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Abstract
An impedance-based DNAmultiplexed biosensor was designed to simultaneously detect Escherichia coli (yaiO gene) and its virulent
f17 variant. The thiolatedDNAdual probewas self-assembled onto the surface of the gold nanoparticle-modified screen-printed carbon
electrode (AuNPs/SPCE) to recognize selected sequences from yaiO and f17 genes. The optimal conditions to prepare the bioelectrode
were determined based on the monitoring of the impedimetric response fitted to an equivalent electrical circuit model. The charge
transfer resistance of the bioelectrode increased by recognizing the target DNA sequences. The limit of detection was 0.8 fM and
1.0 fM for yaiO and f17 target DNA, respectively, and the linearity ranged from 1 × 10−15 to 1 × 10−7 M with a linear regression
coefficient R ≥ 0.995. The nanodevice provided a novel strategy for simultaneous detection of E. coli and its virulence f17 gene with
excellent discrimination with a single-base mismatch, two-base mismatch, and non-complementary sequences. Moreover, genomic
DNA extracted from E. coli bacteria isolated from diarrheic camel calves and control animals in Tunisia was successfully detected
using the as-prepared biosensor with minimal treatment of the extracted DNA samples.
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Introduction

Toxins, adhesins, and invasion factors are virulence factors pro-
duced by pathogenic variants ofbacteria. Fimbrial and afimbrial
adhesins enable enterotoxigenic Escherichia coli (ETEC) to colo-
nize the gastrointestinal tract of the hosts and are involved in the
onset of extra-intestinal infections caused by ETEC released toxins
[1].Among them, the f17-related fimbriae familymediates binding
to receptors containingN-acetyl-D-glucosamine, which are located
at intestinalmucosal cells and bovine erythrocytes. It alsomediates
in vitro adhesion to bovine intestinal brush borders or to the human
Caco-2 cell line [2]. Furthermore, f17 fimbriae are frequently

diagnosed in ETEC strains isolated from diarrheagenic and septi-
cemic various animal species. For example, it is involved in diar-
rhea among camel in Tunisia [3] and in calves’ illness throughout
Uruguay [4]. Moreover, the F17 fimbriae family is also related to
the incidence of bovinemastitis, which is a serious problem for the
worldwide dairy industry [5].

Because of their important role as targets for therapeutic in-
tervention such as vaccines, differentiation of various fimbriae of
ETEC and their simultaneous analysis remain a challenging task.
PCR-based assays were used for the identification of f17 [6] and
other virulence fimbrial subtypes genes [7, 8]. Moreover, the
multiplex PCR method based only on two runs of amplification
allowed the detection of all the F17-related fimbriae, i.e., F17a,
F17b, F17c, F111, and G fimbriae, and the identification of four
subtypes of structural sub-unit genes and two distinct subfamilies
of adhesin genes [2]. Another approach, consisting of developing
an E. coli virulence factor DNA microarray was investigated to
detect the pathogenic potential of E. coli [9]. Loop-mediated
isothermal amplification procedure was also explored for the
determination of the f5 gene in ETEC with a detection limit of
72 cfu/tube, which was greater than that obtained with PCR
(7.2 × 102 cfu/tube) [10]. Nevertheless, these techniques are
time-wasting and need special instruments and skilled personals,
thus restricting their extensive practical application.
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Electrochemical genosensors, allowing simultaneous anal-
ysis of several biomolecules, have attracted much interest to
develop multiplexed point-of-care testing (POCT) devices be-
cause of their cost-effectiveness, amenability, and little bit
sensitivity towards the matrix effects compared to other ana-
lytical methods. Among them, multiplexed biosensors using
dual SPCE were developed to simultaneously detect tumor
biomarkers [11]. Taken advantage of nanoparticles and nano-
structures [12, 13], multiplexed electrochemical assays were
also achieved with a modified single working electrode. In
fact, using labeled probes with multi-signal output [14] or
functionalized metal-organic frameworks with dsDNA and
electroactive dyes, i.e., MB and TMB, which are susceptible
to be released and detected after hybridization with target
miRNAs [15], were some of the used approaches to design
sensitive multiplexed biosensors. For instance, Chen et al.
[16] reported a bovine serum albumin-dual-probe genosensor
using only one probe, instead of double probes, to discrimi-
nate dominant hepatitis B virus genotypes B and C by mea-
suring two readings at two different temperatures. Xu et al.
[17] designed a DNA circle capture probe attached to a DNA
nanometric structure to detect miRNA-21 and miRNA-155
simultaneously using helper strands. However, these assays
suffer from one of the following drawbacks such as the usage
of various capture probes, engendering crowding or steric ef-
fect and nonspecific interactions between probes, the need for
secondary labeling with nanoparticles or label carriers, and the
dependence of some of these biosensors on signal amplifica-
tion strategies using enzymes, which increased the assay du-
ration and cost. Moreover, although a multiplexed electro-
chemical survey was carried out for simultaneous recognition
of E. coli O157:H7 and either Staphylococcus aureus [18] or
Vibrio cholerae O1 [19], no DNA-based electrochemical bio-
sensors were reported for the simple or simultaneous detection
of different fimbriae produced by pathogenicEscherichia coli.

