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A sensitive electrochemical DNA biosensor was developed for Helicobacter pylori (H. pylori) detection using dif-
ferential pulse voltammetry. Single-stranded DNA probe was immobilized on a graphene oxide/gold nanoparti-
cles modified glassy carbon electrode (GO/AuNPs/GCE). A hybridization reaction was conducted with the target
DNA and the immobilized DNA on the electrode surface. Oracet blue (OB) was selected for the first time as a
redox indicator for amplifying the electrochemical signal of DNA.
Enhanced sensitivity was achieved through combining the excellent electric conductivity of GO/AuNPs and the
electroactivity of the OB. The DNA biosensor displayed excellent performance to demonstrate the differences be-
tween the voltammetric signals of the OB obtained from different hybridization samples (non-complementary,
mismatch and complementary DNAs). The proposed biosensor has a linear range of 60.0–600.0 pM and a detec-
tion limit of 27.0 pM for detection of H. pylori. In addition, the biosensor have responded very well in the simu-
lated real sample evaluations, signifying its potential to be used in future clinical detection of the H. pylori
bacteria.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

It has been demonstrated thatHelicobacter pylori (H. pylori) is one of
themost commonbacterial infections in humans and the etiologic agent
of a majority of upper gastro duodenal diseases [1]. Nowadays, H. pylori
is firmly established as the etiologic agent of acute or chronic gastritis
and as a major risk factor for peptic ulcer disease and the B-cell
mucosa-associated lymphoid tissue (MALT) lymphoma [2]. It is current-
ly known that infection with H. pylori is the primary identified cause of
gastric cancer. As for the relationship between H. pylori and peptic ulcer
disease, gastric cancer [3], there is an urgent need for new strategies to
prevent the spread of this bacterium.

Different strategies have been used for detection of H. pylori, includ-
ing fluorescence techniques [6], mass spectroscopy [4,5], hematoxylin
and eosin (H&E) stain, Giemsa stain [3], surface plasmon resonance
spectroscopy [7], polymerase chain reaction [9,10] and electrochemical
methods [8]. Currently, there is much interest taken in developing elec-
trochemical DNA biosensors for rapid and specific diagnosis of bacterial
and viral infections as well as genetic diseases.
deh).
Besides, various nanostructures such as gold and silver nanoparticles
and carbon derivatives (i.e. carbon nanotubes (CNTs), carbon nanofi-
bers, graphene and graphene oxide (GO) nanosheets) [11–13] have
been utilized to increase performance of DNA biosensors in terms of
amplification electroactivity, effective electrode surface area, etc. [14,
15]. For example, to detect human hepatitis B viruses, Niu et al. [16]
used silver nanoparticles and multi-walled carbon nanotubes (Ag/
MWCNTs) modified glassy carbon electrode (GCE). Also, Zhang et al.
[17] applied poly (3-aminobenzoicacid)-walled carbon nanotubes
(PABA–MWNTs) composite films and gold nanoparticles to fabricate
DNAbiosensors. Xiaowei et al. [18] fabricated an electrochemical sensor
using gold nanorods decorated with graphene oxide sheets for detec-
tion of DNA. Huang et al. [19] designed a new DNA biosensor based on
graphene/Au nanorods/polythionine for human papillomavirus DNA
detection. Furthermore, Shakuri et al. [20] made use of gold nanorods
to detect hepatitis B virus.

However, Au/GO has attractedmore attention than other nanostruc-
tures because they have a large surface area, excellent biocompatibility,
and very high electrical conductivity, high water-solubility, and can be
easily prepared via the electrostatic self-assembly technique. In addi-
tion, several manuscripts which were published previously, have uti-
lized of the stepwise modification method using GO sheets and then
assembling of AuNPs on the GO sheets [21].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2015.12.091&domain=pdf
mailto:nasirizadeh@iauyazd.ac.ir
http://dx.doi.org/10.1016/j.msec.2015.12.091
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The major function of DNA biosensors is to measure the signals of
DNA hybridization process. The hybridization of the probe to the target
sequence can be detected using appropriate hybridization indicators
[22].

