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In this work, a novel impedimetric biosensor has been fabricated for detection of DNA damage induced by doxo-
rubicin (DX). Cytochrome P450 reductase (CPR) is required for electron transfer from nicotinamide adenine di-
nucleotide phosphate (NADPH) to cytochrome P450 (CP450) which causes DX to undergo a one-electron
reduction of the p-quinone residue to form the semiquinone radical resulting in the generation of free hydroxyl
radical which causes DNA damage. After modification of bare glassy carbon electrode (GCE) with multiwalled
carbon nanotubes (MWCNTs) and chitosan (Ch), CPR and CP450 were co-immobilized onto the surface of Ch/
MWCNTs/GCE by cross-linking CPR, CP450 and Ch through addition of glutaraldehyde. Then, the DNA was as-
sembled onto the surface of CPRCP450/Ch/MWCNTs/GCE to fabricate the biosensor (DNA/CPRCP450/Ch/
MWCNTs/GCE). Modifications applied to the bare GCE to fabricate the biosensor were characterized by CV, EIS
and SEM. The DNA/CPRCP450/Ch/MWCNTs/GCE was treated in the damaging solution (DX + NADPH) which
caused a significant DNA damage and the exposed DNA bases reduced the electrostatic repulsion of the nega-
tively charged redox probe leading to Faradaic impedance changes. Performance of the biosensor for detection
of DNA damage in the presence of Spinach extract was also examined and finally, an indirect impedimetric
method was developed for determination of DX.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

DNA is an important functional biomacromolecule and detection of
its damage is important because of its critical role inmutagenesis, carci-
nogenesis and aging [1]. Reactive oxygen species (ROS), ionizing radia-
tion and chemicals are some endogenous and exogenouswhich are able
to DNA damage [1,2]. If the damaged DNA cannot be repaired duly, the
induced gene mutation can cause cancer and tumor in DNA replication
process [3]. Therefore, rapid detection of DNAdamage is important from
clinical point of view.

Doxorubicin (DX) with the trade name of adriamycin is a chemo-
therapy medication used to treatment of a variety of human cancers
[4–8]. The main anticancer action of DX is related to involve DNA dam-
age through topoisomerase II inhibition and free radical generation
[6,7]. Many previous studies have shown that the quinone residue of
DX can undergo one-electron reduction at the p-quinone residue medi-
ated by nicotinamide adenine dinucleotide phosphate (NADPH)-
Fats, Kermanshah University of
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cytochrome P450 reductase (CPR)-cytochrome P450 (CP450) where
CPR causes one-electron transfer from NADPH to CP450 [9]. The
semiquinone radical generated by CPR can react with O2 to generate
O2•− which is dismutated to H2O2 [9]. The semiquinone radical reacts
with H2O2 to generate •OH, resulting in DNA damage (Scheme 1).

There are many analytical methods such as capillary liquid
chromatography-mass spectrometry/mass spectrometry [4], fluores-
cence [5], 32P-postlabeling [6], capillary zone electrophoresis [7] and
photoelectrochemical method [8] which can be applied to detect DNA
damage. Although, these methods are accurate but, generally are per-
formed at centralized laboratories which require long assay time and
high cost. Therefore, developing new methods which are rapid and
low-cost for detection of DNA damage are highly demanded. Among
the existed methods, electrochemical methods offer an attractive alter-
native approach for simple, inexpensive and sensitive detection of DNA
damage [10–21].

The antioxidantsmolecules are able to remove the excess ROS in the
bodywhichmake a balance between produced ROS and antioxidant de-
fense system. If overproduction of ROS or insufficient antioxidant de-
fense disturbs this balance, its consequence will increase the ROS
which ends up in oxidative stress [22]. Therefore, an essential way to
prevent the DNA damage is using antioxidants. Spinach with the term

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2018.11.278&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2018.11.278
alireza.jalalvand@kums.ac.ir
Journal logo
https://doi.org/10.1016/j.ijbiomac.2018.11.278
http://www.sciencedirect.com/science/journal/
http://www.elsevier.com/locate/ijbiomac


Scheme 1. The proposed mechanisms for DNA damage induced by doxorubicin [9].
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of Spinacea oleracea is an important vegetable from beet group. The pre-
vious studies have reported the presence of a series of powerful natural
antioxidants such as glucuronic acid derivatives of flavonoids and three
additional fractions as trans and cis isomers of p-coumaric acid and
others as meso-tartarate derivatives of p-coumaric acid in the extract
of Spinach leaves [23]. Therefore, in the present study, spinach effects
in preventing the DNA damage induced by DX will be investigated.