Considering all the mentioned above and taking advantage
of EIS as a sensitive label-free assay, a new impedimetric
DNA dual biosensor was developed for the simultaneous de-
termination ofE. coli (yaiO gene) and its virulent f17 fimbriae.
After nanostructuration of SPCE with gold nanoparticles
(AuNPs/SPCEs), the thiolated DNA dual-probe sequence
was self-assembled using a potential pulse-assisted procedure.
The hybridization of the probe with complementary targets
from yaiO and f17 genes was detected by EIS. The changes
of the electrode interfacial surface properties following DNA
immobilization and hybridization were monitored by register-
ing the charge transfer resistance (Rct), which was adopted as
the signal for label-free detection of targets DNA. The
bioelectrode allowed discrimination between E. coli strains
positive and negative for f17 fimbriae. Moreover, its practical
application was confirmed by the successful detection of ge-
nomic DNA from E. coli strains isolated from diarrheic and
healthy camel calves in Tunisia. Given what we know, there is

no previous research dealing with the use of neither the yaiO
gene for electrochemical detection of E. coli nor electrochem-
ical DNA biosensor for virulent f17 fimbriae detection.
Furthermore, this designed label-free electrochemical dual
biosensor presents a perfect platform for POC applications
when combined with portable instrumentation. No treatment
was needed for detection of genomic DNA of the E. coli.

Experimental

Apparatus and electrodes

AMetrohm PGSTATM204 potentiostat fitted with a FRA32
impedance, controlled by Nova® software (v2.1.3), was used
to record all the electrochemical measurements. Screen-
printed carbon electrodes (SPCEs OHT-000), where carbon
material is used to make the working (4-mm diameter) and
counter-electrodes and the pseudo-reference electrode is a
silver-based electrode, were purchased from Orion Hi-Tech
S.L. (www.orion-hitech.com) (Madrid, Spain). Moreover,
free web-based analysis tool OligoAnalyzer software 3.1
(https://eu.idtdna.com/) was used to estimate the free energy
(ΔG) related to the formation of the hairpin structure by the
DNA probe and the free energy associated with each target
hybridization step.

Chemicals and solutions

The reagents used were of the highest analytical grade: 6-
mercaptohexanol (MCH,99%), tris-(hydroxymethyl)aminomethane
chloride (Tris-HCl, 99%), ethylenediaminetetraacetic acid (EDTA,
99%), tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 98%),
tetrachloroauric acid trihydrate (HAuCl4·3H2O, 99.9%), H2SO4

(95%), HCl (37%), NaCl (99%), K2SO4 (99%), K4Fe(CN)6·3H2O
(99%), and K3Fe(CN)6 (99%) were purchased from Sigma-Aldrich
(www.sigmaaldrich.com) (Germany).