Oracet blue (OB) is an anthraquinone derivative which can be as-
sumed as a quinine. It is established that anthraquinone derivatives
can be quite active in the electrocatalytic redox reactions of different
analyses [23]. We have recently studied the electrochemical properties
of OBmodified electrodes and their application as sensors to detect hy-
droxylamine [23] and simultaneous determination of dopamine, ascor-
bic acid and uric acid [24].

In this research, a new DNA biosensor has been developed based on
modified GCE with AuNPs/GO for detection of 18-mer oligonucleotides
of H. pylori. The self-assembled monolayer (SAM) technique was ap-
plied to fabricate a recognition interface using an alkanethiol single
strand DNA (ssDNA). OB served firstly as an electroactive label for the
hybridization signal. Differential pulse voltammetry (DPV) was used
to study the interaction of DNAwithOB aswell as to detect complemen-
tary, non-complementary and mismatch target DNA chains in the hy-
bridization process.
2. Experimental

2.1. Materials

OB and other chemical reagents including K2HPO4, KH2PO4, NaCl,
KCl, NaOH, HCl and absolute ethanol were purchased fromMerck Com-
pany. 6-Mercapto-1-hexanol (MCH) was supplied from Aldrich. AuNPs
and graphene oxide (GO) dispersion were obtained from SIGMA AL-
DRICH. The solutions were prepared with double distilled water. All
the chemicals were used without further purification.

DNA oligonucleotides were supplied (as a lyophilized powder) from
Eurofins MWG Operon with the following sequences: Thiolated DNA
probe (H. pylori): 5′-HS (CH2)6 AGA CATGCAAAAAGG TAT-3′. Comple-
mentary target DNA (H. pylori): 5′-ATA CCT TTT TGC ATG TCT-3′, Non-
complementary DNA: 5′-GAA TAT GAT TTA CAG TTT ATT TTT-3′ and
mismatch 5′-ATACCT TTT TGGATGTCT-3′. The stock solutions of the ol-
igonucleotides (100.0 μM) were prepared with a 10.0 mM Tris–HCl
buffer (pH 8.0) containing 1.0 mM of EDTA. The stock solutions were
kept frozen at−20 °C. The immobilization and hybridization solutions
were a 1.0 M phosphate buffer (pH 4.5) and a 0.05 M phosphate buffer
(pH 7.0) containing 0.3 M of NaCl. The washing solution was also a
0.05 M phosphate buffer (pH 7.0) containing 0.3 M of NaCl. A stock so-
lution of 1.0 mM of OBwas prepared using a 0.1M phosphate buffer so-
lution at the pH of 7.0. The pHwas adjusted with either NaOH or H3PO4

solutions.
2.2. Instrumentation

Electrochemical measurements were performed with an Autolab
potentiostat/galvanostat model PGSTAT 30 (EcoChemic, Utrecht,
Netherlands) and a GPES 4.9 software at laboratory temperature
(25 ± 1 °C). A three-electrode systemwas used for electrochemical ex-
periments, involving a glassy carbon electrode (GCE) (with a surface
area of 0.0314 cm2) as the working electrode, a saturated calomel elec-
trode (SCE) as the reference electrode, and a platinum electrode as the
auxiliary electrode. All the potentials in the text were reported with re-
spect to the reference electrode. The pHmeasurements were donewith
aMetrohmmodel 691 pH/mVmeter. Themorphology of AuNPs and GO
were investigated by scanning electron microscopy (SEM) using a
MIRA3 TESCAN microscope and also AuNPs were characterized by a
UV–vis absorption spectrophotometer (Cary 100 spectrophotometry)
and transmission electron microscopy images were recorded on a TE
2000 Ziess TEM.
2.3. Preparation of a probe-modified electrode and DNA hybridization

