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Herein, an easy and cost-effective approach to the immobilization of probe was performed. The amino
modified salmonella ssDNA probe sequence was covalently linked with carboxylic group on the surface
of nanoporous glassy carbon electrode to prepare the DNA biosensor. The differential pulse voltammetry
(DPV) and electrochemical impedance spectroscopy (EIS) techniques were used for the determination of
salmonella DNA in the concentration ranges of 10-400 pM and 1-400 pM with limits of detection of
2.1 pM and 0.15 pM, respectively.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Food borne diseases are a major public health and economic
problem in the world. The Centers for Disease Control and Pre-
vention (CDC) reported that only in the United States of America
over 48 million people are sickened as a result of consuming
contaminated foods or beverages (Scharff, 2011). According the
European Centre for Disease prevention and Control (ECDC), sal-
monellosis is the second most common cause of food poisoning
after campylobacter. The Economic Research Service (ERS) esti-
mates that the annual economic cost of salmonellosis is 4.430
billion dollars (Scharff, 2011). Salmonella bacteria has been found
in un-pasteurized milk, eggs, raw egg products, meat and poultry
(Hoelzer et al., 2011). Therefore, it is necessary to develop a sen-
sitive, selective and cost-effective method for determination of
salmonella bacteria.

Recently, DNA detection methods have attracted considerable
interest due to their early diagnosis of diseases. Up to now, nu-
merous DNA detection methods have been reported in literature
for the determination of salmonella, such as polymerase chain
reaction (PCR) (Ma et al., 2014; Margot et al., 2013), rolling circle
amplification (RCA) (Sato et al., 2013, 2010) and nucleic-acid se-
quence-based amplification (NASBA) (Mollasalehi and Yazdanpar-
ast, 2012, 2013). However, these methods are generally time-
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consuming, complex and expensive operations. To overcome these
shortcomings, the electrochemical DNA biosensors are especially
promising because of their simplicity, high sensitivity and se-
lectivity (Erdem et al., 2006; Ligaj et al., 2014; Singh et al., 2013). It
is well known that the electrochemical behaviors of DNA bio-
sensors are related to the physico-chemical properties of the
electrode surfaces. Several materials for the fabrication of elec-
trochemical DNA biosensor have been reported in the literature
(Hu et al.,, 2011; Peng et al., 2009; Rai et al., 2012; Yang et al., 2007;
Zhang et al., 2013). Among them, the carbon based nanomaterials
not only provide a large microscopic surface area for immobiliza-
tion of bio-molecules, but also introduce a desirable biocompatible
microenvironment (Gupta et al., 2013; Hu et al., 2011; Huang et al.,
2014; Kim et al., 2012; Wang et al., 2011; Wei et al., 2010; Yola
et al., 2014; Zhou et al., 2009). The nanoporous glassy carbon is
one of these carbon based nanocomposites. The application of
nanoporous glassy carbon electrode for the fabrication of elec-
trochemical sensor (Geremedhin et al., 2013; Xu et al., 2010; Zhao
et al., 2009) and biosensor (Haghighi and Tabrizi, 2011; Zhang
et al,, 1996) has been reported previously. To the best of our
knowledge, the use of a nanoporous glassy carbon electrode for
immobilization of DNA and its application as a DNA biosensor has
not been yet reported. The DNA biosensor proposed in this work
exhibited excellent electrochemical characteristics and high ana-
lytical performance in terms of sensitivity, stability, selectivity,
linear range and limit of detection.
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2. Experimental
2.1. Reagents and chemicals

All chemicals were of analytical reagent grade and used with-
out further purification. Potassium dihydrogen phosphate
(KH,PQ,4), potassium hydroxide (KOH), potassium chloride (KCl),
hydrochloric acid (HCl), potassium hexacyanoferrate(IIl)
(K3[Fe(CN)g]) and potassium hexacyanoferrate(Il) (K4[Fe(CN)g])
were obtained from Merck (Darmstadt, Germany). N-(3-Di-

The fabrication of
nanoporous glassy
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methylaminopropyl)-N'-ethylcarbodiimide hydrochloride CgHy7
N3.HCl (EDC.HCI) and N-hydroxysuccinimide (NHS, 98%) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Double distilled
water was used in all experiments. DNA oligonucleotides with the
following sequences were obtained from Fazabiotech Co. (Tehran,
Iran):
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Scheme 1. The schematic illustration for fabrication of DNA biosensor.
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Fig. 1. SEM and AFM images of polished GCE (A,C) and the prepared GCE-red (B,D).
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Double-base mismatched DNA: 5-TTC AAT AAT GCT AGA AGC
iﬁrce_j—base mismatched DNA: 5-TTC AAG AAT GCT AGC AGA
Lf)(r:l_—Bcomplementary DNA: 5-CAT CTC ATG GCC GAT TCG TTG-
'?"fle photo tagging of components are added to the Supple-
mentary section (Fig. S1).

