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t of an electrochemical DNA
biosensor based on quercetin as a new
electroactive indicator for DNA hybridization
detection

Esmaeel Alipour, * Sheida Norouzi and Shokoufeh Moradi

An electrochemical DNA biosensor was designed for the detection of a specific target DNA after hybridization

with a complementary DNA probe immobilized onto a glassy carbon electrode surface. Quercetin was

successfully used as a new electroactive indicator for the hybridization detection. Different interactions of

quercetin with single-stranded DNA (ss-DNA) and double-stranded DNA (ds-DNA) led to different

electrochemical signals, which were recorded as cyclic and differential pulse voltammograms enabling

hybridization detection. Various parameters influencing the biosensor performance were evaluated, and

optimized conditions were obtained. Also, the detection limit of 83 pM with a relative standard deviation

of 4.6% was obtained for the determination of complementary oligonucleotides. Then, the developed

biosensor was applied successively for the detection of short sequences of hepatitis C virus (HCV1). The

hybridization between the probe (PHCV1) and its complementary sequence (HCV1a) as the target was

studied. Some hybridization experiments with noncomplementary oligonucleotides also showed that the

suggested DNA sensor responds selectively to the target.
1. Introduction

Molecular diagnosis is the process of identifying a disease by
studying molecules, such as proteins, DNA and RNA in a tissue
or uid, which expanded rapidly in the past decade, offering
a sensitive, inexpensive and quantitative method for the anal-
ysis of genomic sequences in order to detect diseases and gene
mutations. DNA hybridization is one of the most widely used
methods, and is the process in which two or more comple-
mentary strands of DNA are coiled around each other. The basis
of this event is the setting of these bases in front of each other.1

A biosensor is an analytical tool for DNA hybridization
detection that consists of a biological part in combination with
a transducer. The role of the transducer is to convert the
recognized biological event into a measurable signal, such as an
electrochemical signal like current.2 Among all sensors, elec-
trochemical biosensors or electrochemical transducers hold
a specic position due to the high sensitivity, ease of work and
handling, small dimensions, ease of immobilization of DNA
layer and etc.3 The basis of detection is measuring current
changes due to the hybridization of the DNA probe with strands
that contain its complementary bases under a controlled
potential. Probes used in biosensors are usually
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oligonucleotides with 15–50 bases in their structures. The
amount of immobilized probe and hybridization time (probe
and target DNA strands should have enough freedom to twist
around each other) determine the selectivity, sensitivity and
reproducibility. Different methods have been reported for the
electrochemical detection of hybridization, and are classied
into two categories. The rst category includes methods that are
based on the intrinsic electrochemical properties of DNA; for
example, the detection of the oxidation current of guanine or
adenine bases.4 However, in the second category, the electro-
chemical signal changes related to electroactive indicators are
monitored aer hybridization. Also, the two mentioned groups
are denominated as label-free or label-based methods. In other
words, as described earlier, in the label-free methods, the
electrochemical signal is only due to the hybridization event
and only the target DNA is responsible for it. It seems that the
direct or label-free detection methods are simple, but they are
not more sensitive.5

Investigations on the label-free DNA hybridization methods
are not as common as that for the label-basedmethods. In 1998,
Wang et al.6 developed an electrochemical biosensor for the
direct recognition of DNA hybridization without using any
redox indicator. Pournaghi-azar and co-workers7 also reported
a number of works on DNA biosensors based on direct
hybridization detection. For more information, readers are
referred to ref. 8–11. In the label-based methods, the obtained
electrochemical signal denes the extent of interaction between
Anal. Methods, 2021, 13, 719–729 | 719
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the redox indicator molecules and ss-DNA or ds-DNA. As
a whole, small molecules bind to DNA viamechanisms, such as
electrostatic interaction, intercalation between base pairs and
minor or major DNA grooves binding interaction.12 DNA is the
pharmacological target of many of the drugs that are currently
in clinical use or in advanced clinical trials. So, the study of the
interaction of drug and DNA is of great signicance for
designing and synthesizing the new drugs targeted to DNA, and
their effectiveness depends on the mode and affinity of the
binding.13 Some papers on the interaction between DNA and
different drugs are presented by Hossieny Ibrahim.12–16 On the
other hand, the development of biosensors for hybridization
detection using electroactive redox indicators opened a way for
the most exciting discoveries because of their high sensitivities
and low detection limits. These redox indicators differentiate
between ss-DNA and ds-DNA, while their affinity to ds-DNA is
usually more than ss-DNA. Many studies have been conducted
on label-based methods. In 1998, Erdem and co-workers17 re-
ported the use of Co(Phen)3

3+ as a redox hybridization indicator.
In 2002, Yang et al.18 used Methylene blue as an electroactive
indicator for DNA hybridization detection. In 2006, Pournaghi-
azar and his co-workers19 developed an electrochemical DNA
biosensor using pencil lead as a working electrode and Methy-
lene blue as an electrochemical indicator. In 2010, Gao et al.20

successfully used Toluidin blue as a new electroactive hybrid-
ization indicator. Additional papers published on label-based
DNA hybridization biosensors are in ref. 21–25.