Prior to eachmeasurement, the surface of a GCEwas polishedwith a
0.05 μm alumina-water slurry on a smooth polishing fabric. The elec-
trode was rinsed with double distilled water and dried. Then, 2.0 μL of
0.5 mg mL−1 GO dispersion was dropped on the surface of the
pretreated GCE and dried at an ambient temperature. Consequently,
GO could be adsorbed onto the electrode. Afterward, 2.0 μL of
250 μg mL−1 AuNPs solution was deposited onto the surface of GO/
GCE. At this stage, an AuNPs/GO thin film was formed at room temper-
ature. Next, the AuNPs/GO/GCE surface was dried at room temperature,
and then 2.5 μL droplet of an immobilization buffer solution containing
10.0 nM H. pylori probe (ssDNA) was placed on the AuNPs/GO/GCE sur-
face for probe self-assembly. The self-assembly of the probe was per-
formed by incubating the electrode at room temperature (25 ± 1 °C)
for 80 min in a high-humidity container to hinder evaporation. Later,
the H. pylori self-assembled electrode (ssDNA/AuNPs/GO/GCE) was
washed with a washing solution and incubated in a 1.0 mM solution
of MCH for 5 min. The electrode was rinsed with 80:20 (v/v) ethanol:
water and then distilledwater. The hybridizationwas performed by im-
mersing the ssDNA/AuNPs-GO-GCE into a hybridization buffer solution
(pH7.0) containing 1.0 nMof the target oligonucleotide (complementa-
ry, mismatch or noncomplementary strands) at room temperature
(25 ± 1 °C) for 120 min. The detailed process of biosensor fabrication
is representing in the Scheme 1.

2.4. OB accumulation on the modified electrode

OBwas accumulated on the ssDNA/AuNPs/GO/GCE by immersing the
modified electrode into a 0.1 mM phosphate buffer solution (pH 7.0)
containing 0.1mMof OBwithout applying any potential to the electrode,
when the mentioned solution gently stirred at 100 rpm for 100 min. Af-
terward, the prepared electrode was rinsed with a washing solution for
10 s. A similar procedure was applied for the accumulation of OB on a
probe modified GCE which is hybridized with desired oligonucleotide
samples (non-complementary, mismatch and complementary).

2.5. Voltammetric measurements

Electrochemical measurements were performed by differential
pulse voltammetry (DPV), with an amplitude of 25 mV, a step potential
of 50 mV, in a 0.1 M phosphate buffer solution (pH 7.0) and at a modu-
lation time of 0.05 s. The rawdatawere processedwith the Savitzky and
Golayfilter (level 2) followedby themoving average baseline correction
using a peakwidth of 0.01. The cyclic voltammograms were plotted at a
scan rate of 100 mV s−1. The electrochemical impedance spectra were
measured at 0.2 V from 100 kHz down to 0.01 Hzwith an AC amplitude
of 10 mV. All the experiments were carried out in 5 mL of 0.5 mM solu-
tion of [Fe(CN)6]3−/4− as a redox pair in 0.1 M PBS solution in a faraday
box.

2.6. Theoretical method

In the first step, 3D structure of DNA probe was predicted using
make-na web tool (http://structure.usc.edu/make-na/server.html).
The resulted structure used as a receptor in molecular docking. The
structural file of OB, downloaded from the ZINC database (http://zinc.
docking.org/) which accession number is “zinc_4521757”. The probe
and OB preparation were performed in “AutoDocktools” that including
adjust Hydrogen atoms, defined atom type and add potential charge.
The search space was determined by means of “Grid box plugin of
AutoDocktools”. Finally molecular docking was done using vina-
autodock which has more accuracy and is faster than autodock [25].
The results of docking were visualized in 2D and 3D representation
using Ligplot [26] and pymol (http://www.pymol.org/) software,
respectively.

http://structure.usc.edu/makea/server.html
http://zinc.docking.org
http://zinc.docking.org
http://www.pymol.org


Scheme 1. Schematical fabrication process of the biosensor.
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3. Results and discussion

3.1. Evaluation of the AuNPs/GO

3.1.1. Characterization of AuNPs
Characterization and specification of the AuNPs are shown by the

Transmission electron microscopy (TEM) images (Fig. 1A) and UV–vis
absorption spectrum (Fig. 1B). The resulted AuNPs have had satisfying
uniform shape, and approximately 30 nm diameter.

3.1.2. Scanning electron microscopy analysis
The morphologies of GO, and AuNPs/GO films were evaluated by

SEM (Fig. 1C and D). As can be seen from Fig. 1C, the SEM image of GO
showed a planar sheet-like structure which is successfully expanded
the electrode surface. After addition of the AuNPs on the surface of the
GO, many pearl-like particles with diameter of ∼30 nm distributed rel-
atively uniformly onto the GO matrix (Fig. 1D).