2.2. Apparatus and measurements

Cyclic voltammetry (CV), electrochemical impedance spectro-
scopy (EIS) and differential pulse voltammetry (DPV) studies were
performed using an pAutolab electrochemical system equipped
with GPES and FRA 4.9 software (Eco-Chemie, Utrecht, The
Netherlands). During the electrochemical measurements, the
working electrode was a GCE-red/ssDNA set in cell device, and the
auxiliary and reference electrodes were a Pt wire and Ag/AgCl
electrode, respectively. Scanning electron microscopy (SEM) ima-
ges were obtained using a Philips instrument, Model XL-30 at an
accelerating voltage of 15.0 kV. Atomic force microscopy (AFM)
images were obtained using a DME DualScope Scanner DS 95-200
(Herlev, Denmark).

2.3. Preparation of GCE-red/ssDNA and hybridization

The nanoporous glassy carbon was prepared according to the
previously reported method without any modification (Zhao et al.,
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2008). In brief, the end surface of a GCE electrode (i.d.=3.0 mm,
Azar Electrode, Urmia, Iran) was polished on a synthetic cloth
successively with 0.3, 0.1 and 0.05 pm alumina slurry to obtain a
mirror finish and then cleaned in water-ethanol solution (1:1)
under ultrasonication. Next, the freshly polished GCE was ano-
dized at 1.8 V in a 0.1 M KH,PO, solution for 10 min to obtain the
oxidized GCE (GCE-ox). The oxidized GCE was then reduced at
—1.0Vin 0.1 M KH,PO4 for 1 min to obtain the reduced GCE (GCE-
red). In this process, most of the oxygen-containing groups on the
surface of oxidized GCE are reduced, while the carboxylic acid
groups still remaining un-attacked (Engstrom and Strasser, 1984;
Zhao et al., 2008). After that, the electrode was rinsed with 0.05 M
phosphate buffer solution (PBS) thoroughly. Then the electrode
was immersed in 0.05 M PBS of pH 7.0 containing 10 mM EDC and
20 mM NHS for 1 h to activate the carboxylic groups at the GCE-
red. The electrode was then washed quickly with PBS and im-
mediately immersed in a probe DNA solution (10 uM, 0.05 PBS of
pH 7.0) for 2 h. Finally, the electrode (denoted as GCE-red/ssDNA)
was thoroughly rinsed with deionized ultrafiltered water, dried in
air and stored at 4 °C in 0.1 M PBS of pH 7.0 when not in use. In the
next step, the GCE-red/ssDNA was transferred into the hybridiza-
tion solution containing different concentrations of target DNA
and incubated for 45 min at room temperature. After that, the
electrode, denoted as GCE-red/dsDNA, was rinsed three times with
water to remove the non-hybridized target. The schematic re-
presentation for the fabrication of proposed DNA biosensor is
shown in Scheme 1.
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Fig. 2 Cyclic voltammograms (A) and Nyquist diagrams (B) of 5.0 mM [Fe(CN)s]>~/4~ in 0.1 M KCl recorded at (a) GCE, (b) GCE-ox and (c) GCE-red.
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Fig. 3. Cyclic voltammograms (A) and Nyquist diagrams (B) of 5.0 mM [Fe(CN)s]>~/#~ in 0.1 M KCI recorded at (a) GCE-red, (b) GCE-red/ssDNA and (c) GCE-red/dsDNA.
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3. Results and discussion
3.1. The surface characterization of GCE and GCE-red

The surface morphologies of the polished GCE and the pre-
pared GCE-red were investigated using SEM and AFM (Fig.1). It is
seen that the surface of reduced GCE (GCE-red) (B,D) was quite
porous in comparison with the smooth surface of the GCE (A,C).
Fig. S2 shows the surface profiles of both GCE and GCE-red. The
maximum height of the roughness profile and root-mean-square
deviation of the roughness profile for the GCE-red were 67.1 nm
and 8.01 nm, respectively. While, the corresponding respective
values for the polished GCE were 2.21 nm and 718 pm.

