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A B S T R A C T

In this work, a novel biosensor was fabricated for detection of DNA damage induced by 4-nonylphenol (NP) and
also determination of NP. To achieve this goal, a glassy carbon electrode (GCE) was modified with chitosan (Chit),
gold nanoparticles (Au NPs) and DNA-multiwalled carbon nanotubes (DNA-MWCNTs). Then, the DNA-MWCNTs/
Au NPs/Chit/GCE was incubated with methylene blue (MB) to obtain MB-DNA-MWCNTs/Au NPs/Chit/GCE in
which MB was used as the redox indicator. The modifications applied to the GCE were characterized by cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopic (EDS) and theoretical evidence. MB is a derivative of anthraquinone which can
intercalate into double helix structure of DNA. By treating MB-DNA-MWCNTs/Au NPs/Chit/GCE with NP, a
higher Rct was observed because the insertion of the NP may result in a more negative charge environment on the
DNA surface which hinders accessibility of [Fe(CN)6]

3-/4- anion to the electrode surface. Change in the EIS
response of the biosensor in the presence of NP was used to develop a novel system for monitoring the DNA
damage induced by NP. The EIS technique was also used to develop a sensitive electroanalytical method for
determination of NP.
1. Introduction

Deoxyribonucleic acid (DNA) is one of the four important types of
biomacromolecules which are essential in life processes. Only a part of
DNA (less than 2%for humans) is coding, meaning that these sections
stores and encodes genetic information [1]. Therefore, DNA has a critical
role in cellular processes and functioning of all types of organisms and
many viruses for survival [2]. Numerous chemical and/or physical fac-
tors, including high temperature, ionizing radiations, heavy metal ions
and many of chemicals in our environment can induce damage to the
DNA sequence and cause changes in the chemical structure of the DNA
molecule [3, 4, 5, 6, 7]. DNA damage is an abnormal chemical structure
in DNA leading to mutagenesis and carcinogenesis which can induce
several diseases such as cancer, tumor, diabetes, hypertension and arte-
riosclerosis [8, 9, 10, 11]. Endocrine disrupting chemicals are one of the
chemicals that can induce DNA damage and interfere with the endocrine
system. 4-nonylphenol (NP) as a member of the endocrine disrupters is
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extensively used as nonionic surfactants in a variety of industrial and
agricultural products. This disruptor causes various problems in the
normal, hormonal function of animals or human beings [12, 13, 14, 15].
Therefore, developing novel methods for determination of NP and
detection of its damage to DNA are highly demanded.

Various instrumental techniques such as electrophoresis [16, 17, 18],
high-performance liquid chromatography (HPLC) [19, 20, 21], photo-
electrochemical methods [22, 23, 24] and fluorescence methods [25, 26,
27] have been reported for detection of DNA damage. Despite their
sensitivity, these methods have some disadvantages such as complexity,
long assay time, high cost and labor-intensive. Therefore, developing
novel analytical methods which are simple, fast, cheap and sensitive are
needed. Among the existing methods, electroanalytical techniques
because of having high sensitivity, simplicity, rapid response and
low-cost are preferable for detection of DNA damage [28, 29, 30, 31, 32,
33].