3.2. Docking result

The binding affinity of OB for 9 clusters summarized in Table 1which
shows the binding energy for dsDNA is −8.6 kcal mol−1. During the
docking many different conformations were generated which grouped
in 9 clusters based on RMSD. However, binding energy of this interac-
tion for single strand is−4.9 kcal mol−1 (Fig. 2A). The location of bind-
ing is major/minor groove (Fig. 2B). The binding pocket has shown that
the planner ring of ligand has parallel orientationwith nucleotide there-
fore could has stacking binding with them (Fig. 2C).

The 2D representation of binding pocket was shown in (Fig. 2D) that
including following nucleotide in binding with ligand. a9, a11, t9, t10,
a12, g11, a10, c12. In Addition, the molecular rendering of the OB is
shown in Fig. 2E. The results indicate theOBhas themost effective inter-
action with ds-DNA rather than ss-DNA, and in the course of an exper-
iment too. In fact the theoretical and experimental results confirmed
each other.
3.3. Self-assembly of the ssDNA on AuNPs/GO/GCE

The ssDNA was immobilized using two different methods namely
droplet and solution methods. In droplet self-assembly, a 2.5 μL droplet
of an H. pylori probe solution (10.0 nM) was dropped onto the AuNPs/
GO/GCE. In the second method, the AuNPs/GO/GCE was immersed in
an immobilization buffer containing a 10.0 nM probe solution for
80 min. Then, both of the prepared electrodes were soaked first in
MCH and subsequently in the OB solution. Similarly, OBwas accumulat-
ed on the double strand DNA (dsDNA) modified electrode, and the
probe self-assembled AuNPs/GO/GCE was immersed in the target DNA
solution and then in the OB solution. Fig. 3A illustrates the differential
pulse voltammograms (DPVs) of the OB accumulated on the surface of
the ssDNA/AuNPs/GO/GCE before (curves a and b) and after hybridiza-
tion with the complementary DNA (curves c and d) using the prepared
electrodes through the droplet method (curves b and d) and the solu-
tion self-assembly method (curves a and c).

As illustrated, the current response of the OB accumulated on the
ssDNA/AuNPs/GO/GCE prepared by the droplet method (curve b) is
higher than the ones obtained from the solution method (curve a). Be-
sides, the results demonstrate that after the hybridization process, the
current response obtained from the first method (curve d) is larger
than that taken from the solution method (curve c), suggesting that
the probe molecules are better self-assembled by the droplet method.
The fabrication steps of the ssDNA/AuNPs/GO/GCE and the dsDNA/
AuNPs/GO/GCE as well as their interaction with OB label.

Fig. 3B shows the results of DPVmeasurements related to the OB ac-
cumulated on the ssDNA/AuNPs/GO/GCE versus the concentration of
the probe. As it can be seen, the current response of the accumulated
OB increased as the probe concentration is around 10.0 nM and then
slightly decreased with the increase of the probe concentration. This is
in agreement with the findings of Nasirizadeh et al. [20]. In that manu-
script a massive accumulation of the probe on the electrode results in
less availability of OB to DNA.

Fig. 3C exhibits the current response of the accumulated OB on the
ssDNA/AuNPs/GO/GCE versus the required time for the probe self-



Fig. 1. The TEM image (A), Spectrophotometric analysis (B) of the AuNPs., and SEM images of GO/GCE (C) and AuNPs/GO/GCE (D).
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assembly. The results showed that the accumulated OB current re-
sponse was enhanced by the increase of the time of the probe immobi-
lization up to about 80 min and then slightly decreased after 80 min.
This may be happening because the electrode surface was thoroughly
covered by the DNA probe after 80 min. Therefore, duration of 80 min
was chosen for the probe immobilization in the subsequent
experiments.
Table 1
Binding affinity of OB dsDNA.

Mode Affinity (kcal/mol) Distance from best mode

rmsd l.b. rmsd u.b.

1 −8.6 0.000 0.000
2 −8.5 3.551 7.741
3 −8.4 12.177 16.446
4 −8.1 7.857 12.451
5 −8.1 6.117 9.335
6 −8.0 2.411 3.941
7 −8.0 2.833 4.699
8 −8.0 11.921 16.557
9 −7.9 18.408 22.232
As shown, a similar trend is observed in both experiments of the
probe concentration and the self-assembly time, whereupon it can be
explained that the electrode surface has a certain capacity for accumula-
tion of DNA probe. Based on the obtained results, 10.0 nM of thiolated
DNA was selected as an optimum concentration for the immobilization
of the ssDNA on the AuNPs/GO/GCE.