3.2. Electrochemical properties of the electrodes

The CV and EIS were used to characterize the interface prop-
erties of the electrodes surfaces, and the results are shown in
Fig. 2. Fig. 2A shows the cyclic voltammograms (CVs) of GCE (a),
GCE-ox (b) and GCE-red (c¢) in 0.1 M KCI solution containing
5.0 mM KsFe(CN)g~3/~%. It is seen that a pair of reversible redox
peaks of KsFe(CN)g> /4~ appeared at a bare GCE (a), but it dis-
appeared at a oxidized GCE (b) because of strong electrostatic
repulsing between oxygen groups on the surface of GCE-ox and
the anionic probe. After electrochemical reduction, the pair of
reversible redox peaks of KsFe(CN)g>~/4~ restored at the GCE-red
(c). However, because of electrostatic repulsion between the re-
maining carboxyl functional groups on the surface of GCE-red and
anionic redox probe, the peak separation of K3Fe(CN)s>~/4~ on the
GCE-red was larger than the freshly polished GCE.

A B
120 900
750
600
G
N 450
300
150
0
0 0.05 0.1 0.15 0.2 025 03 035 0.4 045 0
E vs.AgAeCIV 0 250 500 750 1000 1250 1500
Z/Q
C D
0 1050
-10 900 }
-20 750 F y =2.049x + 65.36
= _ R2=0.9969
3 L IR
> 40 F ’ e
3 < 450
50 F
300
-60 F
20 | 150
-80 0
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
C /pM
C[DNA]/pM TONAT
E 60
50 F 45.8 %
x40 F
<30 }
= 218%
<20 }
10 f 38%
0 . . N
DMM TMM NCMM

Fig. 4. DPV (A) and EIS (B) results for GCE-red/ss-DNA incubated with different concentrations of target DNA and calibration curves for Al, (C) and ARe. (D) versus con-
centration of target DNA. (E) Comparison of hybridization signal intensities for GCE-red/ssDNA with 200 pM double-base mismatched (DMM), three-base mismatched

(TMM) and non-complementary sequences (NCMM), respectively.
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Table 1

Comparison of the analytical performance of the different salmonella DNA biosensors.
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Probe Method Liner range/M Limit of detection/M RSD References
GDH-DNA/CPE AMP 5%x1078-1x 1075 50x10°8 - Ikebukuro et al. (2001)
sSDNA/Ptmicrolectrode EIS 1x107°-500 x 10~° 1.0x10° - Berdat et al. (2008)
ssDNA/MCH/gold electrode DPV 1x10712-10 x 10~° 0.5x10~1? 5% Li et al. (2012)
ssDNA/ Ru-Fe complex /GC electrode SWV 0.4x1075-0.8x10~° 04x10°° - Diaz-Serrano et al. (2013)
ssDNA/SPCE LSV 01x1073-15x 1073 01x1073 - Horakova-Brazdilova et al. (2008)
MB-labeled DNA probe/gold electrode DPV 60 x 107°-300 x 10~° 60.0x10~° - Lai et al. (2006)
ssDNA/SA chip SPR 5 x 10~°-1000 x 10~° 0.5x10°° - Zhang et al. (2012)
ssDNA/gold electrode ACV 25 x 1079-2400 x 10~° 10x10°15 - Ferguson et al. (2009)
DNAzyme probe self-assembled gold nanoparticles UV-vis 0.5%x107°-50 x 10~° 044 x10~° 5% Luo et al. (2014)
ssDNA/GCE-red DPV 10 x 10~ 2-400 x 10~ 12 21x10°12 2.1% This work

EIS 1x10712-400 x 10~ 12 0.15x 10712

GDH: glucose dehydrogenase CPE: Carbon paste electrode, AMP: Amperometry, EIS: Electro-chemical impedance spectroscopy, DPV: Differential pulse voltammetry, MCH:
6-mercapto-1-hexanol, Ru-Fe complex: [Ru(Fe-Phen),dppz](PFs) 2, MB: Methylene blue, SPCE: Screen-printed carbon electrodes, SPR: Surface plasmon resonance, ACV:

Alternating current voltammetry.

Fig. 2B displays the Nyquist plots obtained for a GCE (a), GCE-ox
(b) and GCE-red (c) in a solution containing 5.0 mM Fe(CN)g> /4~
couple (1:1) and 0.1 M KCl. Obviously, the impedance of GCE-ox is
dramatically increased from 63 Q to 5327 €, which indicates that
the conductivity of GCE has been declined by the electrochemical
oxidation of GCE surface. However, after the electrochemical re-
duction of oxidized GCE, the value of R.; decreased to154 Q. These
results were consistent with the CV results. All these results de-
monstrated that the surface property of glassy carbon electrode
changed considerably after the electrochemical treatment.