In fabricating electrochemical sensors and biosensors, the bare
glassy carbon electrode (GCE) is usually modified with different mate-
rials with the aim of improving its selectivity and sensitivity and some-
times electrochemical methods are combined with chemometric
methods [24–47]. In this work, to achieve this goal, we have modified
the bare GCE to fabricate a novel biosensor for detection of DNAdamage
induced by DX. Carbon nanotubes (CNTs) because of their excellent
electrical and mechanical properties such as high surface area, high
electron transfer rate, high stability and minimization of the surface
fouling have received a lot of attention for constructing electrochemical
sensors and biosensors [47]. Chitosan (Ch) as a natural biopolymer is
biocompatible, water permeable and nontoxic which has highmechan-
ical strength and excellent film forming ability [45]. Immobilization of
the enzyme onto the biosensor surface could be performed by entrap-
ment, adsorption cross-linking and covalent attachment [47]. Among
the mentioned approaches, cross-linking approach is preferable be-
cause of the limitation of physical adsorption by some problems such
as enzyme leaching from the biosensor surface [47]. Therefore, CPR
and CP450were simultaneously co-immobilized onto the electrode sur-
face by cross-linking enzymes and Ch through addition of glutaralde-
hyde. Finally, the DNA was assembled onto the surface of CPRCP450/
Ch/MWCNTs/GCE to fabricate the biosensor (DNA/CPRCP450/Ch/
MWCNTs/GCE).

In this project, we are going to develop a novel biosensor for detec-
tion of DNA damage induced by DX and testing its potential as an ana-
lytical tool for indirect quantitative analysis of DX. However, DX is a
chemotherapymedication used to treatment of a variety of human can-
cers and its main anticancer action is related to involve DNA damage
through topoisomerase II inhibition and free radical generation but, in
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second section of our study, we are going to examine the performance
of the developed biosensor to monitor the DNA damage induced by
DX but in the presence of Spinach extract which its antioxidant effects
have been proven by the previous studies. In this section of our study,
we have to main goals including examination of the performance of
the developed biosensor for detection of DNA damage even in the pres-
ence of an antioxidant and confirming the antioxidant effects of the
Spinach extract by a novel biosensor. Finally, the biosensor will be
used to indirect quantitative analysis of DX.
2. Experimental

2.1. Chemicals and solution

The DNA, DX, CPR, CP450, glutaraldehyde, 1,1-diphenyl-2-
picrylhydrazyl, Ch, sodiumhydroxide,methanol and dimethylformamide
(DMF) were purchased from Sigma. The MWCNTs were purchased from
Ionic Liquid Technologies. The other reagents were purchased from legal
sources and used as received without any further purification. Doubly
distilled water (DDW) was used to prepare all the solutions. A Tris-HCl
buffer solution (TBS, 0.1 M) of pH 7.0 was prepared in DDW and kept
in a refrigerator. To prepare MWCNTs solution, 6.0 mg MWCNTs was
added to 2.0mLDMF andultrasonicated for 30min. To prepare the Ch so-
lution, 10 mg Ch was added to 1.0 mL acetic acid and ultrasonicated for
60 min. A stock solution of DX (0.1 M) was prepared in the TBS (0.1 M,
pH7.0) andworking solutionswere prepared by applying appropriate di-
lutions to the stock solution. Solutions of CPR and CP450 were prepared
in the TBS (0.1 M, pH 7.0) with a concentration of 50 UmL−1. A DNA so-
lutionwith a concentration of 2.0mg/mLwasprepared in the TBS (0.1M,
pH 7.0). The electrochemical probe, [Fe(CN)6]3−/4−, with a concentration
of 5 mM was prepared in the TBS (0.1 M, pH 7.0) containing 0.1 M KCl.
Stock solution of the spinach extract with a concentration of 100 ppm
was prepared in the TBS (0.1 M, pH 7.0). All the solutions were covered
and kept in the refrigerator until analysis time.
2.2. Instruments