3.4. Optimization of the hybridization process

Three different methods were employed for DNA hybridization, and
their results were compared together. In the first method, referred to as
the dropletmethod, the hybridization processwas conducted by depos-
iting a 2.5 μL droplet of a complementary solution onto the ssDNA/
AuNPs/GO/GCE. To avoid evaporation, it was incubated in a high-
humidity container at room temperature for 2.0 h. Finally, the modified
electrode was rinsed thoroughly in a washing solution through 100-
rpm stirring, and then OB was accumulated on the modified electrode
surface. The DPV diagram of the accumulated OB on this electrode sur-
face is shown in Fig. 4 curve a. In the second method, known as the
preheated solution hybridization method, the ssDNA/AuNPs/GO/GCE
was soaked in the hybridization solution at 85 °C for 3minwhile the so-
lution was being moderately stirred. Then, the solution was cooled



Fig. 2. A. interaction of single strand DNA with ligand. B. The location of binding is major/minor groove. C. planner ring of ligand has parallel orientation with nucleotide. D. nucleotide in
binding with ligand. E: Molecular rendering of the OB.
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Fig. 3. (A)DPVs of theOB accumulated on the surface of ssDNA/AuNPs/GO/GCE before (voltammograms a andb) and after hybridizationwith the complementary DNA (voltammograms c
and d) using the electrodes prepared with two different methods of the droplet self–assembly (voltammograms b and d) and the solution self-assembly (voltammograms a and c). The
accumulated OB current response on ss–DNA/AuE versus (B) the consumed time for the probe self–assembly, (C) the probe concentration.
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down gradually at room temperature. The electrode was rinsed with a
washing solution and the OB was accumulated on the electrode. Fig. 4,
curve b, presents the DPV of the accumulated OB by the preheated solu-
tion hybridization method. The third method was the solution hybridi-
zation method, practiced in the same way as the method described in
Section 2.3. After hybridization, the modified electrode was immersed
in theOB solution. Fig. 4, curve c, illustrates the current peak of themod-
ified electrode by the solutionmethod. As indicated, the highest current
response was observed in the modified electrode with the solution
method.

It can be said that, by the solutionmethod, the target DNAhas a good
chance to gain the best orientation for hybridization. According to Fig. 4
the solution hybridizationmethod is suggested as an optimal procedure
for the hybridization process.
Fig. 4. DPVs of OB accumulated on the surface of dsDNA/SAM that was prepared with
different hybridization methods of (a) the drop hybridization, (b) the preheated
solution hybridization and (c) the solution hybridization.
3.5. Optimization of OB concentration on the modified electrode surface
with dsDNA

We attempted to find out the best concentration of OB as an
electroactive label on modified electrode with dsDNA. Thus, after the
hybridization process, the modified GC electrode was immersed in dif-
ferent concentrations of OB for 100min. Fig. 5A shows the accumulated
OB signals after immersing the dsDNA/AuNPs/GO/GCE in different con-
centrations of OB. As presented, the signals were enhanced with the in-
crease of OB concentration. Analytical characteristics could further
increase the concentration of electroactive species at the surface of the
modified electrode.

The highest cathodic current was observed at the concentration of
0.1 mM of OB (Fig. 5B), but then it remained relatively constant. So,
this value was considered as the optimal concentration of the buffer so-
lution containing OB. In addition, the effect of the accumulation time of
OB was investigated. Based on the results given in Fig. 5C, the best time
for accumulation of OB on the dsDNA/SAM was 100 min.
3.6. Characterization by cyclic voltammetry

Fig. 6A shows the cyclic voltammograms of the electrode in 0.5 mM
[Fe(CN)6]3−/4− in 0.1 M KCl for GCE bare electrode, GCE/GO, AuNPs/
GO/GCE, ssDNA/AuNPs/GO/GCE, MCH/ssDNA/AuNPs/GO/GCE and
dsDNA/AuNPs/GO/GCE. In comparison to the performance of the bare
GCE, the modified GCE/GO has a lower peak current, but the AuNPs/
GO/GCE displayed a significant increase in peak current. The decrement
of the current by addition of the GO, is because of the negative charge of
the GO in solution which is interacting with [Fe(CN)6]3−/4­ ions due to
the ionized functional groups, or the GO acted as an insulating layer,
which have been reported in publications before [27,28]. In fact, this in-
crease in oxidation/reduction peak current of [Fe(CN)6]3−/4− anions
demonstrate the important role of AuNPs in obtaining higher