In fabrication of electrochemical biosensors, the platform of the
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biosensor is usually modified with different modifiers to obtain more
selectivity and sensitivity. Nanomaterials are promising candidates for
fabricating electrochemical biosensing platforms and among the existing
nanomaterials, gold nanoparticles (Au NPs) exhibit tremendous potential
to improve the sensitivity and performance of electrochemical biosensors
because of their unique physicochemical properties, high electric con-
ductivity, large surface to volume ratio, good biocompatibility and
nontoxic nature [34, 35, 36]. Chitosan (Chit) is a polysaccharide
biopolymer with many remarkable features such as excellent film form-
ing ability, high mechanical strength, high biocompatibility and high
permeability toward water. Chit has a high sorption capacity for various
materials and molecules due to the existence of reactive amino and hy-
droxyl functional groups. For these reasons, Chit as an efficient film has
been widely used for chemical modifications of the electrode surface to
construct electrochemical biosensors [37, 38, 39]. As a kind of
carbon-based material, multi-walled carbon nanotubes (MWCNTs) as
ideal supporting materials has received an increasing research interest
due to their unique chemical and physical properties such as good
biocompatibility, large specific surface area, electrical conductivity and
chemical stability. Various molecules such as DNA molecule can interact
physically with the MWCNTs surface through π–π stacking. Therefore,
MWCNTs have been frequently used to immobilize a variety of species in
fabrication of electrochemical biosensors [40, 41, 42]. Methylene blue
(MB) is a derivative of anthraquinone which can intercalate into the
double helix structure of DNA and can be used as an electroactive probe
in fabrication of electrochemical biosensors for detection of DNA damage
induced by damaging agents. After intercalation of the MB into the
double helix structure of the DNA at the biosensor surface, the MB can be
replaced by the damaging agent which affects the electrochemical
response of the biosensor and allow us to monitor the DNA damage
induced by the damaging agent.

In this work, we have developed a sensitive electrochemical biosensor
to monitor the DNA damage induced by NP and the next section was
focused on developing a novel electroanalytical methodology for sensi-
tive determination of NP based on the outputs of previous section. To
achieve these goals, a glassy carbon electrode (GCE) was chosen as the
platform of the biosensor and layer-by-layer modification was applied to
it. The first layer of the modification process was included drop-casting of
Chit and then, electrodeposition of Au NPs onto Chit/GCE surface was
performed. The next attempt was focused on landing of DNA-MWCNTs
onto the surface of Au NPs/Chit/GCE which was performed by drop-
casting of DNA-MWCNTs onto the electrode surface. Afterwards, the
modified electrode was immersed into a MB solution which caused
intercalation of MB into the double helix structure of DNA. Finally, the
MB-DNA-MWCNTs/Au NPs/Chit/GCE was immersed into a NP solution
and the DNA damage induced by NP was monitored in the redox-active
probe [Fe(CN)6]3-/4- solution by electrochemical impedance spectros-
copy (EIS) based on faradaic impedance changes. The schematic repre-
sentation of the fabrication procedure is shown in Scheme 1.
Scheme 1. The schematic representation of the fab
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2. Experimental

2.1. Chemicals, solutions, software and instruments

The DNA, NP, MB and all other reagents used in this study such as
K3Fe(CN)6, K4Fe(CN)6, H3PO4, NaH2PO4, Na2HPO4, NaOH, KCl, NaCl,
acetic acid, gold (III) tetrachloride (HAuCl4), MWCNTs and Chit were
purchased from Sigma. The MWCNTs were purchased from Ionic Liquid
Technologies. All the reagents were of analytical grade and used as
received without further purification. Doubly distilled water (DDW) was
used to prepare all the solutions. A phosphate buffer solution (PBS) with
a concentration of 0.05 M was prepared by dissolution of suitable
amounts of solid powders of NaH2PO4 and Na2HPO4 in DDW and its pH
was adjusted at 7.4 by H3PO4 and NaOH. A solution of MWCNTs was
prepared by dissolution of 15 mg of solid powder of MWCNTs in 1 mL
DMF and then, ultrasonicated for 45 min. A Chit solution was prepared
by dissolution of 10 mg Chit in 1 mL acetic acid and then, ultrasonicated
for 30 min. A redox probe solution, [Fe(CN)6]3-/4-, with a concentration
of 0.005 Mwas prepared in the PBS (0.05 M, pH 7.4). A MB solution with
a concentration of 0.01 M was prepared in the PBS (0.05 M, pH 7.4). A
solution of HAuCl4 with a concentration of 1 mM was prepared in 0.025
M KCl. A DNA solution (1.0 mg mL�1) was prepared by dissolving a
suitable amount of solid powder of DNA in 0.05 M NaCl solution. To
prepare DNA-MWCNTs gel-like mixture, 500 μL DNA solution (1.0 mg
mL�1) was added to 500 μL MWCNTs solution (1.0 mg mL�1) and well
mixed by hand-shaking.