Quercetin is a avonoid compound, which has attracted
much attention because of its biological and pharmaceutical
specicity. It is present in plants, such as tea, onion, and apple.
Because of the polyphenolic structure, it is an anti-oxidant and
radical scavenger. Many research studies show that quercetin
has benecial effects on health too. There are not many reports
on the electrochemical investigation of avonoids. Quercetin
has 5 hydroxyl groups that are electroactive, and so it can be
oxidized or reduced, while the oxidation is pH dependent.
Regardless, many electroactive DNA hybridization indicators
with high sensitivity have been introduced up to now. Because
of their toxicity, they cannot be used for in vivo research studies.
As mentioned earlier, quercetin is a non-toxic avonoid and
also has anti-oxidation and anti-cancer properties.26–29 The aim
of this work is the detection of a DNA hybridization event using
a simple electrochemical method, and so the capability of
quercetin as a new DNA hybridization redox indicator was
investigated. The electrochemical behavior of quercetin as
a redox hybridization indicator was studied on a DNA-modied
glassy carbon electrode (GCE) using differential pulse voltam-
metry (DPV) and cyclic voltammetry (CV). The developed
biosensor was applied successfully for the detection of short
sequences of the hepatitis C virus (HCV1) as a model.

2. Materials and methods
2.1. Reagents

All of the oligonucleotides were supplied as a lyophilized
powder from MWG-Biotech Company and or from Denazist
Company (mashhad-Iran), and their sequences are listed in
720 | Anal. Methods, 2021, 13, 719–729
Table 1. The stock solutions (100 mM) of the oligonucleotides
were prepared with distilled water, while for further diluted
solutions, Tris chloride at 0.01 M (pH ¼ 7) buffer containing
30 mM NaCl was used. All of the prepared solutions were stored
in a freezer at �24 �C. The preparation of quercetin solutions
was done in two ways. In the rst way, a dened amount of
quercetin was dissolved in NaOH solution with a nal concen-
tration of 100 mM. In the other way, ethanol (purity, 95%) was
used as a solvent. The concentration of quercetin was 1 mM.
Tris buffer at 0.01 M (pH ¼ 7.01) was prepared and used for
providing DNA solutions. Also, acetate buffer at 0.5 M (pH¼ 4.8)
was used as a background buffer. Deionized water was used for
all solutions. In addition, all containers, glassware and sampler
tips were sterilized by autoclave.

2.2. Apparatus

All experiments were performed by autolab (PGSTAT30, Neth-
erlands) using GPES (4.9 version) soware as a data recorder. A
three-electrode system consisted of an Ag/AgCl reference elec-
trode, glassy carbon working electrode (2 mm diameter) and
a platinum counter electrode. All of the electrodes were
purchased from Azar electrode, Iran. A magnetic vortex (model
649, Metrohm, Switzerland) was used for stirring solutions and
creating permanent conditions for the probe immobilization
and washing of the electrode surface.

2.3. Procedure

In order to remove the contaminants and produce a smooth
surface for all experiments, the GCE surface was polished with
alumina and cleaned with an ultrasonic cleaner containing
distilled water for 5 min. All of the experiments were done at
room temperature without expelling the oxygen of solutions.

2.3.1. Probe immobilization onto GCE. The prepared
working electrode was immersed in a solution of Tris chloride
buffer at 0.01 M (pH ¼ 7.01) that contains the DNA probe at 5
mM (poly A) and NaCl at 30 mM, while a constant potential of �
0.5 V was applied for 300 s. Then, the electrode (poly A modied
– GCE) was rinsed by distilled water using a magnetic stirrer.

2.3.2. Hybridization on the poly A modied – GCE. The
poly A modied – GCE was put in Tris–HCl buffer at 0.01 M (pH
¼ 7.01) solution containing 5 mM poly T and 30 mM NaCl
(hybridization buffer solution), and then a potential of 0.5 V was
applied for 300 s. Subsequently, the electrode was rinsed with
stirred distilled water for 2 min. In the same way, the probe-
modied electrode was immersed in the solution of the non-
complementary oligonucleotide.

2.3.3. Accumulation of quercetin on the probe-modied
electrode. Bare or poly A modied – GCE before and or aer
hybridization was mounted into a 0.35 M acetate buffer (pH ¼
4.8) solution containing 50 mM quercetin and 83 mM NaCl.
Then, it was stirred for 5 min and the electrode was rinsed by
stirring distilled water for 2 min.