All the electrochemical experiments were performed by an Autolab
PGSTAT302N-high performance controlled by the NOVA 2.1.2 software.
The Autolab instrument was equipped by an electrochemical cell where
a bare ormodifiedGCE, anAg/AgCl electrode and a Ptwirewere acted as
working, reference and counter electrode, respectively. Electrochemical
impedance spectroscopy (EIS) was carried out using the same three-
electrode configurationmentioned above in 5mM [Fe(CN)6]3−/4− solu-
tion containing 0.1 M KCl adjusted by the TBS (0.1 M, pH 7.0) in a fre-
quency range from 0.1 Hz to 100 kHz. The SEM images were captured
by a KYKYEM 3200 scanning electron microscope. An ELMEIRON pH-
meter (CP-411) was used to pH adjustments.
2.3. Preparation of the biosensor

Prior to the modification of the bare GCE, it was well polished on a
silky pad rinsed in an alumina slurry and then rinsedwithDDWand im-
mersed into a beaker containing ethanol and ultrasonicated for 15 min.
Finally, the GCE was rinsed with DDW. At the first step of the modifica-
tion process, 10 μL MWCNTs was dropped onto the surface of GCE and
left to be dried at room temperature. Then, 8 μL Ch was dropped onto
the surface of MWCNTs/GCE and left to cover the electrode surface.
The electrode was then immersed in 0.25% glutaraldehyde solution for
2 h. Then, 5 μL CPR 50 U mL−1 was mixed with 5 μL CP450 50 U mL−1

and dropped onto the electrode surface. Finally, 10 μL DNA
(2.0 mg/ mL) was dropped onto the surface of the electrode and left to
be dried at room temperature. The preparation procedure is schemati-
cally illustrated in Scheme 2.
2.4. Preparation of the spinach extract

Spinach extract was prepared according to Ref. [48]. Spinach leaves
were collected from an agricultural land in Kermanshah, Iran. Spinach
leaves were washed and cut into small pieces and dried in the shade.
Dried small pieces of Spinach were ground into a fine powder using a
homogenizer. Then, 300 g of the obtained powder was dissolved in
3000 mL ethanol 70% and put in Soxhlet extractor for 8 h. The collected
extract wasfiltered and evaporated into a glass container. The remained
dried extractwas poured into a glass container and kept in a refrigerator
until analysis time.

2.5. Determination of 1,1-diphenyl-2-picrylhydrazyl (DPPH•) radicals scav-
enging activity

DPPH• is stable free radical at room temperature and accepts an elec-
tron/hydrogen radical to become a stable diamagneticmolecule. The re-
duction capability of DPPH• is determined by the decrease in its
absorbance at 5 l7 nm, induced by antioxidants. The decrease in absor-
bance of DPPH• is caused by antioxidants, because of the reaction be-
tween antioxidant molecules and radicals, progresses, which results in
the scavenging of the radical by hydrogen donation. Hence, DPPH• is
usually used as a substrate to evaluate the antioxidative activity. To as-
sess radical scavenging activities of Spinach leaves extract, different
concentrations of the extract including 0.5, 1, 2.5, 5, 7.5 and 10 mg/L
were taken in separate test tubes and the volume was adjusted to 100
μL with methanol and 5 mL of 0.1 mM methanolic solution of DPPH•
was added to these tubes and shaken vigorously. The tubes were
allowed to stand for 20 min at 27 °C. The control was prepared as
above without any extract, andmethanol was used for the baseline cor-
rection (blank). Changes in the absorbance of the samples were mea-
sured at 517 nm. Radical scavenging activity was expressed as the
inhibition concentration (IC50), i.e., the concentration of extract neces-
sary to decrease the initial concentration of DPPH• by 50% (IC50) under
the specified experimental condition. This was obtained by interpola-
tion and using linear regression analysis which was calculated to be
5 mg/L.

IC %ð Þ ¼ ASample−ABlank

AControl

� �
� 100 ð1Þ

3. Results and discussion

3.1. Characterization of the prepared biosensor

When a bare GCE ismodified to fabricate a novel biosensor, different
methods are usually applied to characterize the modifications. There-
fore, we are going to use electrochemical and microscopic methods to
characterize the modifications applied to the bare GCE to fabricate the
proposed biosensor in this study. The results of the characterizations
will be discussed in next sections.