The 3D structure of nanotubes was designed by Nanotube Modeler
software (Fig. 1A-C) and the PDB file of DNA (PDB ID: 1BNA) was
downloaded from Protein Data Bank (Fig. 1D). Nanotubes were then
docked to the DNA using Molegro Virtual Docker (MVD) software.
EQUISPEC as well-known hard-modeling chemometric algorithm was
used to determine the binding constant of the complex formed upon
interaction of NP with DNA.

All the electrochemical data were recorded by a 302N high perfor-
mance Autolab controlled by a Nova software (Version 2.1). Electro-
chemical measurements were performed in an electrochemical cell
where a GCE, an Ag/AgCl (satd. 3.0 M KCl) and a platinum wire were
acted as working, reference and auxiliary electrode, respectively. A
JENWAY-3345 pH-meter equipped with a combined glass electrode was
used to pH adjustments. Scanning electron microscopy (SEM) images
were taken by using a MIRA3TESCAN-XMU. Energy dispersive X-ray
spectroscopy (EDS) were performed for elemental analysis by an EDS-
integrated Hitachi S-4800.
2.2. Fabrication of the biosensor

Prior to the fabrication of the biosensor, the GCE as the platform of
the biosensor was well polished by alumina on a silky pad, ultrasonicated
in ethanol, rinsed with DDW and dried. To start fabrication of the
biosensor, 10 μL of Chit solution was dropped onto the surface of the
rication of the proposed biosensor in this work.



Fig. 1. (A)–(C) Different views of three-dimensional structure of the MWCNTs designed by Nanotube Modeler software represented by the CPK model and (D)
molecular structure of DNA represented by the thin stick model.
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cleaned GCE and kept at room temperature to be dried. The Chit/GCE
was immersed into 1 mM HAuCl4 solution and then, Au NPs were elec-
trochemically deposited onto its surface by scanning potential from 0.0 to
-1.5 V to fabricate Au NPs/Chit/GCE. Then, 10 μL DNA-MWCNTs was
Fig. 2. SEM images of (A) Chit/GCE, (B) Au NPs/Chit/GCE and (C) DNA-MW
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drop-casted onto the surface of the Au NPs/Chit/GCE and left to be dried
at room temperature. Finally, for intercalation of the MB into the double
helix structure of DNA molecules, the DNA-MWCNTs/Au NPs/Chit/GCE
was immersed into 1 mM MB solution and then, the as-prepared MB/
CNTs/Au NPs/Chit/GCE. (D) Characterization peaks obtained by EDS.
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DNA-MWCNTs/Au NPs/Chit/GCE was immersed into the PBS (0.05 M,
pH ¼ 7.4) solution containing 5 mM K3Fe(CN6)/K4Fe(CN6) to record
electrochemical responses.

3. Results and discussion

3.1. Characterization of the modifications

3.1.1. Morphological characterizations
The surface morphology of the GCE during stepwise modifications

was characterized by SEM analysis, and results are illustrated in Fig. 2A-
C. Fig. 2A shows the SEM image taken from the surface of Chit/GCE
which confirms the existence of a layer on the surface of the electrode
and further analysis of the electrode surface after electrodeposition of Au
NPs showed a well distribution of Au NPs onto the electrode surface as
could be seen in Fig. 2B. The next modification used to fabricate the
biosensor was characterized by SEM analysis and the results are shown in
Fig. 2C. As can be seen, the DNA-MWCNTs has formed a layer with a well
Fig. 3. (A) CVs and (B) EISs of (a) GCE, (b) Chit/GCE, (c) Au NPs/Chit/GCE, (d) DN
Enlargement of EIS of (c), (b) and (e) is shown as inset of (B). All the CVs and EISs
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distribution onto the surface of the electrode and the tubes of the
MWCNTs have been twined around each other to form an interesting and
pretty layer onto the electrode surface. Elemental analysis of Au NPs was
carried out by EDS and the signature peaks which are shown in Fig. 2D
which confirmed the successful electrodeposition of Au NPs onto the
electrode surface.