Fig. 5. (A) Differential voltammogram of the accumulated OB current response on dsDNA/AuNPs/GO/GCE versus different OB concentrations. (B) Current range versus concentration for
the accumulated OB. (C) Current range versus consumed time for the accumulated OB.
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electrochemical signals. This phenomenon verifies that the AuNPs not
only enhances the electrode response, but also serves as active binding
sites for oligonucleotide probes by providing a larger effective surface
area. Binding of ssDNA onto the AuNPs/GO/GCE surface, resulting a de-
crease in peak current, but the MCH treatment helps the decoration of
the ssDNAs on the AuNPs, therefore the current slightly increased. Fol-
lowing hybridization of the DNA probe with the complementary DNA,
the redox peak currents decreases due to the phosphate backbone of
Fig. 6. A. Cyclic voltammograms of the electrode in 0.5mM [Fe(CN)6]3−/4− in 0.1 M KCl for GCE
GCE and dsDNA/AuNPs/GO/GCE. B. electrochemical impedance spectroscopy of the electrode
ssDNA/AuNPs/GO/GCE, MCH/ssDNA/AuNPs/GO/GCE and dsDNA/AuNPs/GO/GCE.
the DNA develops more negative charges on the surface electrode.
These observations confirmed the assembling procedures of the modi-
fied electrodes in every stage of biosensor preparation.

3.7. Characterization by electrochemical impedance spectroscopy

To reconfirm the CV experiments, the EIS experiments were also
performed which is shown in the Fig. 6B with plots of the modified
bare electrode, GCE/GO, AuNPs/GO/GCE, ssDNA/AuNPs/GO/GCE, MCH/ssDNA/AuNPs/GO/
in 0.5 mM [Fe(CN)6]3−/4− in 0.1 M KCl for GCE bare electrode, GCE/GO, AuNPs/GO/GCE,



Fig. 7. DPVs of OB accumulated on the (a) MCH modified AuNPs/GO/GCE, ssDNA/AuNPs/
GO/GCE before (b) and after hybridization with a 1.0 nM oligonucleotide solution of the
(c) non–complementary, (d) mismatch and (e) complementary in a 0.1 M phosphate
buffer solution (pH 7.0).
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electrodes after each modification step. It is clearly noticeable that the
bare GCE exhibits a small charge transfer resistance but for theGOmod-
ified electrode, the Rct significantly increased to 517 Ω. For the AuNPs/
Fig. 8. (A) DPVs of OB accumulated on the hybridized ssDNA/AuNPs/GO/GCE with different c
(pH 7.0). The numbers of 1–11 correspond to 60–600 pM target DNA. Inset (B) shows the plot
(ΔI = Ids–DNA–Iss–DNA) versus the target DNA concentration in the hybridization process.
GO/GCE reducing of the Rct happened to 243 Ω because of the higher
surface area and excellent conductivity of AuNPs. After immobilization
of ssDNA on the AuNPs/GO/GCE, the charge transfer resistance in-
creased to 348 Ω, because the quantity of the negative charge on the
electrode surface increased greatly and the electrode surfacewill be rel-
atively blocked. Upon the addition of theMCH to the ssDNA/AuNPs/GO/
GCE, the assembly of the ssDNAs on the AuNPs was corrected, therefore
the Rct slightly decreased to 401 Ω. By hybridization of dsDNA, Rct was
increased to 405Ω. Because ofmore repulsion between negative charge
of [Fe(CN)6]3−/4- and DNA phosphate groups negative charges. These
results clearly supported the observations of CV experiments and
reconfirmed the assembling procedure of the modified electrodes.