2.3.4. Voltammetric measurements. Cyclic voltammetry
and differential pulse voltammetry were used for studying the
events happening at the electrode surface. For CV studies, poly
A modied – GCE was immersed into the 0.35 M acetate
This journal is © The Royal Society of Chemistry 2021
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Table 1 Oligonucleotide sequences

Oligonucleotide Supplied from Sequence

Poly A Denazist Company 50-AAA AAAAAAAAAAAAAAA-30

Poly T Denazist Company 50-TTT TTTTTTTTTTTTTTT-30

Poly C Denazist Company 50-CCC CCCCCCCCCCCCCCC-30

Poly G Denazist Company 50-GGG GGGGGGGGGGGGGGG-30

PHCV1 (probe) MWG-Biotech Company 50-CCCACCCGCAGCCCTCATTA-30

HCV1a (complementary) MWG-Biotech Company 50-TAATGAGGGCTGCGGGTGGG-30

HCV3a (non-complementary) MWG-Biotech Company 50-GTGGGTGATATGTGTGG-30
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solution (pH ¼ 4.8) containing 83 mM NaCl and 86 mM quer-
cetin, while the sweeping potentials in the range of (0.0–0.55) V
were applied with different scan rates. For DPV studies, the
provided electrode was mounted in the 0.35 M acetate solution
(pH ¼ 4.8) containing 83 mM NaCl, and the potential was
applied in the range of (0.0–0.6) V using a pulse amplitude of
25 mV.
3. Results and discussion
3.1. Electrochemical behavior of quercetin

The effect of different scan rates were studied because of two
purposes: rst, the determination of the nature of the oxidation
current of quercetin (if it is due to diffusion or adsorption), and
the second is the comparison of the electrochemical behavior of
quercetin on bare and DNA modied – GCE surface. Fig. 1
shows the cyclic voltammograms of the bare (Fig. 1A) and DNA
modied GCE (Fig. 1B), respectively, in acetate buffer solution
containing 86 mM quercetin. As shown in Fig. 1A and B, the
anodic peak currents of quercetin were increased by scan rates
using the bare and DNA-modied GCE, respectively. Also, the
changes of the oxidation peak current of quercetin versus the
scan rate and square root of the scan rate were shown as inset
diagrams in Fig. 1. Linear changes of the current in terms of the
scan rate with a correlation coefficient of 0.997 (Fig. 1A, inset x)
show that the oxidation of quercetin on the bare GCE surface is
diffusive, while the correlation coefficient of 0.994 in (Fig. 1B,
Fig. 1 CVs of the bare GCE (A) and poly Amodified –GCE (B) in 0.35M ac
NaCl at scan rates of (inner to outer): 5, 10, 25, 50, 75, 100, 200, 300, 400
scan rate (v1/2). Inset y: The plot of the peak current vs. scan rate (v). Experi
Section 2.3.1.

This journal is © The Royal Society of Chemistry 2021
inset y) implies that the oxidation of quercetin on the DNA-
modied GCE surface is under the control of adsorption.

Fig. 2 shows the Tafel plot derived from the rising part of the
voltammograms b shown in Fig. 1A and B. The related Tafel
curves are seen in the inset.

According to the method of Nicholson,30 the heterogeneous
rate constants of the electron transfer (k�) were calculated from
the cyclic voltammetry peak-to-peak separation, (DEp), by using
the numerically evaluated relationship between DEp and the j

function.

j ¼
�

RT

nFDpn

�1=2

k�

By assuming na ¼ 1, the obtained a values for the electro-
oxidation of quercetin on the bare and poly A modied – GCE
are 0.42 and 0.45, respectively.

So, rst the nDEp was obtained from the corresponding cyclic
voltammograms in several potential scan rates (Fig. 1A and B,
for scan rates of 5, 10, 25 and 50 mV s�1). In addition, using the
Nicholson working curve, the j values were determined for the
mentioned scan rates. Then, the plot of j versus the n�1/2 was
obtained (Fig. 3).

By considering the slope of this plot and also assuming that
D¼ 10�5 cm2 s�1 for quercetin and n¼ 2, the values of k� for the
bare GCE and DNA-modied GCE were calculated to be 0.135
and 0.156 cm s�1, respectively.
etate buffer solution (pH¼ 4.8) containing 86 mMquercetin and 83mM
mV s�1. Inset x: The plot of the peak current vs. the square root of the

mental conditions: poly Amodified–GCEwas prepared as described in

Anal. Methods, 2021, 13, 719–729 | 721
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Fig. 2 Tafel plot derived from the rising part of the voltammograms b shown in Fig. 1A and B.

Fig. 3 Plot of j versus the n�1/2.