Milli-Q water (18 MΩ cm at 25 °C) was used to prepare all
the buffer solutions. Buffer solutions used include buffer 1
composed of 10 mM Tris-HCl supplemented with 1 mM
EDTA and 0.3 M NaCl (Tris-EDTA buffer) of pH 8.0; buffer
2 formed of 0.01 M phosphate buffer solution containing
150 mM NaCl and 450 mM K2SO4 of pH 7.4. Other
solutions/suspensions employed include a 0.01 M phosphate
buffer solution (pH 7.4) containing 20 mM K2SO4 and 5 mM
K3Fe(CN)6/K4Fe(CN)6 (1:1) (measurement solution); a 1 mM
HAuCl4 solution prepared in 0.1 M HCl.

Table S1 (supplementary material) summarizes the se-
quences of all the used synthetic oligonucleotides DNA. All
these polynucleotide acid, received from Biomers.net GmbH
(www.biomers.net) (Germany), were dissolved in RNase-free
water to obtain a 100 μM final concentration. Aliquots were
prepared and maintained at − 80 °C.
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Methods

Electrodeposition of gold nanoparticles

Prior to use, SPCEs were pre-treated according to the previous
report [20] in order to increase the surface functionalities by
removing the organic ink constituents or contaminants. Three
pre-treatment procedures were considered (Fig. S1 in the
Supplementary material), and one of them was chosen.
Briefly, 10 scans of CV were registered in a potential window
from − 0.5 to + 1.0 V with a scan rate of 50 mV s−1 after
placing 50 μL of PBS over the SPCE. Following this pre-
treatment, gold nanoparticles were deposited over SPCEs
(AuNPs/SPCEs) according to modified literature [21]. In
1 mM HAuCl4 acidic solution, the application of a constant
current intensity of − 100 μA for 240 s and subsequently by
applying a potential of + 0.1 V for 120 s was carried out. The
nanostructured SPCEs were generously washedwith ultrapure
water and left to dry at room temperature (RT). An activation
step in sulfuric acid was primordial before use to remove the
AuNPs oxidation layer and thus exposing more active sites on
the electrode surfaces, which will enhance its electrochemical
performances [12]. To do so, AuNPs/SPCEs underwent 20
subsequent CV runs from 0.0 to + 1.2 V at a scan rate of
100 mV s−1 in 0.5 M H2SO4 [22]. The fabricated AuNPs/
SPCEs were electrochemically characterized by CV in
0.5 M H2SO4 and in the measurement solution (Fig. S2).

Immobilization of the thiolated DNA probe

Firstly, 100 μL of 10μMcapture probe DNAwas treated with
0.5 μL of 2 M TCEP for 1 h to cleave the disulfide bonds.
Then, a potential pulse-assisted process based on switching
the applied potential between + 0.5 V and − 0.2 V with a 10-
ms pulse duration in a DNA probe solution (prepared in buffer
2) was applied to immobilize the DNA probe onto AuNPs/
SPCEs surfaces [23]. Both the impact of the duration of these
pulses and the DNA probe concentration were studied as well.

After thoroughly washing with water, the probe-modified
electrodes were eventually incubated in 0.1 mM MCH aque-
ous solution (prepared in buffer 2) for 5 min to reduce non-
specific adsorption [24]. For comparison, passive chemisorp-
tion of the capture probe was studied by casting 10 μL
of 0.5 μM probe solution (prepared in buffer 2) over
the working electrode and incubating overnight at 4 °C
in a humidified chamber.

Hybridization of target DNA

Recognition of target DNA sequences was achieved by
dropping various concentrations of f17, yaiO, or yaiO/f17
mixture DNA solutions (prepared in buffer 2) onto the mod-
ified SPCEs and incubation for 5 min at RT. Then, the non-

hybridized sequences were removed by washing with ultra-
pure water. To study the biosensors selectivity, the same pro-
cedure was conducted with f17 single-base mismatch, yaiO
two-base mismatch, and non-complementary targets DNA.

Isolation of E. coli strains, fragmentation, and PCR
assays

A strain isolated from diarrheic camel calf with the virotype
f17/afa/EastI/papC/iroN/iss/iucD and serotype O64 and be-
longing to the phylogenetic group B1 served as a positive
control for the f17 gene and the TG1 strain was employed as
a negative control [3]. DNA was extracted by boiling. In fact,
bacteria were pelleted from 1.5-mL LB broth overnight cul-
ture at 37 °C, suspended in 200 μL sterile distilled water, and
boiled at 100 °C for 10 min. The supernatant obtained after
centrifugation of the lysate at 12,000g for 15 min was
employed as a PCR template.

