox probe solution, [Fe(CN)6]3-/4-,
with a concentration of 0.005M are shown in Fig. 3B (DPV conditions:
step potential= 0.005 V, modulation amplitude= 0.025 V, modulation

Fig. 2. SEM images captured from the surface of (A) C60/GCE, (B) Pd NPs/C60/GCE, (C) MWCNTs-CS/Pd NPs/C60/GCE and (D) DNA/MWCNTs-CS/Pd NPs/C60/GCE.
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time=0.05 s and interval time=0.5 s). As can be seen, the results of
DPV experiments are in a good agreement with the CV results which
guaranteed the outcomes of CV experiments.

The EIS is a very important electrochemical technique by which the
surface characteristics of the modified electrodes can be investigated.
The output of an EIS experiment is a curve with a semicircle portion
which its diameter reflects the charge transfer resistance (Rct). After
modification of the electrode surface, its Rct is changed which causes a
change in the diameter of the semicircle portion. Therefore, by in-
vestigation of the EIS curves, we will be able to investigate the surface
properties of the modified electrodes. To achieve this goal, the EIS re-
sponses of different electrodes including GCE (curve a), C60/GCE (curve
b), Pd NPs/C60/GCE (curve c), MWCNTs-CS/Pd NPs/C60/GCE (curve d)
and DNA/MWCNTs-CS/Pd NPs/C60/GCE (curve e) in contacting with
the redox probe solution, [Fe(CN)6]3-/4-, with a concentration of
0.005M were recorded which are shown in Fig. 3C. The EIS curve of the
GCE showed a semicircle with a diameter of 760Ω and after mod-
ification of the GCE with C60, the Rct was decreased which confirmed
the role of C60 in fastening the rate of charge transfer at the electrode
surface. Further improvement in EIS response of the sensor was ob-
served after its modification with Pd NPs. The presence of MWCNTs-CS
onto the electrode surface caused a more facile electron transfer at the
electrode surface. Finally, due to the presence of DNA and its repulsive
interaction with the electrochemical probe carrying negative charge the
Rct was increased [29].

3.2. Loading of MB onto the surface of electrode

Loading of MB onto different electrodes including DNA/GCE, DNA/
C60/GCE, DNA/Pd NPs/C60/GCE, DNA/CS/Pd NPs/C60/GCE and DNA/
MWCNTs-CS/Pd NPs/C60/GCE was examined and the results are shown
in Fig. 4. To achieve this goal, each electrode was immersed into
1mMMB prepared in the PBS (0.05M, pH 7) for 30min, and then,
rinsed with DDW. The DPVs of MB-DNA/GCE (curve a), MB-DNA/C60/
GCE (curve b), MB-DNA/Pd NPs/C60/GCE (curve c), MB-DNA/CS/Pd
NPs/C60/GCE (curve d), MB-DNA/MWCNTs-CS/Pd NPs/C60/GCE
(curve e) and MB/MWCNTs-CS/Pd NPs/C60/GCE (curve f) recorded in
the PBS (0.05M, pH 7) are shown in Fig. 4 (DPV conditions: step po-
tential= 0.05 V, modulation amplitude= 0.035 V, modulation
time=0.05 s and interval time= 0.5 s). As can be seen, the highest
current is related to MB-DNA/MWCNTs-CS/Pd NPs/C60/GCE (curve e)
which confirms that the DNA/MWCNTs-CS/Pd NPs/C60/GCE has the
highest capacity for MB loading among the tested electrodes. The cur-
rent intensity of MB/MWCNTs-CS/Pd NPs/C60/GCE was considerably
lower than that of MB-DNA/MWCNTs-CS/Pd NPs/C60/GCE which
showed that the was MB interacted mainly with the DNA, and not the
MWCNTs-CS/Pd NPs/C60. This result can be justified by regarding that
the DNA/MWCNTs-CS/Pd NPs/C60/GCE has a large surface area, and
thus, can absorb many DNA molecules.

Further investigation of the surface areas of the electrodes were
evaluated by the Randles-Sevcik equation (298.15 K), using the redox
currents of the redox probe (ip) according the following equation:

Fig. 3. (A) CVs, (B) DPVs (DPV conditions: step potential= 0.005 V, modulation amplitude= 0.025 V, modulation time= 0.05 s and interval time= 0.5 s) and (C)
EISs of (a) GCE, (b) C60/GCE, (c) Pd NPs/C60/GCE, (d) MWCNTs-CS/Pd NPs/C60/GCE and (e) DNA/MWCNTs-CS/Pd NPs/C60/GCE in the redox probe solution, [Fe
(CN)6]3-/4-, with a concentration of 0.005M was prepared in the PBS (0.05M, pH 7.0).
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ip = (2.687×105) n3/2 Ʋ1/2D1/2AC (1)

where D, the diffusion coefficient of the ferricyanide, is
6.3× 10−6 cm2 s−1; ip in amperes is the peak current; n and C are the
transferring electron number (n=1) and the concentration of the fer-
ricyanide (5×10−6mol cm−3), respectively; ν is the scan rate (V s−1);
and A is the surface area (cm2). The surface areas of the bare GCE, C60/
GCE, Pd NPs/C60/GCE and MWCNTs-CS/Pd NPs/C60/GCE in contact
with the electrochemical probe (0.005M) were calculated to be 0.09,
0.16, 0.19 and 0.28 cm2, respectively. As can be seen, the MWCNTs-CS/
Pd NPs/C60/GCE has the largest surface area which enables it for
loading more DNA molecules. The surface concentration of DNA at
DNA/MWCNTs-CS/Pd NPs/C60/GCE was estimated according to the
following equation:

I= n F Ʋ AΓc /4RT (2)

where ν is the scan rate, A is related to the effective surface area of the
electrode which is to be 0.28 cm2, Γc is the surface concentration of
DNA and the other symbols have their conventional meaning. The
cathodic peak currents were plotted vs. ν and the slope of the plot was
used to estimate the Γc of DNA which was to be 3.67×10−4mol cm−2.

3.3. Testing the loading/releasing of MB at the DNA/MWCNTs-CS/Pd
NPs/C60/GCE

For testing the reversibility of loading/releasing of MB at the surface
of DNA/MWCNTs-CS/Pd NPs/C60/GCE, the electrode which was
loaded by MB was immersed into the PBS (0.05M, pH 7) and its DPV
response (DPV conditions: step potential= 0.05 V, modulation
amplitude= 0.035 V, modulation time= 0.05 s and interval
time=0.5 s) was recorded which can be seen in Fig. 5 (curve a). Then,
the electrode was immersed into the PBS (0.05M, pH 7) for 3 h and its
DPV response was recorded which is shown by curve b. During this
period of time, some of the MB molecules which had been immobilized
by non-specific binding, were released from the surface of DNA/
MWCNTs-CS/Pd NPs/C60/GCE. Therefore, the DPV response was de-
creased as is illustrated in curve b. Afterwards, the DNA/MWCNTs-CS/

Pd NPs/C60/GCE was re-immersed into the MB solution for reloading of
MB onto the surface of electrode and then, its DPV response was re-
corded which is shown by curve c. As can be seen, the DPV response of
the electrode is compatible with its first response. This result confirmed
that the loading/releasing of MB at the surface of DNA/MWCNTs-CS/Pd
NPs/C60/GCE was readily reversible and the composite film on the
electrode was quite stable and able to retain its original structure and
binding capability.

3.4. Detection of DNA damage by DPV

In order to monitor the DNA damage induced by BPA, the DPV re-
sponses of MB-DNA/MWCNTs-CS/Pd NPs/C60/GCE under incubation
with different concentrations of BPA were recorded which can be seen
in Fig. 6A (DPV conditions: step potential= 0.05 V, modulation am-
plitude=0.015 V, modulation time=0.05 s and interval time= 0.5 s).
To record these DPV responses, the MB-DNA/MWCNTs-CS/Pd NPs/
C60/GCE was incubated in BPA solutions with different concentrations
ranging in 1–50 μM BPA for 10min and then, the biosensor was im-
mersed into the PBS (0.05M, pH 7) and its DPV response was recorded.
As can be seen, the peak currents are decreased with increasing con-
centration of BPA. This indicated that the DNA films damaged by BPA
cannot reload as much MB as with the undamaged DNA films, and thus,
this observation suggested that the interaction between BPA and DNA
was irreversible. In order to develop an indirect method for the de-
termination of BPA the current differences were regressed on BPA
concentrations to build a calibration curve which can be seen in Fig. 6B.
The limit of detection (LOD) of this method was calculated to be 0.5 μM
according to IUPAC recommendations (3Sb/b, where Sb is the standard
deviation (n= 5) of the blanks, and b is the slope value of the re-
spective calibration graph) and the limit of quantitation (LOQ, 10Sb/b)
was calculated to be 1.41 μM. Therefore, according to the monitoring of
DNA damage induced by BPA, an indirect DPV method was developed
for determination of BPA.

3.5. Detection of DNA damage by EIS

In this section, our study was expanded to monitor the DNA damage
induced by BPA with the help of EIS method and to achieve this goal,
the MB-DNA/MWCNTs-CS/Pd NPs/C60/GCE was incubated in BPA

Fig. 4. DPVs of (a) MB-DNA/GCE, (b) MB-DNA/C60/GCE, (c) MB-DNA/Pd NPs/
C60/GCE, (d) MB-DNA/CS/Pd NPs/C60/GCE, (e) MB-DNA/MWCNTs-CS/Pd
NPs/C60/GCE and (f) MB/MWCNTs-CS/Pd NPs/C60/GCE recorded in the PBS
(0.05M, pH 7). DPV conditions: step potential= 0.05 V, modulation
amplitude= 0.035 V, modulation time=0.05 s and interval time= 0.5 s.