3.8. Analytical performance of the DNA biosensor

The selectivity of DNAhybridization on the GCEwith probeDNAwas
evaluated by hybridizing it with its complementary sequence, mis-
match sequence, and non-complementary sequence. Fig. 7 shows the
DPVs of OB accumulated on the MCH modified GCE (curve a), ssDNA/
AuNPs/GO/GCE before hybridization (curve b) and after hybridization
with a 1.0 nM solution of non-complementary (curve c), mismatch
(curve d) and complementary (curve e) oligonucleotides.

As shown in Fig. 7, in comparison to theDPV response of OBwith the
ssDNA modified GCE (curve b), an increase was observed in the peak
current value of OB when the DNA probe was hybridized with its com-
plementary sequence (curve e). The current peak obtained by probe hy-
bridization with the mismatch DNA (curve d) was higher than the one
with the non-complementary sequence (curve c). The results showed
that the modified electrode had satisfactory selectivity for DNA
hybridization.
oncentrations of the complementary (target) DNA in a 0.1 M phosphate buffer solution
of difference in the accumulated OB current response on ds–DNA/AuE and ss–DNA/SAM



Fig. 9. Effect of candidate interferences on proposed biosensing platform, including CTAB,
SDS, ethanol, chloroform and glucose.

Table 2
Comparison of the analytical parameters of different biosensors for DNA determination.

Electroactive indicator Linear range (pM) Detection
limit (pM)

Electrochemical
method

Sensitivity
(nA pM−1)

Mismatch
detection

Electrode Ref.

Hematoxylin 1.25 × 104–3.5 × 105 3.8 × 103 DPV 1.14 × 10−9 Single-base mismatch Gold electrode [20]
Methylene blue 2.0 × 103–1.0 × 104 1.49 × 103 DPV 0.78 × 10−3 – Pencil graphite [29]
ZnO nanowires 1.0 × 107–1.0 × 108 3.32 × 106 DPV 6.36 × 10−3 – Gold electrode [30]
Methylene blue 5.0 × 104–1.0 × 108 3.6 × 104 CV 1.10 × 10−9 – Gold electrode [31]
Methylene blue 5.0 × 103–1.0× 105 4.35 × 103 DPV 0.53 × 10−2 – Gold electrode [32]
Anthraquinone 2.0 × 104–1.2× 107 4.0 × 103 DPV 0.28 × 10−3 – Screen-printed carbon electrode [33]
Methylene blue 1.87 × 104–2.50 × 105 1.81 × 104 DPV 0.32 × 10−2 – Gold electrode [34]
[Ru(phen)3]2+ 0.1–100 0.04 DPV 2.22 × 10−9 – Glassy carbon electrode [19]
Methylene blue 1.0 × 10−3–5.0 3.8 × 10−4 DPV 0.30 × 10−9 – Gold electrode [35]
Methylene blue 1.0 × 10−1–1.0 × 106 3.12 × 10−2 DPV 4.11 × 10−9 Single-base mismatch Carbon ionic liquid electrode [36]
Gold(I) complexes 1.0 × 103–2 × 104 0.5 × 103 CV 8.25 × 103 Glassy carbon electrode [37]
Methylene blue 2.5 × 104–1.0 × 105 0.2 × 103 CV – Single-base mismatch Gold electrode [38]
Carboxylic group functionalized
SWCNTs

4.0 × 104–1.1 × 105 2.0 × 104 DPV 0.17 × 10−1 Single-base mismatch Glassy carbon electrode [39]

OB 60.0–600.0 27 DPV 0.42 Single-base mismatch glassy carbon electrode This work
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Fig. 8A displays the DPV hybridization responses for increase of the
target concentrations of the complementary sequence from 60 pM to
600 pM. The peak current of the accumulated OB was increased with
the increment of the complementary target DNA concentrations, and
it has a linear relationship with the value of the complementary target
DNA concentrations, as shown in the Fig. 8B. The linear regression equa-
tionwas y=−0.4279×−97.683with a correlation coefficient value of
0.9946 (x is the concentration of the complementary sequence and y is
the consequent peak current). The calibration plot, in the range of 60.0–
600.0 pM of the target DNA, was used to estimate the lower limit of the
target DNA detection at the ssDNA/AuNPs/GO/GCE. The lower detection
limit, Cm and limit of quantification (LOQ) were found to be 27.0 pM
and 90.0 pM, by using the equation Cm = 3sbl/m and LOQ = 10sbl/m,
where sbl is the standard deviation of the blank response (nA) and m
is the slope of the calibration plot (−0.4279 nA nM−1). The average
voltammetric current and the precision estimated in terms of the rela-
tive standard deviation (RSD) for twelve repeated measurements
(n = 12) of 150.0 pM of the target DNA were 168.0 ± 5.7 nA and 3.4%
respectively. In addition, the response time of prepared electrode is
about 220minwhich is lower than themajority of the previous publica-
tions. In Table 2, some of the analytical characteristics obtained in this
study are compared with those previously reported by others [20,
29–40]. As it can be seen, some analytical responses such as detection
limit and linear range of response are higher in some cases versus rep-
resented works in Table 2. Therefore the represented biosensor has rel-
ative better response than other previously published DNA biosensors,
especially in response time, sensitivity and selectivity.