3.1.1. Electrochemical characterization
Electrochemical methods such as EIS and cyclic voltammetry (CV)

are well-known methods which have been frequently used to monitor
the modifications applied to the bare electrodes to fabricate electro-
chemical sensors and biosensors. Therefore, in this section, we are
going to use them for characterizing the modification steps applied to
the bare GCE to fabricate the proposed biosensor.

The EIS measurements were performed in an electrochemical cell
where a bare or modified GCE, an Ag/AgCl and a Pt wire were acted as
working, reference and counter electrode, respectively. These three
electrodes were immersed into the electrochemical probe, [Fe(CN)6]3
−/4−, with a concentration of 5 mM prepared in the TBS (0.1 M,
pH 7.0) containing 0.1 M KCl and then, the EIS curves were recorded



Scheme 2. Schematic representation of the fabrication procedure of the proposed biosensor in this study.
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and fitted by fit and simulation command provided by the Nova soft-
ware. An EIS curve has a semicircle portion and its diameter reflects
the charge transfer resistance (Rct). By the modification of the bare
GCE with different layers, different Rct values will be obtained which
can be used to justify the impact of the modifications. The EIS curves
of the bare GCE (curve a), MWCNTs/GCE (curve b), Ch/MWCNTs/GCE
(curve c), CPRCP450/Ch/MWCNTs/GCE (curve d) and DNA/CPRCP450/
Ch/MWCNTs/GCE (curve e) are showing in Fig. 1A. As can be seen, the
bare GCE showed a semicircle with a Rct value of 1920 Ω and after
drop-casting of MWCNTs onto its surface, its Rct value was decreased
(389 Ω) which confirmed faster and more facile electron transfer was
occurred at the surface of MWCNTs/GCE. By the presence of Ch at the
surface of MWCNTs/GCE, the Rct value was increased (1108 Ω) which
confirmed slower charge transfer was occurred at the surface of Ch/
MWCNTs/GCE. Observing higher Rct value at the surface of Ch/
MWCNTs/GCE than MWCNTs/GCE is related to the presence of Ch
which can block the electrode surface in some extent. After co-
immobilization of CPR and CP450 at the surface of Ch/MWCNTs/GCE,
the Rct value was decreased (757 Ω) which may be related to the elec-
trostatic attraction between positively charged surface of the enzymes
at pH 7 and negatively charged electrochemical probe [38]. The final
modification step of the biosensor which included drop-casting of
Fig. 1. (A) and (B) EISs and CVs of (a) GCE, (b) MWCNTs/GCE, (c) Ch/MWCNTs/GCE, (d) CPR
electrochemical probe solution, [Fe(CN)6]3−/4−, with a concentration of 5 mM prepared in the
DNA at the electrode surface showed an increase in Rct value which
was related to the repulsion of the electrochemical probe carrying neg-
ative charge with negatively charged DNA.

The CV is another important electrochemical method which has
been applied to monitor the modifications. Fig. 1B shows the CVs of
different electrodes including GCE (curve a), MWCNTs/GCE (curve
b), Ch/MWCNTs/GCE (curve c), CPRCP450/Ch/MWCNTs/GCE (curve
d) and DNA/CPRCP450/Ch/MWCNTs/GCE (curve e) in the electro-
chemical probe. As can be seen, the bare GCE showed a well-
defined CV and after modifying it by MWCNTs, its peak currents
were increased manifesting the great role of MWCNTs in fastening
the rate of charge transfer at the electrode surface. After drop-
casting of Ch onto the surface of MWCNTs/GCE, the rate of charge
transfer at the electrode surface was decreased as can be clearly ob-
served from the peak currents and peak separation (ΔE = Ec − Ea).
The presence of the enzymes at the electrode surface caused an elec-
trostatic attraction between the enzymes and the electrochemical
probe and therefore, reinforcing the electrochemical response of
the CPRCP450/Ch/MWCNTs/GCE. Finally, the presence of DNA at
the electrode surface caused an electrostatic repulsion between
DNA and the electrochemical probe and therefore, a weaker re-
sponse was observed for DNA/CPRCP450/Ch/MWCNTs/GCE.
CP450/Ch/MWCNTs/GCE and (e) DNA/CPRCP450/Ch/MWCNTs/GCE immersed into the
TBS (0.1 M, pH 7.0) containing 0.1 M KCl. Scan rate of CVs is 50 mV s−1.
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3.1.2. Morphological characterization by SEM
SEM is a powerful method which can obtain suitable information