Fig. 4 Energy dispersive X-ray (EDX) mapping analysis of the bare and
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3.2. Characterization of the DNA-modied GCE

3.2.1. EDX mapping analysis. A DNA molecule comprises
nucleotide units, and each of these nucleotides is composed of
one of four nitrogen-containing nucleobases (adenine, guanine,
cytosine or thymine), a phosphate group and a sugar called
deoxyribose. The spatial distributions of the atomic contents
(N, P, C and O) across the DNA-modied GCE surface was ob-
tained using energy dispersive X-ray spectroscopy (EDX) anal-
ysis (Fig. 4), which conrms the presence of P, C, N and O
atoms, indicating that the surface of the GCE was successfully
modied with DNA oligonucleotides.

3.2.2. Electrochemical impedance spectroscopy (EIS)
study. The electrochemical impedance spectroscopy was carried
out using a potentiostat-galvanostat (Origalys, Origa Flex 01A,
France) at the 100 kHz–100 mHz frequency range with �10 mV
AC voltage at an open circuit potential (OCP). A conventional
three-electrode cell equipped with a Pt plate (as a counter
electrode), saturated calomel (SCE, as reference electrode), and
GC-coated DNA (as the working electrode) was employed in
these experiments. The 10 mM [Fe(CN)6]

4�/3� solution con-
taining KCl (0.1 M) was used as an electrolyte. The EIS results
were tted with Z view II soware. The Nyquist plots of the bare
GCE, ss-DNA modied GCE and ds-DNA modied GCE are
illustrated in Fig. 5.
722 | Anal. Methods, 2021, 13, 719–729
The one semicircle equivalent circuit model along with
aWarburg element was used for tting the EIS results (Fig. 6). In
this model, Rs is the electrolyte resistance, CPE is the constant
phase element of the electrical double layer, Rct is the charge
DNA-modified GCE.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Nyquist plots of the bare GCE, ss-DNA and ds-DNA modified
GCE in the 10 mM [Fe(CN)6]

4�/3� solution containing 0.1 M KCl.

Fig. 6 Equivalent circuit model for fitting EIS data.
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transfer resistance, and W is the Warburg element at low
frequencies.

The extracted EIS parameters are presented in Table 2.
It can be seen that the Rct of the ds-DNAmodied GCE is 1.54

and 33.69 times higher than that for the ss-DNA modied and
bare GCE, respectively. The interfacial charge transfer resis-
tance of the ss-DNA modied GCE is higher than that for the
bare GCE. The reason for this increase was that the surface of
the ss-DNA modied GCE has a negative charge that prevented
[Fe(CN)6]

3�/4� from reaching the electrode surface due to the
repulsive force between the negatively charged backbone of ss-
DNA and the [Fe(CN)6]

3�/4� probe. A greater increase in the
charge transfer resistance was observed for the ds-DNA modi-
ed GCE compared to that for the ss-DNA modied GCE. The
formation of ds-DNA on the electrode surface greatly delayed
the redox [Fe(CN)6]

3�/4� penetration to the GC active sites, and
increased the interfacial electron-transfer resistance.
3.3. Effect of pH on the oxidation of quercetin

For studying the effect of pH on the oxidation signal of quer-
cetin, the cyclic voltammograms of the solution containing
Britton–Robinson buffer (0.1 M), KCl (0.1 M) and quercetin (250
Table 2 Extracted EIS parameters of the bare GCE and ds-DNA
modified GCE

Electrode Rs (U) CPEP CPET (U�1 cm�2 sn) Rct (U cm2) WR (U)

Bare GCE 427 0.97 1.48 � 10�5 252 5358
ss-DNA/GCE 512 0.95 7.17 � 10�7 5515 11 115
ds-DNA/GCE 535 0.95 8.38 � 10�7 8492 18 526

This journal is © The Royal Society of Chemistry 2021
mM) in different pH values were obtained. Fig. 7A shows the
related cyclic voltammograms. According to this gure, the
oxidation peak potential of quercetin was moved toward the
more negative potentials with an increase of pH in the range of
pH ¼ (1–9). However, aer pH ¼ 9, no change was observed in
the quercetin peak potential. Fig. 7B displays the alterations of
the oxidation peak potential of quercetin in different pH values.
As seen from Fig. 7B, between pH ¼ 1 to pH ¼ 7, the quercetin
peak potential has been moved toward the more negative
potentials with a Nernstian slope (0.06). Aer that, no change
was observed. This proved that the numbers of transferred
electrons and protons during the electrode reaction of quercetin
are the same. Regarding the fact that quercetin and derivatives
have pKa values higher than 7,31 under the condition of pH >
pKa, the electron exchange reaction was done without the
proton transfer. Thus, no remarkable changes of the peak
potentials were observed between pH (9 to 13). Fig. 7C shows
the peak current alterations with pH too. According to Fig. 7C,
the largest peak current is at the pH range of pH ¼ 1 to 6. Aer
that, the peak current is strongly reduced. As with Fig. 4A, at pH
> 7, the oxidation peak of quercetin became wider, while its
height was greatly reduced. So, considering the obtained
Fig. 7 Effect of pH on the oxidation signal of quercetin. Conditions:
quercetin concentration: 250 mM, KCl: 0.1 M and Britton–Robinson
buffer: 0.1 M.

