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Detection of pathogens, e.g., bacteria and viruses, is still a big challenge in analytical medicine due to their vast number
and variety. Developing strategies for rapid, inexpensive, specific, and sensitive detection of the pathogens using
nanomaterials, integrating with microfluidics devices, amplification methods, or even combining these strategies
have received significant attention. Especially, after the health-threatening COVID-19 outbreak, rapid and sensitive de-
tection of pathogens became very critical. Detection of pathogens could be realized with electrochemical, optical, mass
Keywords: sensitive, or thermal methods. Among them, electrochemical methods are very promising by bringing different advan-
Bacteria tages, i.e., they exhibit more versatile detection schemes and real-time quantification as well as label-free measure-
Virus ments, which provides a broader application perspective. In this review, we discuss the recent advances for the
detection of bacteria and viruses using electrochemical biosensors. Moreover, electrochemical biosensors for pathogen

Electrochemical detection

Biosensor detection were broadly reviewed in terms of analyte, bio-recognition and transduction elements. Different fabrication
Electrochemical biosensor techniques, detection principles, and applications of various pathogens with the electrochemical biosensors were also
Pathogen detection discussed.
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1. Introduction

The recent COVID-19 pandemic has again proved the fact that despite
great advances in medical sciences, infection diseases are still one of the
main problems in healthcare system around the world. In fact, it is esti-
mated about 15% of total mortality in the world is caused by infectious dis-
ease [1]. Unexpectedly, they became even a bigger problem due to the
changes in today's modern lifestyle and socioeconomical activities, which

accelerates the spread of infection much faster around the world [2]. Due
to this, many advances in detection and treatment of infectious disease
have been studied and reported in the past decades, including developing
different types of vaccines, innovative technologies, e.g., single-cell based
studies, CRISPR technologies, RNA interference that help us to explore in-
fectious disease more [3-6]. Moreover, CAR- and TCR-T cell-based thera-
pies have been also investigated as new candidates [7]. Particularly, new
revolutionary techniques are being developed through, e.g., the discovery
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of novel biomarkers, application of nanotechnology, and recent advance-
ments in device developments to realize portable, rapid, accurate, and inex-
pensive point-of-care platforms. Molecular diagnostics using DNA and RNA
biomarkers is the most advanced types of detection mechanism for infec-
tious diseases. Currently, conventional methods based on antibody,
e.g., enzyme-linked immunosorbent assay (ELISA) and polymerase chain
reaction (PCR). Even though these methods provide large sensitivities,
they are time-consuming, labor-intensive, and require relatively expensive
equipment. Moreover, sample pre-treatment limits their application to lab-
oratory environment.

Biosensors are the devices which can measure and/or quantify bio-
markers specialized for infectious diseases. They are realized via the combi-
nation of constituting elements. First, selective recognition is achieved by
ligand. Various recognition ligands, e.g., nucleic acids, antibodies, enzymes
are massively employed. Second, a sensitive transducer which converts the
biochemical signals that occur between the targeted analytes and the bio-
receptor into measurable electrical signals for analyte identification and
quantification.

Biosensors allow selective and sensitive detection of targeted analyte in
a cost-effective and rapid manner. One important feature of biosensors is to
enable real-time analyses of analyte without the need for complicated and
expensive sample preparation. Another important feature to be considered
here is their potential for enabling portable in-situ analyses, which is very
critical for point-of-care diagnostics. In addition to their use in medical
and point-of-care applications, they are utilized in monitoring prognosis,
disease treatment, quality control for food and environmental samples,
drug discovery, forensics, and biomedical research [8]. Based on their
transducers, biosensors can be categorized into different types, e.g., the
most common types are electrochemical and optical [9].

Electrochemical biosensors combine an analyte-receiving mechanism
and an electrochemical transducer together, where the interaction between
the targeted analyte and the transducer generates an electrochemical signal
in current, potential, resistance or impedance format. There are wide range
of electrochemical biosensor schemes with different signal mechanisms,
e.g., voltammetric cyclic voltammetry (CV), differential pulse voltammetry
(DPV), stripping voltammetry, alternating current voltammetry (ACV), po-
larography, square wave voltammetry (SWV), and linear sweep voltamme-
try (LSV).