3.1.2. Electrochemical characterizations
Electrochemical techniques are very useful to characterize the mod-

ifications applied to an electrode. Among the existing electrochemical
techniques, CV and EIS are usually used to characterize the modifications
[43]. Therefore, EIS and CV were used to characterize different modified
electrodes in contact with 5 mM [Fe(CN)6]3-/4- as probe redox. The CV
responses related to different modified electrodes are shown in Fig. 3A.
As can be seen, the GCE showed a well-defined CV (curve a) which its
peak intensities were increased after its modification with Chit (curve b)
which may be related to more positive charge at the surface of Chit and
attracting the redox probe carrying negative charges. After
A-MWCNTs/Au NPs/Chit/GCE, and (e) MB/DNA-MWCNTs/Au NPs/Chit/GCE.
were recorded in 5 mM [Fe(CN)6]

3-/4- as redox probe solution.



K. Ghanbari et al. Heliyon 5 (2019) e02755
electrodeposition of Au NPs onto the surface of Chit/GCE, more
enhancement of CV response was observed (curve c) which may be
related to the more conductivity caused by the presence of Au NPs which
provide a lot of new conduction pathways to facilitate electron transfer
between electrode surface and electrolyte solution [44]. Drop-casting of
DNA-MWCNTs onto the surface of Au NPs/Chit/GCE caused a weaker
response (curve d) which may be related to the repulsion of the redox
probe carrying negative charge by the negatively charged phosphate
back-bone of the DNA immobilized on the surface of DNA-MWCNTs/Au
NPs/Chit/GCE. Subsequently, by the incubation of DNA-MWCNTs/Au
NPs/Chit/GCE into a MB solution and intercalation of MB molecules
into the double helix structure of DNA biomacromolecules, the peak
currents were increased (curve e) because, MB molecules have the pos-
itive charge and interaction of them with DNA caused their intercalation
into the double helix structure of DNA molecules on the surface of
electrode therefore, attraction of the redox probe molecules towards the
electrode surface is occurred [45].

Modifications were further characterized by EIS and the results are
shown in Fig. 3B. As can be seen, the diameter (charge transfer resistance,
Rct) of the EIS curve of the GCE (curve a) was decreased (curve b) by the
presence of Chit onto its surface which was compatible with CV results.
After electrodeposition of Au NPs, a further decrease in the Rct was
observed (curve c) which was related to the more electrical conductivity
of the Au NPs/Chit/GCE than Chit/GCE. By the presence of DNA-
MWCNTs at the surface of Au NPs/Chit/GCE, a significant increase in
Rct was observed (curve d) which may be related to the fact that the
negatively charged phosphate backbone of the DNA molecules caused an
electrostatic repulsion to [Fe(CN)6]3-/4- which decreased the access of the
redox probe molecules to the electrode surface. Finally, by the incubation
of the DNA-MWCNTs/Au NPs/Chit/GCE with a MB solution, the Rct was
decreased (curve e) which may be related to the presence of MB mole-
cules with positive charge which caused an electrostatic attraction be-
tween the electrode surface and redox probe molecules.
3.2. Computational supporting evidence

In this section, docking studies helped us to have insights into the
interactions between DNA and MWCNTs which can support the experi-
mental results. Here, the MVD software was used to realize the binding
mode of MWCNTs at the DNA. Fig. 4 shows the groove binding of
MWCNTs to the major groove of DNA. These results confirmed formation
of DNA-MWCNTs nanobiocomposite from computational point of view
which supports the possibility of using the DNA-MWCNTs nano-
biocomposite for analytical purposes.

In order to compute the binding constant related to the complex
formed upon interaction of NP with DNA, the DPV data related to the
addition of NP in the range of 0–5�10�4 M to 5�10�4 M DNA were
Fig. 4. Results of molecular modeling related to the groo
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recorded (not shown) and by modeling the data by EQUISPEC as a well-
known hard-modeling chemometric algorithm, the binding constant was
calculated to be 3.11�106 M�1.
3.3. Influence of the different modified electrodes on the MB loading