Anal. Methods, 2021, 13, 719–729 | 723
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results, the values between pH ¼ 1 to pH ¼ 6 can be chosen as
a suitable pH range to record the cyclic voltammograms of
quercetin.
3.4. Accumulation of quercetin

First, for studying the effect of the accumulation time, aer
polishing and washing, the electrode surface was modied by
poly A, and then it was immersed in a solution of 0.35 M acetate
buffer containing 83 mM NaCl and 16.7 mM quercetin in
different time scales. DPV diagrams of each were then obtained.

In another part of this study, for nding an optimum quer-
cetin concentration in the quercetin accumulation step, the
poly A modied – GCE was placed in a solution containing
different concentrations of quercetin.

Also, the diagram of the peak current changes in different
concentrations are shown in Fig. 8B. It is clear that upon using
concentrations of 30 mM and more, the accumulation of quer-
cetin remains constant.
3.5. Probe immobilization conditions

Many factors affect the probe immobilization process. A
number of these factors, such as time, applied potential and
probe concentration, were investigated in this part.

3.5.1. Effect of the probe immobilization time. For
studying the effect of time on the probe immobilization, GCE
was immersed in the solution of probe (poly A). A potential of
0.5 V was then applied for 1–30 min. Aer accumulation of
quercetin at the electrode surface, the DPV signal of the accu-
mulated quercetin was measured. As resulted from Fig. 9A, the
peak current of quercetin increases until 4 min. Then, in 4–
10 min, it remains constant and subsequently reduces under
longer times.

On the other hand, Fig. 9B shows the peak current of the
adenine moiety of immobilized poly A at the electrode surface
versus different probe immobilization times (as Fig. 8A shows
the variations of the quercetin oxidation peak current in
different accumulation times. It seems that aer 10 min, the
accumulation of quercetin at the electrode surface reaches its
maximum. Increasing the time no longer affected the growth of
the oxidation signal. This is probably due to the saturation of
Fig. 8 (A) Effect of quercetin accumulation time on the DPV peak c
Experimental conditions: quercetin concentration: 16.7 mM, (B) Effect of q
peak current of the accumulated quercetin using poly A modified – GC

724 | Anal. Methods, 2021, 13, 719–729
the electrode surface. As seen in Fig. 11, the adenine oxidation
peak was observed at 1.18 V/SCE).

It should be noted that in order to decrease the time of
accumulation, a higher concentration of quercetin (50 mM) was
chosen. The effects of its accumulation time on DPVs were
tested. So, because the DPV signals in the accumulation time of
5 min and concentration of 50 mM were nearly the same as the
obtained time of 10 min and concentrations of 30 mM (results
not shown), 5 min and 50 mM were chosen as the optimum
accumulation time and quercetin concentration, respectively.

It is obvious that in the short time intervals of the probe
immobilization, good arrangements of the probe molecules on
the electrode surface make the quercetin accumulation more
favourable. According to this gure, the peak current of
adenine, which is related to immobilize poly A, conrms that
the probe immobilization is remarkable in the rst 5 min. The
maximum peak current of quercetin is at a time span of 5 min.

Comparing the diagrams of A and B from Fig. 9, it is
concluded that aer 10 min, the peak current of the probe
reaches its maximum. However, that of quercetin decreases.
This is due to the reduction of its adsorption on the electrode
surface as a result of the aggregation of the probe molecules.
Therefore, 5 min was selected for the immobilization of the
probe in subsequent studies.

3.5.2. Effect of the probe immobilization potential. The
applied potential is one of the most important and effective
parameters on the probe immobilization step. To do this, GCE
was placed in a solution containing 5 mM poly A probe and
different constant potentials between �0.5 to 0.5 V were
applied. Then, aer the accumulation of quercetin, DPVs were
recorded. Fig. 10A shows the effect of the probe immobilization
potential on the peak current of the accumulated quercetin.