For the fragmented DNA assay, the whole DNA was
digested by 20 units of NotI restriction enzyme for 4 h at
37 °C. The f17 virulence gene was detected using a uniplex
PCR assay according to the OIE Reference Laboratory proto-
col for Escherichia coli (EcL-Faculté de Médecine
Vétérinaire, Université de Montréal) [3].

Detection of genomic DNA

Hybridization with genomic DNA before and after digestion
with restriction enzyme was performed by dropping 10 μL of
DNA solutions onto the modified SPCEs and incubation for
5 min at RT. Then, the non-hybridized sequences were re-
moved by washing with ultrapure water.

Electrochemical impedance spectroscopy
measurements

Fifty microliters of the measurement solution was placed onto
the surface of the electrode after each modification step of the
SPCE, and the frequency was varied from 100 kHz to 0.10 Hz
at an applied potential of 0.0 V vs. Ag/AgCl, with amplitude
modulation of 0.2 V. Nyquist plots were fitted to the modified
Randles equivalent circuit [Rs(Q[RctW])] where Rs is the solu-
tion resistance; Q is the constant phase element; Rct is the
charge transfer resistance; and W is the Warburg impedance.
To minimize the variability, the variation of the charge trans-
fer resistance (ΔRct) obtained after performing electrochemi-
cal assays with a fixed concentration of DNA targets was
evaluated as the analytical response. ΔRct is calculated from
the equationΔRct = Rct(before) − Rct(after), where Rct(before)
and Rct(after) refer to the Rct values obtained before and after
each modification step, respectively.

Page 3 of 9     635Microchim Acta (2020) 187: 635



Results and discussion

Design of the biosensor

Simultaneous detection of Escherichia coliDNA and its virulent
f17 strain was achieved using a DNA dual biosensor described in
Scheme 1. A nanostructured screen-printed electrode was mod-
ified by tethering a thiolated DNA capture probe (HS-DNA)
composed of two sequences. In fact, the 51 base pairs HS-
DNA probe was designed to be complementary to two 20 nucle-
otides sequence from the orphan gene yaiO and the virulence f17
gene, respectively. The orphan gene yaiO, expressed and local-
ized in the outer membrane protein-encoding sequence of the
E. coli genome, was chosen because it is preserved throughout
various lineages of E. coli and is not common in other foodborne
pathogens according to BLAST analysis [25]. Moreover, it was
proven that its amplification is specific forE. coli [26]. Themajor
sub-unit of the F17a pili sequencewas selected as target DNA for
F17-related fimbriae. Subsequently, MCH was self-assembled
onto the modified electrode to minimize nonspecific adsorption,
allowing the assembled probes to “stand up” and thus achieving
better hybridization with the DNA targets [24]. The HS-DNA/
target DNA duplex was formed after the addition of DNA target
sequences, i.e., yaiO or f17 or their mixture. The changes of the
SPCE surface after each modification steps were investigated
using EIS, which was adopted as the analytical signal.

It is worth mentioning that the hairpin formation by the
long DNA probe may hamper the hybridization with the tar-
gets and thus requires thermal pre-treatment to denature and
fully break its secondary conformation. From a thermodynam-
ic point of view, temperature-dependent Gibbs energy could
give the most stable hairpin structure at a given temperature,
and hence, the temperature needed to overcome potential hair-
pin formation and self-dimerization could be simply predicted
[27]. The calculatedΔG value for hairpin structure formation

by the DNA probe was − 1.95 kcal mol−1 at RT, which
indicated the absence of hairpin formation and so the
developed assay was carried out without heat pre-treat-
ment. Furthermore, ΔG values related to the hybridiza-
tion of target DNA sequences, i.e., yaiO or f17 or an
equimolar mixture of both, were respectively − 40.61, −
39.38, and − 41.95 kcal mol−1. These results clearly
confirmed the strong coupling of the designed HS-
DNA probe with target DNA sequences.