In order to compare loading of MB onto different electrodes including
DNA/GCE, DNA/Chit/GCE, DNA/AuNPs/Chit/GCE and DNA-MWCNTs/
Au NPs/Chit/GCE, the EIS responses of different electrodes in 5 mM
[Fe(CN)6]3-/4- were recorded and the results are shown in Fig. 5A. As can
be seen, the responses were apparently different and the EIS curve of the
MB/DNA-MWCNTs/Au NPs/Chit/GCE (curve d) had the lowest Rct
among the tested electrodes which confirmed that it had the relatively
highest MB loading. The results showed that the DNA-MWCNTs formed a
nanobiocomposite which was a stable and suitable platform for loading
of MB and facilitated interaction of MB with DNA. Therefore, choosing it
for sensing the DNA damage induced by NP due to showing sharp
changes in its response in the presence of NP was preferred.
3.4. Influence of time of incubation with MB and NP

In order to find excellent efficiency of the designed biosensing system,
the time of incubation of DNA-MWCNTs/Au NPs/Chit/GCE with MB and
NP solutions as important parameters affecting the biosensor response,
were investigated by the EIS method. To achieve this goal, the DNA-
MWCNTs/Au NPs/Chit/GCE was prepared and immersed into a 1 mM
MB solution with different incubation times ranging in 30–180 min and
the EIS responses were recorded. Our records confirmed that the ΔRct
(ΔRct ¼ Rct(t)-Rct(0), where Rct(0) and Rct(t) are the diameter of the EIS
curves of the DNA-MWCNTs/Au NPs/Chit/GCE without incubation with
MB and incubation with 1 mM MB at different incubation times (t),
respectively) was increased with the increase of the time of incubation
with MB from 30 min to 120 min, and then was unchanged for the pro-
longing time (not shown). Therefore, 120min was selected as the optimal
incubation time with MB and used for our next studies. As mentioned
above, the time of incubation of biosensor with NP is an important factor
which can affect the biosensor response therefore, it was investigated by
immersing of MB/DNA-MWCNTs/Au NPs/Chit/GCE into a 1 mM NP so-
lution for different incubation times ranging in 10–100min. Then, the EIS
response of the MB/DNA-MWCNTs/Au NPs/Chit/GCE in the redox probe
at the different incubation times were recorded and ΔRct (ΔRct ¼ Rct(t)-
Rct(0), where Rct(0) and Rct(t) are the diameter of the EIS curves of the
DNA-MWCNTs/AuNPs/Chit/GCEwithoutMBand treatingwith 1mMNP
at different incubation times (t), respectively) was increased with
increasing time of incubation with NP from 10 min to 60 min, and then
equilibrated to the constant value (not shown). Therefore, 60 min was
chosen as the optimal time for incubation of the biosensor with NP.
ve binding of MWCNTs to the major groove of DNA.



Fig. 5. (A) The EIS curves of different electrodes in 5 mM [Fe(CN)6]3-/4-: (a) MB/DNA/GCE, (b) MB/DNA/Chit/GCE, (c) MB/DNA/Au NPs/Chit/GCE, and (d) MB/
DNA-MWCNTs/Au NPs/Chit/GCE. (B) The EIS responses of MB/DNA-MWCNTs/Au NPs/Chit/GCE without treating with NP (curve a) and upon different treating
times with 0.5 mM NP ranging in 10–60 (curves b-g). (C) Investigation of the generation/regeneration of the MB/DNA-MWCNTs/Au NPs/Chit/GCE: recorded EIS
curves of DNA-MWCNTs/Au NPs/Chit/GCE in 5 mM [Fe(CN)6]3-/4- after (a) loading, (b) releasing and (c) reloading of the MB.
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In order to investigate the extent of the DNA damage induced by NP,
the damage rate of the DNA was estimated by the EIS. To achieve this
goal, the EIS responses of MB/DNA-MWCNTs/Au NPs/Chit/GCE upon
different treating times with 0.5 mM NP ranging in 10–60 min with an
increment of 10 min were recorded which are shown in Fig. 5B. The ratio
of Rct(t)/Rct(0) (Rct(0) corresponds to the EIS curve of the biosensor
without treating with NP and Rct(t) corresponds to the EIS curves of the
biosensor after 10, 20, 30, 40, 50 and 60 min incubation with NP (curves
b-g)) was plotted versus time of incubation with 0.5 mM NP which is
shown as the inset of Fig. 5B. As can be seen, a linear behavior was
observed. Slope of the plot gave the rate of damage which was 0.0356
min�1.