Also, the effect of the probe immobilization potential on the
peak current of adenine is shown in Fig. 10B. As seen from the
gures, the probe immobilization at the negative potentials
causes an increase in the quercetin accumulation on the DNA-
modied electrode surface. So, the maximum peak current of
quercetin is seen at �0.5 V. Similar results were achieved in our
previous report19 in the accumulation of methylene blue on the
probe-modied pencil graphite electrode. There could be two
reasons for this. One of the reasons is as follows: because of the
urrent of the accumulated quercetin using poly A modified – GCE.
uercetin concentration in the quercetin accumulation step on the DPV
E. Experimental conditions: quercetin accumulation time: 10 min.

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Effect of the probe immobilization time on: DPV peak current of accumulated quercetin (A), and on DPV peak current of adenine of
immobilized poly A oligonucleotide (B). Experimental condition: the accumulation of quercetin was conducted as described in Section 2.3.3
using 50 mM quercetin for 5 min. Concentration of poly A oligonucleotide: 5 mM.
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electrostatic repulsion between the negative electrode surface
and probe, fewer probes were immobilized at the electrode
surface, so there would be more available sites for quercetin
accumulation. However, as it is clear from Fig. 10B, at �0.5 V,
the maximum amount of the probe was immobilized at the
electrode surface. As a result, it can be said that the main
mechanism for the immobilization of the probe on the GCE
surface is not an electrostatic mechanism. As a result, �0.5 V
was chosen for the immobilization of the probe in subsequent
studies.

3.5.3. Effect of the probe concentration. In order to achieve
the proper concentration of the probe, GCE was immersed into
the solution of different amounts of the probe, (0.0–5.0) mM,
and the potential of�0.5 V was applied for 300 s. Aer quercetin
accumulation, DPV signals were obtained. Concentrations of
the probe and the related peak currents of the accumulated
quercetin are listed in Table 3. It is obvious that the quercetin
peak current increased by probe concentration up to 3 mM and
then remained constant. This is because of the saturation of the
electrode surface with the DNA probe. Therefore, 3 mM was
selected as the optimum probe concentration in the probe
immobilization step.

3.5.4. Effect of the oligonucleotide type. To verify the effect
of the immobilized polynucleotide type, as well as determining
the type of possible interactions between quercetin and each of
the nucleotides, the electrode surface was modied with various
Fig. 10 (A) Histograms representing the variation of: peak current of accu
probe immobilization potentials. Experimental conditions as described in

This journal is © The Royal Society of Chemistry 2021
probes that consisted of similar nucleotides. For this purpose,
four oligonucleotides, i.e., poly A, poly T, poly C and poly G
nucleotides, were utilized. The probe modied – GCE was
placed into the solution containing quercetin. Aer its accu-
mulation, their DPVs were recorded (Fig. 11). As seen in Fig. 11,
an adenine oxidation peak was observed at 1.18 V/SCE. Peak
current values corresponding to each probe are presented in
Table 4. As seen in Fig. 11, the peaks of quercetin, guanine and
adenine appeared at 0.24, 0.87 and 1.18 V, respectively. The
peaks of guanine and adenine conrmed the immobilization of
poly G and poly A, respectively, on the GCE surface. As seen in
Table 4, similar accumulated quercetin peak currents were ob-
tained using each of the probe modied – GCEs. Therefore, the
accumulation of quercetin on the probe modied – GCE is
a result of almost similar interaction between quercetin and
each of the nucleotides. According to the literature review, most
of the studies on the interaction of quercetin with DNA (which
has been done inside the solution) declared that the interaction
mechanism is intercalation.16 Conversely, in our investigation,
the proposed interactions that have taken place on the electrode
surface cannot be intercalation. This is because, in our study,
the signal decreased following hybridization. This is the indic-
ative of the non-intercalation mechanism. According to our
results, it is clear that quercetin has a stronger affinity toward
ss-DNA than ds-DNA. For example, some studies show that the
interaction between methylene blue and DNA is intercalation,
mulated quercetin (A), and peak current of adenine (B) versus different
legend of Fig. 9. Probe immobilization time: 5 min.
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Table 3 Effect of probe concentration on the quercetin peak current

Probe concentration (mM) 0 1 2 3 4 5
Peak current (mA) 2.34 � 0.16 2.82 � 0.18 3.24 � 0.17 3.74 � 0.18 3.68 � 0.23 3.64 � 0.19

Fig. 11 DPVs obtained for various probe modified – GCE after quer-
cetin accumulation. Experimental conditions are as described in the
legend of Fig. 10. Probe immobilization potential: �0.5 V.

Analytical Methods Paper

Pu
bl

is
he

d 
on

 0
4 

Ja
nu

ar
y 

20
21

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Sa

nt
a 

B
ar

ba
ra

 o
n 

5/
16

/2
02

1 
11

:2
0:

42
 A

M
. 