The realization of the dual biosensor was evaluated by EIS
characterization. As can be seen from Fig. 1, the enlarged
semicircle of SPCE (curve a) with a Rct equal to 406.7 ±
4.4 Ω (n = 3) disappeared to give a very small semicircle
(curve b) while the Rct value decreased significantly to ~
148.7 ± 5.1 Ω after modification with AuNPs. The presence
of AuNPs induces improvement of both conductivity and
electron transfer (ET) process, which was consistent with
CV measurements (Fig. S2B). In fact, the enhancement of
the electroactive surface area, estimated using Randles-
Sevcik formulae [28], from 0.112 cm2 for unmodified SPCE
to 0.133 cm2 for AuNPs/SPCE was in good agreement with
the observed better electrical conductivity. When the HS-
DNA probe was tethered on the electrode (curve c),
the Rct increased to 405.4 ± 3.4 Ω thanks to the repul-
sive reaction between negatively charged HS-DNA/
AuNPs/SPCE surfaces and the redox ferricyanide/
ferrocyanide ions. Subsequently, the electrode was
backfilled with MCH (curve d) and a larger Rct (Rct =
564.7 ± 2.6 Ω) was generated due to the MCH insulating
properties and to their ET blocking effect. Next, the Rct

value further increased (Rct = 959.0 ± 3.7 Ω) after incu-
bation of yaiO target DNA (curve e) as the generation
of the yaiO/HS-DNA duplex decreased the electron
transfer efficiency of the redox mediator. These results
proved the successful assembly of the dual biosensor.

AuNPs/SPCE

HAuCl .3H

SH-DNA MCH

yaiO

yaiO + F17

O

Scheme 1 Fabrication process of the DNA dual biosensor for simultaneous determination of Escherichia coli DNA and its virulent f17 strain
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Optimization steps of the dual biosensor

To experimentally establish the fittest parameter to achieve the
dual biosensor, high performances, the capture probe assem-
bly time and concentration, and the time needed for target
DNA hybridization were optimized. All these variables were
optimized by comparing the difference between the Rct mea-
sured before and after assembly of the capture probe DNA or
hybridization with 100 pM of f17 target DNA.

Immobilization of the capture probe

Potential pulse-assisted technique consisting of repetitive
switching between positive and negative potentials with a
millisecond rate (+ 0.5 V/− 0.2 V, potential pulse duration
10 ms) allowed the fast and controllable preparation of self-
assembled monolayer of thiolated DNA onto gold electrode
[29, 30]. To immobilize the capture probe DNA, the effect of
the procedure duration on the HS-DNA loading was studied.
In fact, different durations ranging from 30 to 600 s were
tested and the corresponding ΔRct values were recorded. As
it can be seen from Fig. S3A, ΔRct obtained after binding of
HS-DNA (0.5 μM), gradually increased with increasing the
time scale of the process up to 300 s and then plateaued, which
indicates that the saturation point was reached. A 300-s total
duration of these pulses was then selected as optimum since it
yielded the highest HS-DNA coverage.

To further investigate the potential-assisted immobiliza-
tion, a comparison with passive chemisorption, where the
electrode was incubated in a HS-DNA solution overnight,
was examined. Figure S3B showed that the immobilization
time greatly increased by a factor of 288 in comparison to
the potential pulse-assisted method and demonstrated a ~
0.3-fold ΔRct decrease for passive adsorption. In fact, using
the incubation method is known to exhibit slow kinetics, de-
manding hours to days to accomplish the best possible repro-
ducible coverage as a result of the higher electrostatic repul-
sion between the negatively charged DNA strands [23].
Therefore, the potential pulse-assisted HS-DNA chemisorp-
tion, ensuring fully covered surfaces within minutes, was se-
lected for this work.