3.5. Testing generation/regeneration of the MB/DNA-MWCNTs/Au NPs/
Chit/GCE

In order to examine the generation/regeneration of the MB/DNA-
MWCNTs/Au NPs/Chit/GCE, it was immersed into a 1 mM MB solu-
tion for 120 min and then, its EIS response was recorded by immersing it
into a 5 mM [Fe(CN)6]3-/4- (loading MB, Fig. 5C, curve a). Then, the MB/
DNA-MWCNTs/Au NPs/Chit/GCE was immersed into the PBS (0.05 M,
pH 7.4) for 120 min to release MB and its EIS response was recorded in
5.0 mM [Fe(CN)6]3-/4- (releasing MB, Fig. 5C, curve b). As can be seen,
the Rct was increased which was related to the releasing some MB mol-
ecules. By releasing someMBmolecules from the biosensor surface, some
positive charges are missed which causes the existence of more negative
charges at the biosensor surface therefore, repulsion of the redox probe
molecules can be occurred and increasing the Rct could be seen. The next
attempt was focused on re-immersing the electrode into a 1 mM MB
solution for 120 min and recording its EIS response in the redox probe
solution (reloading MB, Fig. 5C, curve c). As can be seen, the Rct was
decreased due to the increasing the positive charge at the electrode
6

surface which caused electrostatic attraction of redox probe molecules
carrying negative charges. The results mentioned above confirmed that
the biosensor response had a good generation/regeneration ability.

3.6. Impedimetric detection of the DNA damage

To verify the performance of the MB/DNA-MWCNTs/Au NPs/Chit/
GCE as the fabricated biosensor for detecting DNA damage induced by
NP, its EIS responses after incubation with different concentrations of NP
ranging in 0.01–128.61 μM were recorded under the optimal experi-
mental conditions. To achieve this goal, the biosensor was incubated
with different concentrations of NP for 60 min and then, its EIS responses
were recorded which are shown in Fig. 6A. As can be seen, by immersing
the MB/DNA-MWCNTs/Au NPs/Chit/GCE into solutions of NP with
different concentrations, the Rct was increased which was occurred
because of the insertion of NPs into the DNA and reducing its charge
transport. Insertion of the NPs into DNA structure may cause a more
negative charge on the DNA surface which hinders accessibility of the
[Fe(CN)6]3-/4- anion to the biosensor surface. In order to develop a novel
electroanalytical methodology for determination of NP according to the
EIS data recorded for detection of DNA damage induced by NP, ΔRct
values (ΔRct ¼ Rct� Rct0, where Rct

0 and Rct are the diameter of the EIS
curve of the biosensor in the absence and presence of NP, respectively)
were regressed on NP concentrations to build a calibration curve which
can be seen in Fig. 6B. The results showed that the EIS responses of the
biosensor were linearly changed over two concentration ranges of NP
including 0.01 μM–3.61 μM and 3.61 μM–128.61 μM. The calibration
curve obeyed from equations ΔRct (Ω) ¼ 14.501x þ 12.136 (R2 ¼
0.9804) and ΔRct (Ω) ¼ 0.8491x þ 63.803 (R2 ¼ 0.9951) and limit of
detection (LOD) was calculated according to IUPAC recommendations
(3Sb/b, where Sb is the standard deviation (n ¼ 6) of the blanks, and b is
the slope value of the calibration graph) which was 3.5 nM.



Fig. 6. The EIS curves of the MB/DNA-MWCNTs/Au NPs/Chit/GCE in 5 mM [Fe(CN)6]3-/4- after incubation with different concentrations of NP ranging in
0.01–128.61 μM for 60 min. Inset shows the calibration graph obtained from linear regression of ΔRct values on NP concentrations.

Table 1
A comparison study between different electrochemical approaches for detection
of DNA damage.