View Article Online
while some other studies explain that methylene blue has more
affinity toward ss-DNA. The experimental conditions have
a determinant effect on the interaction mechanism between
DNA and small molecules. According to Table 4, due to the
similar peak currents of the accumulated quercetin on the
various poly nucleotide-modied GCE, it seems that there is no
remarkable difference at the affinity of quercetin toward the
four nucleotide types (adenine, guanine, cytosine and thymine).
Also, it seems that maybe due to the formation of hydrogen
bonds between quercetin (Fig. 12) and DNA bases, quercetin
accumulated mostly on the ss-DNA modied electrode surface.
However, because of the formation of the base pairs on the GCE
electrode surface aer hybridization, the hydrogen bonding
interactions between quercetin and the bases are reduced.
3.6. Hybridization detection

In the following step, the hybridization effect was investigated.
The poly Amodied – GCE was immersed into the hybridization
buffer solution (see Section 2.3.2), and the potential of 0.5 V was
applied to the formation of an AT hybrid on the electrode
surface. Then, the accumulation of quercetin was conducted at
Table 4 Effect of the probe type on the quercetin peak current

Poly nucleotide type Poly A Po
Peak current (mA) 3.74 � 0.18 3.6

726 | Anal. Methods, 2021, 13, 719–729
the obtained optimum experimental condition. Fig. 13 shows
the DPVs of the accumulated quercetin for the poly A modied –

GCE before (curve a) and aer hybridization with the comple-
mentary oligonucleotide (poly T) (curve b). As seen in Fig. 13,
the peak current of the accumulated quercetin was decreased,
following the hybridization event. Similar results were observed
in the hybridization between the poly G and poly C oligonu-
cleotides. It seems that quercetin could not intercalate between
ds-DNA. So, its interaction with the polynucleotides is not
intercalation. Thus, the deduction is that quercetin probably
has an interaction with the other parts of the DNA structure,
which is the same among the polynucleotides, and also with the
aromatic rings.

Thus, less quercetin could be accumulated on the electrode
surface, resulting in the decrease of the peak current of accu-
mulated quercetin on the electrode surface.

3.7. Selectivity study

An efficient DNA recognition biosensor should be sensitive just
to the target DNA. In order to evaluate the selectivity of the
designed DNA biosensor, the poly A modied – GCE was
exposed to the non-complementary oligonucleotide (poly G).
Aer the accumulation of quercetin, variations of the related
peak currents were investigated. The DPVs of the poly A
modied-GCE before (curve a) and aer getting exposed to the
poly G (curve b) are shown in Fig. 14.

As seen from curves a and b, there is not any remarkable
difference between the signals of the accumulated quercetin at
the electrode surface, showing that the hybridization between
poly G and poly A did not occurred. The DPV of the poly A
modied – GCE aer exposure to the solution containing poly T
is shown in Fig. 14 too (curve c). It is clear that because of the
efficient hybridization, the peak current of quercetin at the
electrode surface is decreased. Also, the DPV of poly A modied
– GCE, which is the amount in the solution of poly G and poly T
oligonucleotides, is shown in Fig. 14 (curve d). It can be seen
that even at the presence of a non-complementary oligonucle-
otide (poly G) in solution, the poly T oligonucleotide could form
a hybrid with the immobilized poly A at the GCE surface.

3.8. Evaluation of the performance of the biosensor

The inuence of the complementary oligonucleotide concen-
tration on the peak current of the accumulated quercetin was
studied. The difference between the peak currents of the accu-
mulated quercetin on the poly A modied – GCE in the absence
ly T Poly C Poly G
1 � 0.14 3.63 � 0.19 3.52 � 0.21

This journal is © The Royal Society of Chemistry 2021
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Fig. 12 Molecular structure of quercetin.

Fig. 13 DPVs of accumulated quercetin for the poly A modified –GCE
before (a) and after hybridization with poly T (b). Experimental condi-
tions as described in the legend of Fig. 11.

Fig. 14 DPVs of the accumulated quercetin for poly A modified –GCE
before (a) and after interaction with: (b) poly G, (c) poly T, and (d)
mixture of poly G and poly T. Experimental conditions as described in
the legend of Fig. 11.

Fig. 15 DPVs of accumulated quercetin on the poly A modified – GCE
after hybridization with poly T target oligonucleotide with different
concentrations: (a) 0, (b) 0.1, (c) 1, (d) 2, (e) 3, (f) 5, (g) 7, (h) 10, (i) 100, (j)
1000, (k) 5000 nM. Inset showing the variation of the difference
between the peak currents of quercetin on the poly A modified – GCE
in the presence and absence of the poly T target sample (DI) versus
target concentration in the range of (A) 0.1–5000 nM and (B) 0.1 to
10 nM. Experimental conditions as described in the legend of Fig. 11.
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and presence of various concentrations of complementary
oligonucleotide (poly T) were calculated. Fig. 15 presents the
DPVs of the poly A modied – GCE before (curve a) and aer
This journal is © The Royal Society of Chemistry 2021
hybridization with various concentrations of poly T oligonu-
cleotide (curves b–k). The DI changes (DI ¼ Ip probe � Ip,hyb)
versus the concentrations of poly T are shown in insets A and B
of Fig. 15.