To identify the optimal concentration of the capture probe
DNA, three different concentrations were tested, namely 0.10,
0.25, and 0.50 μM (Fig. S3C). By increasing the HS-DNA
concentration, the Rct value of HS-DNA-AuNPs/SPCE in-
creased and ΔRct value increased, accordingly. This was due
to the higher surface coverage of the DNA probe onto AuNPs/
SPCE, which hindered the accessibility of the redox probe to
reach the working electrode surface. For further studies,
0.5 μM of capture probe DNA concentration was chosen.

Hybridization step

The dependence of the impedance response with the target
DNA hybridization time was studied. The f17 gene (100
pM) served as a model target to measure the total impedance
before and after hybridization (Fig. S3D). Obviously, the ob-
tainedΔRct changed slightly with increasing the hybridization
time from 5 to 15 min, indicating that a short time was suffi-
cient for total target hybridization. This was advantageous as
others’ DNA impedimetric assay required more than 60-min
incubation [31]. Thus, the hybridization time for the next ex-
periments was set as 5 min.

Analytical performance

Under the optimal setting, individual detection of yaiO or f17
target DNA was evaluated. The semicircle domain of the
Nyquist plot increased proportionally with the increase in
yaiO or f17 target DNA concentration (data not shown). In
fact, Rct increased from 414.3 to 1034.2 Ω and from 445.7 to
1102.0Ωwith increased yaiO or f17DNA concentration from
1 × 10−15 to 1 × 10−7 M, respectively (Fig. 2A, B). The chang-
es in the ΔRct value of different concentrations of the target
DNA were illustrated in Fig. 2C, D. A straight with a large
dynamic window ranging from 1 × 10−15 to 1 × 10−7 M with a
correlation coefficient R ≥ 0.995 (insets of Fig. 2C, D) was
obtained after plotting ΔRct versus logarithmic target DNA
concentration. It is important to mention that the regression
equations for individual detection of yaiO and f17 target DNA
were comparable, which was expected since the capture probe
is formed of (1:1) complementary sequences. The equation

Fig. 1 (z) Nyquist plots recorded
in buffer 2 of (a) bare SPCE; (b)
AuNPs/SPCE; (c) HS-DNA/
AuNPs/SPCE; (b) MCH/HS-
DNA/AuNPs/SPCE before (d)
and after (e) hybridization of 100
pM yaiO target DNA
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LOD = 3 × s/m and LOQ= 10 × s/m, where LOD and LOQ
are respectively the limits of detection and quantification; s
is the blank’s standard deviation measurements (in the ab-
sence of the two targets; n = 3); and m represents the slope
of the calibration equation, were used to estimate these limits.
The limits of detection were 0.8 fM and 1.0 fM for yaiO and
f17 target DNA, respectively. Moreover, the limits of quanti-
fication were estimated to be 5.3 fM and 7.7 fM for yaiO and
f17 target DNA, respectively. The obtained wide linear range
and low detection limits suggested that the proposed dual
biosensor is a promising analytical platform for individual
detection of yaiO and f17 target DNAs.

Simultaneous detection of f17 and yaiO target DNAs was fur-
ther investigated by recording EIS responses of HS-DNA/AuNPs/
SPCEs before and after hybridization of different concentration of
mixture containing both targeted DNA sequences. Figure 3A and
B illustrated that the increase of Rct value was directly related to
increased concentrations of complementary targets. A linear de-
pendency ofΔRct with the log of target DNA concentration rang-
ing from 1× 10−15 to 1 × 10−7 M (insets of Fig. 3B) was proved,
according to the following equation:ΔRct(Ω) = 2256.3 + 141.9 ×
logC(mol L−1), with R= 0.992. The calculated LOD and LOQ
were equal to 1.0 fM and 133.7 fM, respectively. Consequently,
the proposed dual biosensor is capable to differentiate between
f17-fimbriated E. coli, i.e., E. coli strains positive for f17 fimbriae,
by detecting the presence of both f17 and yaiO gene oligonucleo-
tides, and E. coli not producing the f17 virulence gene, i.e., E. coli
strains negative for f17 fimbriae, by spotting only yaiO DNA.

However, the determination of the exact concentration of each
targeted genes (yaiO and f17) in real samples is a major limitation
of this dual biosensor due to the assumption of an equal amount of
both genes in the prepared analyzed samples, which could not be
the case in real sample.