about the surface of the modified electrodes. Therefore, it was applied
to the monitoring of the modifications applied to the fabrication of the
biosensor and the results are shown in Fig. 2. The first step of the mod-
ification caused presence of MWCNTs as can be seen in Fig. 2A. The
tubes of MWCNTs have been twined around each other and formed a
layer at the electrode surface. The SEM image captured from the surface
of Ch/MWCNTs/GCE is shown in Fig. 2B which shows that Ch has
formed a new layer which has covered the MWCNTs. Fig. 2C shows
that after co-immobilization of CPR and CP450 onto the surface of Ch/
MWCNTs/GCE, another new layer is formed on the surface of the previ-
ous layer. Our records related to the DNA/CPRCP450/Ch/MWCNTs/GCE
showed that DNA has formed a dark layer on the surface of the biosen-
sor which can be clearly observed in Fig. 2D.

3.2. Optimization of the factors affecting the biosensor response

In order to obtain a satisfied response for the biosensor, the effects of
some factors have been investigated. It was found that the amounts of
MWCNTs, Ch, CPR, CP450, DNA, NADPH and incubation time affected
the EIS response of the biosensor. To optimize the EIS response, the per-
formance of the biosensors fabricated with different concentrations of
MWCNTs, Ch, CPR, CP450, DNA, NADPHwas studied under different in-
cubation times with the same concentration of the target DX in the
damaging solution DX (0.1 × 10−6 M) + NADPH (varying). To investi-
gate the effect of these parameters, one parameter was changed while
the other parameters were kept constant. The effects of the parameters
were investigated to achieve the maximum value for Rct as the optimal
response. As can be seen in Fig. 3, theRct valuewas affected byMWCNTs,
Ch, CPR, CP450, DNA, NADPH and incubation time. According to the
maximum value for Rct as the desired response, the optimal values of
MWCNTs, Ch, CPR, CP450, DNA, NADPH and incubation time were cho-
sen to be 6mg/2 mL, 10 mg/mL, 50 UmL−1, 2 mg/mL, 2 mM and 8min,
respectively. Thus, these optimized values were used in the standard
procedures.
Fig. 2. SEM images of (A) MWCNTs/GCE, (B) Ch/MWCNTs/GCE, (C) CPRC
3.3. Impedimetric detection of the DNA damage

Monitoring of the DNA damage was performed via the developed
DNA biosensor based on EIS approach. Any alteration in the interfacial
properties between the electrode and the electrolyte created by the
DNA damage can cause a change in the EIS response of the biosensor
therefore, the DNA damage can be monitored by the biosensor re-
sponse. To investigate the DNA damage caused by DX, the EIS data
were recorded by the immersion of DNA/CPRCP450/Ch/MWCNTs/GCE
into the damaging solution DX (0.1 × 10−6 M) + NADPH (2.0
× 10−3 M) for 8 min (Fig. 4, curve a) and then, the biosensor was im-
mersed into the electrochemical probe. The EIS response of the biosen-
sor showed a semicircle with a diameter of 1424 Ω, after increasing
concentration of the DX in the damaging solution (5.0× 10−6M), an ob-
vious decrease (Fig. 4, curve b) was observed in Rct, 923Ω. Our next try-
ing in increasing concentration of DX to 1.0 × 10−5 M showed more
decrease in the Rct (615 Ω) Fig. 4, curve c. The main anticancer action
of DX is related to involve DNA damage through topoisomerase II inhi-
bition and free radical generation and the quinone residue of DX can un-
dergo one-electron reduction at the p-quinone residue mediated by
NADPH-CPR-CP450 where CPR causes one-electron transfer from
NADPH to CP450. The semiquinone radical generated by CPR can react
withO2 to generateO2•−which is dismutated toH2O2. The semiquinone
radical reacts with H2O2 to generate •OH, resulting in DNA damage and
the exposed DNA bases reduced the electrostatic repulsion of the nega-
tively charged redox probe leading to decreasing the Rct.

The results mentioned above confirmed that the biosensor can be
used in monitoring the DNA damage induced by DX. But, in our next
studies, the biosensor will be used to investigate the protective effects
of the Spinach extract on DNA against damage.