The CV and EIS were also used to characterize the assembled
process of the biosensor in 5.0 mM Fe(CN)s> /4, and the results
are shown in Fig. 3A and B, respectively. Fig. 3A displays the CV
behavior of Fe(CN)s>~/4~ on the GCE-red (a), GCE-red/ssDNA
(b) and GCE-red/dsDNA (c). It can be clearly observed that the
peak current was largely decreased when the probe ssDNA was
assembled on the surface of the GCE-red (b) and after the probe
DNA was hybridized with the target DNA, the peak current con-
tinuously decreased (c). The reasonable explanation is that after
the probe DNA was hybridized with target DNA, the density of
negative charges at the electrode surface increased, leading to a
further decrease in peak current and increase in peak to peak se-
paration because of the strong electrostatic repulsion interaction
between DNA and Fe(CN)g> /4.

Fig. 3B displays the EIS behavior of Fe(CN)s> /4~ on the GCE-
red (a), GCE-red/ssDNA (b) and GCE-red/dsDNA (c). As seen, after
immobilization of the capture DNA, the value of R.; increased from
154 to 219.0 Q. Subsequently, the target DNA was hybridized with
target DNA resulted in increased R to 269 Q. These results were
consistent with the CVs results.

3.3. Voltammetric and impedimetric detection of target DNA

The analytical calibration was performed using various con-
centrations of target DNA to evaluate the sensitivity of the fabri-
cated biosensor. As can be seen from Fig. 4A and C the DPV re-
sponses linearly decreased with the increasing target DNA con-
centration over the range of 10-400 pM with a regression equation
of i, (MA)=—0.16 C;pnaj (PM) —11.16 and a correlation coefficient
of 0.9926. The limit of detection (LOD) of this method was 2.1 pM
(3¢/S). A corresponding table including the concentrations that
have been used and the values of concentrations that were actu-
ally measured/estimated with this biosensor are added to the
supplementary section (Table S1).

Due to the high ability of EIS technique for probing the inter-
facial properties at the electrode surface and the possibility of
performing label-free detections, EIS measurement was also ap-
plied as an efficient alternative detection system to further

confirm the analytical performance of the biosensor. As shown in
Fig. 4B and D, the increase in R, were found to be linearly pro-
portional to the target DNA concentrations in the tested range of
1-400 pM give a linear profile with a regression equation of AR
(€2)=2.049 Cipnaj (PM)+65.36 (R,=0.9969) and a limit of detec-
tion of 0.15 pM (3¢/S), which was largely improved over that of the
DPV measurements. The results indicated that the label-free
electrochemical strategy based on nanoporous glassy carbon
electrode exhibited high sensitivity, which may be attributed to its
high surface area.

The selectivity of the proposed DNA biosensor for target de-
tection was studied by using double-base mismatched (DMM) and
three-base mismatched (TMM) and a non-complementary mat-
ched (NCMM) strands, using the DPV method and the results for
are shown in Fig. 4E. As seen, the corresponding Al values at an
equimolar concentration of 200 pM with DNA were 45.8% (DMM),
21.4% (TMM) and 3.80% (NCMM).

Additionally, in Table 1 are compared the linear rang and limit
of detection of the proposed salmonella DNA biosensor with those
of different methods previously reported in the literature. As is
obvious from Table 1, in most cases, the proposed GCE-red/ssDNA
biosensor shows an improved analytical behavior over that of the
previously reported systems.

The stability of the probe DNA at the platform surface plays an
important role in obtaining high performance biosensors. The
stability of the GCE-red/ssDNA biosensor was then evaluated by
measuring its DPV response at the electrode in 0.1 M PBS of 7.0.
The relative standard deviation (RSD) was found to be 2.1% after
five successive scans. When not in use, the GCE-red/ssDNA bio-
sensor was stored at 4 °C in 0.1 M PBS of pH 7.0, no measurable
change for the DPV response was observed after 10 days. This high
stability is mainly attributed to the covalent immobilization of
DNA at the surface of GCE-red, which possesses an excellent bio-
compatibility.

4. Conclusions

In summary, a novel, simple and ultrasensitive label-free elec-
trochemical DNA biosensor for salmonella bacteria base on im-
mobilization of the amino terminal of the DNA probe sequence, via
EDC and NHS, on the surface of a nanoporous glassy carbon
electrode was constructed and used successfully for sensing of
DNA hybridization. The resulting carboxylic acid groups and na-
noporous structure of GCE-red provided a suitable platform for
covalent immobilization of the DNA sequence. The experimental
results obtained by DPV and EIS techniques indicated that the
proposed  biosensor display reasonable stability, good
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reproducibility and selectivity and high sensitivity for picomolar
detection of the target DNA.
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