Although yaiODNAwas only determined using colorimetric
[25] and PCR techniques [26, 32] and no DNA-based electro-
chemical biosensors were recorded for the detection of yaiO or
f17 genes, pathogenic E. coli detection based on other DNA
target sequences were described (Table S2). Our biosensor
showed satisfactory analytical performances compared with pre-
vious studies. Furthermore, it presented additional advantages
namely, the simultaneous detection of tow analytes and the lower
assay time for the fixation of the capture probe DNA and for the
hybridization process. For example, it achieved better analytical
performances when compared with biosensor based only on
screen-printed graphite electrode [33] due to the conducting ca-
pability and high surface-to-volume ratio of AuNPs plus their
favorable biocompatibility and especially their suitability for
binding to biomolecules via thiol-gold association. Moreover,
although impedimetric biosensor APTMS-ZnO/c-GNF/ITO
[34] had lower LOD and wider linear range, our biosensor had
a simpler platform without the need to use different
nanomaterials and lower assay time, i.e., 5 min instead of 4 h
for probe immobilization and 5 min instead of 30 min for the
hybridization step. Thus, it can be affirmed that the dual biosen-
sor is desirable for the detection of yaiO and f17 target DNAs
with a satisfactory analysis time and good LOD.

Fig. 2 The value of Rct obtained
after detection of various yaiO (a)
and f17 (b) concentrations: (a)
10−15 M; (b) 10−14 M; (c)
10−13 M; (d) 10−12 M; (e)
10−11 M; (f) 10−10 M; (g) 10−9 M;
(h) 10−8 M; and (i) 10−7 M; c and
d are related to the calibration
curves of ΔRct vs. [yaiO] and
[f17], respectively; Inset:
representations of ΔRct vs. log
[yaiO] and log [f17], respectively.
Error bars, SD, n = 3
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Stability and reproducibility

To study the reproducibility of the dual biosensor, the Rct

value of five independently fabricated electrodes was checked
before and after hybridization of 100 pM yaiO (Fig. 3C). The
relative standard deviation was only 3.8%, revealing the bio-
sensors good reproducibility. Moreover, the stability of the
proposed biosensor was also examined. Five HS-DNA-
AuNPs/SPCEs were designed on the same day, preserved at
4 °C in a dry environment over 1 month and evaluated each
week by registering EIS response before and after hybridiza-
tion of 100 pM mixture of f17 and yaiO target DNAs. As
displayed in Fig. 3D, about 91% of the biosensors initial re-
sponse was retained after 4 weeks, denoting an acceptable
shelf-life time.

Selectivity

For evaluation of the biosensor selectivity, the impedance re-
sponses registered after the detection of 100 pM of yaiO or f17
or yaiO/f17 mixture DNA targets were compared to the re-
sponses generated after hybridization of the same concentra-
tion of single-base mismatch (f17-1M), two-base mismatch
(yaiO-2M), non-complementary DNA, and mixtures of
yaiO/f17-1M, f17/yaiO-2M, and yaiO-2M/f17-1M DNA

targets. The developed biosensor was able to discriminate
complementary targets and mismatched strands (Fig. 4A).
Assuming 100% complementary hybridization efficiency for
the mixture of yaiO/f17 genes (ΔRct = 917.9 ± 35.2 Ω), almost
50% of the response was obtained after reaction with only
yaiO (ΔRct = 408.1 ± 9.7 Ω) or f17 (ΔRct = 394.5 ± 0.9 Ω) se-
quences (Fig. 4B). However, single-base mismatch (f17-1M)
and two-base mismatch (yaiO-2M) strand generated respec-
tively only ~ 3% (ΔRct = 26.0 ± 11.8 Ω) and ~ 4% (ΔRct =
38.1 ± 0.8 Ω) hybridization efficiency, thus demonstrating
very high differentiation between the fully matched and the
single- and double-nucleotide polymorphism. Moreover, mix-
ture of target DNA and 1-mismached or 2-mismached se-
quences provided similar responses, i.e., ~ 51% (ΔRct =
466.9 ± 22.1 Ω) for yaiO/f17-1M and ~ 40% (ΔRct = 358.3 ±
5.5 Ω) for f17/yaiO-2Mmixtures, to those measured for target
yaiO or f17 alone, indicating the absence of interference by the
mismatched DNA targets. Furthermore, a slight change in Rct
value was registered after incubation with either non-
complementary sequence (~ 5%; ΔRct = 43.3 ± 0.6 Ω) or mix-
ture of yaiO-2M/f17-1M DNA (~ 9%; ΔRct = 86.3 ± 1.9 Ω),
which can be attributed to lower hybridization efficiency.
Thereby, the proposed impedimetric DNA dual biosensor pro-
vided high selectivity for the simultaneous determination of
yaiO and f17 sequences.