Sensor Method Damaging reagent Long term
stability

Ref.

CS/ds-DNA/Ag-PGL/
GCE

LSV Fe2þ/H2O2 15 days [46]

DNA–XOD/GCE SWV Xanthine/FeSO4 7 days [47]
DNA–XOD/GCE SWV FeSO4/glucose - [48]
dsDNA/GCE SWV Fe2þ/EDTA/H2O2 - [6]
(MWCNTs/PDDA/
ds-DNA)2/PGE

DPV Cr(VI)/GSH/H2O2 - [49]

(PDDA/dsDNA)3/
GCE

CV V2O5nanobelts/
HCl/H2O2

30 days [50]

DNA/GCE SWV Fe2þ/H2O2 - [51]
DNA/AuNPs/SPGE EIS CuSO4/H2O2/AA 21 days [7]
dsDNA/GO-CS/
AuNPs/GCE

EIS and
DPV

NP, BPA and OP 15 days [45]

MB/DNA-MWCNTs/
Au NPs/Chit/GCE

EIS NP 30 Days This
work
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3.7. Stability, repeatability and reproducibility

To evaluate the stability of the fabricated biosensor, its EIS responses
in 5 mM [Fe(CN)6]3-/4- after immersing it into a 50 μMNP solution for 60
min were recorded and then, the biosensor was stored in the PBS (0.05M,
pH 7.4) at 4 �C for 30 days. After this time, the EIS response of the
biosensor was recorded and the results exhibited that the biosensor was
able to retain 97.8% of its initial response which confirmed that the
biosensor response had a good stability. The repeatability of the devel-
oped biosensor was examined by applying it to the determination of 50
μM NP for six times during a day and the results showed a relative
standard deviation (RSD) of 3.66% which confirmed that the biosensor
response was repeatable. The reproducibility of the proposed biosensor
was investigated by using five biosensors fabricated under the same
conditions. These biosensors were applied to the detection of the DNA
damage induced by 50 μM NP and a RSD of 4.13% was calculated which
confirmed that the biosensor response was reproducible.
PDDA: poly (diallyldimethylammoniumchloride); PGE: pencil graphite elec-
trode; GSH: glutathione (γ-l-glutamyl-l-cysteinyl-glycine); MB: methylene blue;
BPA: bisphenol A; OP: 4-t-octylphenol; GO: graphene oxide; CS: chitosan; PGL:
poly l-glutamic acid; LSV: linear sweep voltammetry; SWV: square wave vol-
tammetry; DPV: differential pulse voltammetry.
3.8. Comparison with the previous works published in the literature

In this section, we have collected the results of the previous works
published in the literature to compare our work with them and the in-
formation has been collected in Table 1. As can be seen, the biosensor
proposed in this study was more stable than the reported biosensors by
the previous works which may be related to integration of experimental
and computational evidence to design and fabricate the biosensor as
found by the previous works [52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62,
63, 64].

4. Conclusions

In this work, a novel biosensor was fabricated based on layer-by-layer
modification of a GCEwithMB/DNA-MWCNTs/Au NPs/Chit to detection
of DNA damage induced by NP. After characterization of the modifica-
tions by CV, EIS, SEM and theoretical methods, the operating conditions
were optimized and then, under optimal conditions the biosensor was
incubated with NP and its EIS response was recorded. The results showed
7

that the EIS response of the biosensor was increased in the presence of NP
which was occurred because of the insertion of NPs into the DNA and
reducing its charge transport. Insertion of the NPs into DNA structure
may cause a more negative charge on the DNA surface which hinders
accessibility of the [Fe(CN)6]3-/4- anion to the biosensor surface. There-
fore, the EIS response of the biosensor was a useful technique to monitor
the DNA damage induced by NP. The next step of our study was focused
on developing a novel and indirect electroanalytical method for deter-
mination of NP based on the biosensor response to the DNA damage
induced by NP. To achieve this goal, the ΔRct values were regressed on
NP concentrations to build a calibration curve. Moreover, our records
confirmed that the biosensor exhibited satisfactory stability and repro-
ducibility for detecting DNA damage induced by NP.
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