Fig. 5. DPVs of MB-DNA/MWCNTs-CS/Pd NPs/C60/GCE (a) in the PBS (0.05M,
pH 7), (b) after immersing in the PBS (0.05M, pH 7) for 3 h and (c) in the PBS
(0.05M, pH 7) after re-immersing in MB solution. DPV conditions: step
potential= 0.05 V, modulation amplitude=0.035 V, modulation
time= 0.05 s and interval time=0.5 s.
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solutions having different concentrations ranging in 0.5–25 μM BPA for
10min and then, the biosensor was rinsed with PBS (0.05M, pH 7) and
immersed into the electrochemical probe and its EIS response was re-
corded. The results are shown in Fig. 6C and as can be seen, the
semicircle portion of the EIS curves are increasing with increasing
concentration of BPA. This possibly occurred because the insertion of
BPA molecules into the DNA reduces its charge transport. The insertion
of the BPA molecules may result in a more negative charge environment
on the DNA surface, which hinders accessibility of the [Fe(CN)6]3-/4-

anion. This may form a steric barrier at the base of the DNA structure,
which decreases the charge transport contribution of the DNA [30]. In
order to develop an indirect method for the determination of BPA, the

EIS differences were regressed on BPA concentrations to build a cali-
bration curve which can be seen in Fig. 6D. The LOD of this method was
calculated to be 0.35 μM and the LOQ was calculated to be 1.03 μM.
Therefore, according to the EIS monitoring of DNA damage induced by
BPA, an indirect EIS method was developed for determination of BPA.

3.6. Repeatability, reproducibility and stability of the biosensor

In order to investigate the stability of the developed biosensor, its
DPV response was recorded during two weeks and our records con-
firmed that the biosensor was able to retain 97.3% of its original re-
sponse which confirmed that the biosensor response was stable. The
reproducibility of the biosensor was also investigated by constructing
five biosensors and recording their DPV response for six times. The
results showed a relative standard deviation (RSD) of 4.05% which
conformed that the biosensor response was reproducible. The repeat-
ability of the biosensor was investigated by recording its DPV response
to 10 μM BPA for six times during a day and our records showed a RSD
of 3.66% which conformed a repeatable response for the developed
biosensor.

3.7. Comparison with the other works published in the literature

In this section, we have compared the performance of the developed
biosensor in this study for determination of BPA and detection of DNA
damage with the previous works and the results have been arranged in

Fig. 6. (A) DPVs of MB-DNA/MWCNTs-CS/Pd NPs/C60/GCE in the PBS (0.05M, pH 7) after incubating in BPA solution with different concentrations ranging in
1–50 μM ((a) 1 μM, (b) 2.5 μM, (c) 5 μM, (d) 15 μM, (e) 30 μM, (f) 40 μM and (g) 50 μM), DPV conditions: step potential= 0.05 V, modulation amplitude= 0.015 V,
modulation time= 0.05 s and interval time=0.5 s. (B) the calibration curve obtained by regressing DPV differences on BPA concentrations, (C) EISs of MB-DNA/
MWCNTs-CS/Pd NPs/C60/GCE after incubating in BPA solution with different concentrations ranging in 0.5–25 μM ((a) 0.5 μM, (b) 1.5 μM, (c) 5 μM, (d) 12 μM, (e)
17 μM, (f) 22 μM and (g) 25 μM) and (D) the calibration curve obtained by regressing Rct values on BPA concentrations.

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

Senor Linear range LOD Ref.

Laccase-thionine-carbon
black

0.05–1 μM 0.2 μM [31]

Tyr/thionine/CP 0.15–45 μM 0.15 μM [32]
CS–Fe3O4/GCE 50 nM-3×10−5M 8 nM [33]
CS/MNPs-rGO/GCE 6×10−8M−11 μM 16.7 nM [34]
Graphene nanofibers–AuNPs/

GCE
8×10−8M−25 μM 35 nM [35]

Bi2WO6–CPE 5×10−8M-13×10−7M 15 nM [36]
MB-DNA/MWCNTs-CS/Pd

NPs/C60/GCE
1–50 μM and 0.5–25 μM 0.5 μM and

0.35 μM
This
work
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Tables 1 and 2. However, the main aim of this work was focused on
developing a method for detection of DNA damage induced by BPA, but
the developed biosensor had an acceptable performance for determi-
nation of BPA as well. Therefore, the biosensor had an acceptable
performance in detention of DNA damage and determination of BPA.

4. Conclusions

In this work, a novel electrochemical biosensor was fabricated for
impedimetric and voltammetric detection of DNA damage induced by
BPA based on step-by-step modification of a GCE with MB-DNA/
MWCNTs-CS/Pd NPs/C60 as a composite film. In this modified elec-
trode, the MB was acted as an electroactive probe which enabled us to
monitor the DNA damage induced by BPA. The results confirmed that
the loading-releasing of MB was readily reversible. According to the
results obtained for the detection of DNA damage, two voltammetric
and impedimetric methods were developed for determination of BPA.
The efficiency of this method is derived from the inherent rapidity of
the electrochemical transducers, and the high sensitivity is due to the
high surface-to-volume ratio and good in-plane conductivity caused by
the presence of MWCNTs-CS, Pd NPs and C60 which made effective
signal amplification. Therefore, this biosensor combines the advantages
of suitable modification and the power of electrochemical detection
techniques to provide an option for detection of DNA damage.
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