Fig. 3 (a) The value of Rct after simultaneous detection of various
concentrations of yaiO and f17 strains [f17+yaiO]: (a) 10−15 M; (b)
10−14 M; (c) 10−13 M; (d) 10−12 M; (e) 10−11 M; (f) 10−10 M; (g)
10−9 M; (h) 10−8 M; and (i) 10−7 M. (b) Calibration plot of ΔRct vs.
[f17+yaiO]; inset: plots of ΔRct vs. log [f17+yaiO]. (c) The value of Rct
before (black square) and after (black triangle) detection of 100 pM yaiO
strains provided by five independently fabricated biosensors; ± 3 × SD of

the mean current values were used as the control limits. (d) The value of
Rct before (black square) and after (black triangle) simultaneous detection
of 100 pMmixture of yaiO and f17 strains provided by stored biosensors
at different times; ± 3 × SD of the mean current values registered with
four independent biosensors designed on the beginning of the study were
used as the control limits. Error bars, SD, n = 3
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Detection of bacterial E. coli DNA

To assess the usefulness of the proposed procedure, the
bioelectrode was used to detect yaiO and f17 genes in ex-
tracted genomic DNA from E. coli strains isolated from
diarrheic and healthy camel calves in Tunisia. PCR was
used to identify f17-positive and f17-negative samples in
order to provide a reliable validation for our approach. As
displayed in Fig. 4C, a marked increase in charge transfer
resistance value was registered after incubation with geno-
mic E. coli strains indicating their complete hybridization
(second and fourth columns). Moreover, ΔRct increased by
a factor of almost 2 from 245.8 ± 8.9 Ω in the presence of
f17-positive sample to 121.3 ± 7.3 Ω when compared to
f17-negative sample, which indicated the successful detec-
tion of both yaiO and f17 genes in the positive sample while
only yaiO gene was determined in the negative sample.
These results indicated that the developed procedure is in
good agreement with the PCR assay.

To further increase the sensitivity, digestion with a re-
striction enzyme of E. coli genomic DNA was performed
to get shorter DNA sequences. The same impedance be-
havior was recorded when the dual biosensor was incu-
bated with f17-positive and f17-negative digested DNA
samples (Fig. 4D). However, negligible changes in ΔRct

values were recorded when compared to untreated whole
DNA, revealing the sensitivity of the fabricated biosensor.
These results strongly demonstrated that the developed
biosensor is applicable for the simultaneous determination
of yaiO and f17 genes in genomic E. coli DNA without
the need for enzymatic fragmentation, which allow cutting
the cost of the procedure.

Conclusion

We designed a label-free DNA impedimetric dual biosensor
using gold nanoparticle-modified SPCEs to simultaneously
detect E. coli, i.e., yaiO gene, and its virulent f17 fimbriae.
Exploiting the electro-mechanical properties of the AuNPs,
and potential-assisted immobilization strategy for the tether-
ing of DNA dual-probe sequence, we achieved the detection
in a very short time. The fabricated genosensor was able to
detect both target DNA sequences in E. coli untreated and
digested genomic DNA. Furthermore, the same amenable ap-
proach can be generalized to target other E. coli strains namely
Shiga toxin-producing E. coli (i.e., O157, O145, or O104) or
other bacteria of interests where the type of the bacterium and
its strains is needed to be accurately identified.
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