In order to study the stability of themodified electrodes, the AuNPs/
GO/GCE modified electrodes which were immobilized by ssDNA have
been produced with the method described in the experimental part
Section 2.3; andhave been kept for different time periods (days) in tem-
perature of 4 °C in the phosphate buffer solution pH 7.0. The aforemen-
tioned modified electrodes were examined for the purpose of the
measurement target DNA sample, in the temporal range of 1 to
14 days. The results have shown that the modified electrodes have the
best stability for less than 3 days, and after 3 days, theOBdecomposition
placed on the ss-DNA show more than 5% decrease. In conclusion, the
best stability of the electrodes immobilized by ssDNA is within 3 days
storage under the temperature of 4 °C, for the most effective use in
measurements.

3.9. Study of chemical interferences on DNA hybridization

To evaluate the effect of candidate interferences on the proposed
biosensing platform, different chemicals have been studied, including
cetyltrimethyl ammonium bromide (CTAB), sodium dodecyl sulfate
(SDS), ethanol, chloroform and glucose [40]. Aforementioned chemicals
have added to the hybridization buffer up to 1% final concentration. The
hybridization of the ss-DNA on the electrode with the target DNA
(110.0 pM) was carried out and the DPVs were performed which is
shown in the Fig. 9. As it can be seen, the presences of these potential in-
terferences have not any significant effect on the hybridization process
of the proposed biosensor. Furthermore, the specificity and selectivity of
the proposed system and also the low potential reduction peak of the
label provide additional insurance to reconfirm the proposed DNA
biosensor.

3.10. Real sample evaluation

To evaluate the functionality of the proposed biosensor in real sam-
ple environment, the extracted DNA solution was simulated using four
potential interferenceswhich could possibly found in the extracted bac-
terial DNA. To perform this experiment, the target DNA solution was
spiked with the solution containing the combination of the four poten-
tial interferences including 0.25% SDS, 0.25% ethanol, 0.25% glucose and
0.25% CTAB [40]. The results showed that the mentioned reagents do
not have any interferences in the determination of our target because
in our determination potential range these reagents do not displays
electroactive role. Table 3 representing the real sample analysis for
four different concentrations in the linear range, with their recovery



Table 3
The real sample results of the proposed biosensor.

Sample Spiked (pM) Detected (pM) Recovery (%) RSD (%)

1 10 9.72 97.2 3.7
2 20 19.6 98.0 2.9
3 40 41.0 102.5 2.4
4 80 78.7 98.4 2.1
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percentages and RSD. As it is shown, high recovery percentages with
very low RSD percentages are representing the potential application of
the proposed biosensor to be used in future clinical sample analysis.

4. Conclusion

In this study, the interactions of OB were investigated as an
electroactive DNA label. Different affinities of OB were employed to
ssDNA and dsDNA for the development of a DNA biosensor for the pur-
pose of detecting and discriminatingH. pylori corresponding to oligonu-
cleotide from non-complementary DNA. The experiments also
confirmed that OB-based DNA biosensors are capable of detecting the
single-base mismatch in the target DNA. The study has provided evi-
dence that the best method for probe self-assembly is drop self-
assembly and the best hybridization method is solution hybridization.
Under optimum conditions, electrical signals have a linear relationship
with the concentration of the target DNA ranging from 60.0 pM to
600.0 pM, and the detection limit is 27.0 pM. The great responses of
the biosensor in the simulated real sample, representing its potential
to be used in future clinical application for H. pylori detection.
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