3.4. Evaluation of the protective effect of spinach extract on DNA against
damage

In this section, we have examined the performance of the developed
biosensor for detection of DNA dame induced by DX in the presence of
P450/Ch/MWCNTs/GCE and (D) DNA/CPRCP450/Ch/MWCNTs/GCE.



Fig. 3. The effects of different variables on impedimetric response of DNA/CPRCP450/Ch/MWCNTs/GCE to DX (0.1 × 10−6 M).

968 M.M. Zangeneh et al. / International Journal of Biological Macromolecules 124 (2019) 963–971
Spinach extract and the EIS results are showing in Fig. 4 (curves d and
e). As can be seen, after incubation of the biosensor in the damaging so-
lutionDX (0.1 × 10−6M)+NADPH (2.0× 10−3M) but in the presences
of 5 ppmSpinach extract and immersing into the electrochemical probe,
its EIS response didn't show any significant change in comparison with
its EIS response in the absence of Spinach extract (curve a). A same re-
sult was observed in the presence of increasing concentration of the
Spinach extract (10 ppm, curve e). These results illustrate that the Spin-
ach extract can prevent DNA damage due to its antioxidant activity [23].

3.5. EIS as an indirect method for quantitative analysis of DX

As demonstrated before, the EIS response of the DNA/CPRCP450/Ch/
MWCNTs/GCEwas affected by the concentration of DX; this possibly oc-
curred because the exposed DNA bases reduced the electrostatic repul-
sion of the negatively charged probe leading to Faradaic impedance
changes. Therefore, the EISmethod could be used as an indirect method
for the determination of DX. To achieve this goal, the DNA/CPRCP450/
Ch/MWCNTs/GCE was immersed for 8 min into several damaging solu-
tions containing different concentrations of DX and then, the pretreated
biosensor was immersed into the electrochemical probe and its EIS re-
sponses were recorded. Subsequently, the relationship between ΔRct/
R0ct values (ΔRct = R0ct − Rct, R0ct: the diameter of the semicircle of
the EIS curve of DNA/CPRCP450/Ch/MWCNTs/GCE in the absence of
DX (Fig. 5A, curve a), Rct: the diameter of the semicircle of the EIS
curve of DNA/CPRCP450/Ch/MWCNTs/GCE in the presence of DX
(Fig. 5, curves b-n)) and the concentrations of synthetic DX samples
was studied (Fig. 5B). To obtain a linear calibration graph, the ΔRct/R0ct
values were regressed on log (CDX) values as shown in Fig. 5C. As can
be seen, there is a linear relationship between ΔRct/R0ct and the concen-
tration of DX over a concentration range of 0.1–150 μM (R2 0.996). The
limit of detection (LOD) of this method was calculated to be 0.05 μM



Fig. 4. The EIS responses of theDNA/CPRCP450/Ch/MWCNTs/GCE in5mM [Fe(CN)6]3−/4−

after immersing into the damaging solutions (NADPH (2.0 × 10−3 M) + DX (varying))
and incubation for 8 min. Curves a, b and c have been recorded upon 0.1 × 10−6 M, 5.0
× 10−6 M and 5.0 × 10−6 M DX, respectively. Curves d and e are the same as curve a
but in the presence of 5 and 10 ppm spinach extract, respectively.

Fig. 5. (A) EIS responses of the DNA/CPRCP450/Ch/MWCNTs/GCE against variation in
concentration of DX, (B) and (C) calibration graphs for ΔRct/Rct0 vs. concentration of DX
and ΔRct/Rct

0 vs. log (concentration of DX), respectively.

969M.M. Zangeneh et al. / International Journal of Biological Macromolecules 124 (2019) 963–971
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 respective
calibration graph). Therefore, we can conclude that the proposed bio-
sensor can be used for indirect determination of DX.

3.6. Stability, and reproducibility

Stability and reproducibility are two important characteristic pa-
rameters of a biosensor which must be examined and determined
prior to suggesting it for practical purposes. Therefore, this section of
our studywas devoted to the investigation of the stability and reproduc-
ibility of the developed biosensor. The stability of the DNA/CPRCP450/
Ch/MWCNTs/GCE was investigated by immersing it into the damaging
solution DX (0.1 × 10−6 M) + NADPH (2.0 × 10−3 M) for 8 min and
then, the EIS analysis was performed in the electrochemical probe.
The results showed that two weeks later, the response of the biosensor
retained 96% of its initial value. Therefore, we can conclude that the bio-
sensor response was stable. Furthermore, the reproducibility of the bio-
sensor was examined by recording the EIS responses of six individual
biosensors in the electrochemical probe after immersing into the dam-
aging solution DX (0.1 × 10−6 M) + NADPH (2.0 × 10−3 M) for 8 min
and a relative standard deviation of 3.34% was obtained which con-
firmed that the biosensor had a reproducible response.