As seen from Fig. 15, DI increases with the concentration of
poly T up to 0.1 mM. So, it is concluded that in the 0.1 mM
concentration of the poly T oligonucleotide, almost all of the
probe molecules take part in hybridization. As a result, the
increase of the complementary oligonucleotide concentration
does not have any remarkable effect on DI increasing. So,
according to Fig. 15, the prepared biosensor has a linear range
between 0.1–10.0 nM for the complementary oligonucleotide,
and the obtained limit of detection is 83 pM. The relative
standard deviation over three independent probe-modied
electrodes measured at 5 nM HCV1a was 4.7%, indicating
a remarkable reproducibility of the detection method.
3.9. Detection of the short sequences of the hepatitis C virus
using quercetin

Fig. 16 displays the DP voltammograms for the accumulated
quercetin at the PHCV1 probe-modied GCE before (curve a)
and aer hybridization with the complementary HCV1a oligo-
nucleotide (curve b). As seen in Fig. 16, the highest signals are
observed for the PHCV1 probe-modied GCE before hybridiza-
tion with the complementary HCV1a oligonucleotide (curve a).
The peak current of the accumulated quercetin was decreased,
following the hybridization event. This indicated that quercetin
Anal. Methods, 2021, 13, 719–729 | 727
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Fig. 16 DPVs of accumulated quercetin at the PHCV1 probe-modified
GCE: (a) before, (b) after hybridization with the complementary HCV1a
oligonucleotide, (c) after interaction with the non-complementary
HCV3a target, and (d) after hybridization with a mixture of both
complementary HCV1a and non-complementary HCV3a sequences.
Oligonucleotide concentrations were 5 mM. Other experimental
conditions were as described in the legend of Fig. 11.
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could not intercalate between ds-DNA. It is concluded that the
decrease in the quercetin signal represents the extent of the
hybridization at the electrode surface. Having observed the
ability of the electrode in detecting the target complementary
HCV1a oligonucleotide, an investigation concerning the inter-
action of the probe with a non-complementary HCV3a oligo-
nucleotide was conducted. Fig. 16 displays the DP
voltammogram for the accumulated quercetin at the PHCV1
probe-modied GCE aer interaction with the non-
complementary HCV3a target (curve c). The results indicated
that no remarkable interaction between the HCV3a oligonu-
cleotide and PHCV1 probe-modied GCE exists. The selectivity
of the biosensor was also accomplished in the samples con-
taining both complementary and non-complementary
sequences. For this purpose, the PHCV1 probe was immobi-
lized on the GCE surface, and then the solution containing both
complementary and non-complementary sequences (mixture of
5 mM HCV1a and 5 mM HCV3a) was used for hybridization
(Fig. 16, curve d). As seen in Fig. 16 (curve d), the presence of
HCV3a in the mixed solution has a negligible effect on the
hybridization between the immobilized probes and the
complementary oligonucleotide. Thus, the biosensor can detect
fully matched complementary targets in a mixed solution of
complementary and non-complementary oligonucleotides, and
the high selectivity of this strategy was conrmed.

4. Conclusion

In order to introduce the quercetin as a new electroactive
indicator for DNA hybridization detection, an electrochemical
DNA biosensor was prepared based on immobilizing an
728 | Anal. Methods, 2021, 13, 719–729
oligonucleotide as a DNA probe at the electrode surface. The
hybridization of the probe with the complementary oligonu-
cleotide took place subsequently. Aer accumulation of quer-
cetin on the probe modied – GCE before and aer
hybridization with the target sample, the related DPVs were
obtained. Then, the optimized conditions for better perfor-
mance of biosensor were achieved. Quercetin is better accu-
mulated on the probe modied – GCE. Aer hybridization, peak
currents of the accumulated quercetin are decreased. Also,
there are no specic differences between the interactions of
quercetin with various types of nucleotides. The difference
between the peak currents of the accumulated quercetin before
and aer DNA hybridization makes the probe modied GCE
a useful tool for further developments of an indicator – based
biosensor for the detection of DNA hybridization events. The
developed biosensor was applied successively for the detection
of short sequences of hepatitis C virus (HCV1). Although the
proposed biosensor has the ability to detect some DNA-based
disease biomarkers, it should be noted that due to the very
low concentrations of biomarkers in real biological samples,
developing the more sensitive and reliable biosensors for the
early detection of dangerous disease biomarkers needs a much
lower limit of detection, and the related research studies are in
progress in our laboratory.
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