3.7. Comparison with the previous works

A comparison between previously published works in the literature
and this work has been listed in Table 1. Our new biosensor studied
label free detection of the DNA damage induced by DX using the EIS
technique. EIS has some advantages compared to other electrochemical
methods, including ease of signal quantification, high sensitivity and
nondestructive. This biosensor has the ability to detect both the DNA
damage and the antioxidant effect of spinach extract in preventing
the DNA damage. Moreover, this method is simple, fast, without
electroactive indicator requirement, and can be used at biological pH
for damage induction and detection.

4. Conclusions

In this study, we have fabricated a novel impedimetric biosensor for
label free detection of DNA damage induced by DX. Themain anticancer
action of DX is related to involve DNAdamage through topoisomerase II
inhibition and free radical generation and the quinone residue of DX can
undergo one-electron reduction at the p-quinone residue mediated by
NADPH-CPR-CP450 where CPR causes one-electron transfer from
NADPH to CP450. The semiquinone radical generated by CPR can react



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

Sensor Method Damaging reagent DNA attachment
method

Long term
stability

Ref.

CS/ds-DNA/Ag-PGL/GCE LSV Fe2+/H2O2 Adsorption 15 days [49]
DNA–XOD/GCE SWV Xanthine/FeSO4 Adsorption 7 days [50]
DNA–XOD/GCE SWV FeSO4/glucose Adsorption – [51]
dsDNA/GCE SWV Fe2+/EDTA/H2O2 Adsorption – [52]
(MWCNTs/PDDA/ds-DNA)2/PGE DPV Cr(VI)/GSH/H2O2 Layer by layer – [53]
(PDDA/dsDNA)3/GCE CV V2O5nanobelts/HCl/H2O2 Layer by layer 30 days [54]
DNA/GCE SWV Fe2+/H2O2 Adsorption – [15]
DNA/AuNPs/SPGE EIS CuSO4/H2O2/AA Covalent attachment 21 days [55]
DNA/CPRCP450/Ch/MWCNTs/GCE EIS DX + NADPH Cross linking 14 Days This work

PDDA: poly (diallyldimethylammoniumchloride); PGE: pencil graphite electrode; GSH: glutathione (ᵧ-L-glutamyl-L-cysteinyl-glycine); MB: methylene blue; CS: chitosan; PGL: poly l-
glutamic acid; LSV: linear sweep voltammetry; SWV: square wave voltammetry; DPV: differential pulse voltammetry.
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withO2 to generateO2•−which is dismutated toH2O2. The semiquinone
radical reacts with H2O2 to generate •OH, resulting in DNA damage and
the exposed DNA bases reduced the electrostatic repulsion of the nega-
tively charged redox probe leading to decreasing the Rct. The biosensor
was impedimetrically able to detect the DNA damage induced by DX
which could also be used as an indirect method for determination of
DX over a concentration range of 0.1–150 μM (R2 0.996) with a LOD of
0.05 μM. The results showed that the biosensor response was stable
and reproducible. The biosensor was also able to confirm the antioxi-
dant activity of the Spinach extract against DNA damage. Preparation
and detection protocols were simple and cheap which required a
short time and can be easily adapted for the detection of the DNA
damage induced by different damaging systems. Therefore, other
researchers from different scientific fields can connected to
electrochemists to expand their studies focused on DNA damage be-
cause, the electrochemists are able to set up cheap, portable and fast
systems for detection of DNA damage which enable the other scientists
to have better studies on DNA damage. The results obtained in this
study confirmed the results of the previous studies which had claimed
the main anticancer action of DX was related to involve DNA damage.
Our studieswhichwere related to the further examination of the perfor-
mance of the biosensor showed that the Spinach extract due to its anti-
oxidant effects can prevent the DNA damage. Finally, we showed that
the biosensor can be applied to impedimetric determination of DX.
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