Electrochemical biosensors have received significant attention thanks
to providing rapid, accurate and sensitive responses in a cost-effective man-
ner [10-12]. Electrochemical biosensors could use different types and
forms of nanomaterials and nanocomposites to enhance the sensitivity of
the detection mechanisms and to provide better detection limits through
different strategies [13,14]. Electrochemical biosensors can be also com-
bined with microfluidic systems to develop miniaturized components in a
single platform. Integration of two platforms provides advantages com-
pared to traditional electrochemical sensing systems, e.g., disposability,
need for low number of sample, cost-effectiveness and rapid analysis.
More importantly, this integration also brings the multiplexing modality,
e.g., simultaneous detection of multiple target species from a single sample.

So far, electrochemical platforms are the most popular biosensors,
and they have been introduced for the detection of large numbers of bio-
markers and diagnosis of diseases, e.g., infectious diseases and cancers
[11,13,15-18]. In this paper, we reviewed the recent advances in electro-
chemical biosensing for pathogen detection through different innovative
strategies and approaches.

2. Pathogen detection with electrochemical biosensors

Pathogens, e.g., viruses, bacteria, fungi, or protozoa are the main cause
for the pandemic diseases. Among those, viruses and bacteria are the largest
in number. Methods for sensitive, rapid and on-site detection of pathogens
is very critical for diagnosis and treatment of infectious diseases before
spreading and globally effecting the human health. In that sense, electro-
chemical biosensors are massively utilized to detect these two deadly
pathogens.
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2.1. Bacteria detection

In this section, we extensively reviewed various electrochemical biosen-
sors for the detection of different species of bacteria. In electrochemical bio-
sensors, the working electrode is a fundamental component used as a solid
support for biomolecule immobilization. Among varieties of detection
methods and strategies, nanomaterials have an important role in the detec-
tion of pathogens, e.g., their biomarkers, toxins, by providing large surface
area, high surface to volume ratio, larger loading capacity, and mass trans-
port of reactants [9].

Especially, 3D-structured nanomaterials, e.g., graphene, have been used
in electrochemical nano-biosensors, which could further enhance the sensi-
tivity compared 2D-structures [19]. In another study, pyocyanin toxin from
cystic fibrosis patients was detected with an amperometric electrochemical
nano-biosensor. A screen printed electrode was used as working electrode,
which was made of nano-grass structures covered with gold a nano-layer.
The sensor could detect the pyocyanin toxin pnly in 60 s without pretreat-
ment with a limit of detection, e.g., 172 nM, demonstrating its shorter re-
sponse time and higher sensitivity compared to conventional methods [20].

Regarding electrochemical nanobiosensor of bacteria, recently an
electrochemical immunosensor was developed for the detection of
Escherichia coli 0157:H7 (E. coli 0157:H7) using CV with the combination
of nanomaterials [21]. In this work, pencil graphite electrodes (PGEs)
were modified with chitosan (Chi), multi-walled carbon nanotubes
(MWCNTs), and gold nanoparticles (AuNPs) - polypyrrole (Ppy) to enhance
adsorption capacity of the antibodies for higher sensitivity. Here, the mod-
ified electrodes were activated with 2% glutaraldehyde. The amine group
of the activated electrodes were interacted with the amine group function-
alized monoclonal anti-E. coli 0157:H7. Then, the modified electrodes were
blocked with bovine serum albumin (BSA) and incubated with E. coli 0157:
H7 specimen. The experimental steps were shown in Fig. 1A. Currents vs.
potential map obtained from different electrodes were shown in Fig. 1B.
Here, PPy/AuNP/MWCNT@Chi electrodes provide highest redox peaks
(curve d and e) compared others due to their better ability of enhancing
electron transfer. Limit of detection (LOD) was determined as 30 colony-
forming units (CFU)/mL. Selectivity of the developed immunosensor was
tested, and no cross reaction was detected between the developed E. coli
0157:57 immunosensor and other bacteria species, e.g., Escherichia
coli 0124, Pseudomonas aeruginosa, Salmonella enteritidis, Shigella, and
Burkholderia cepacia (Fig. 1C). By using this nanocomposite film composed
of PPy/AuNP/MWCNT@Chi, they could generate higher current responses
and better biocompatibility compared to their classical counterparts
adapted for E. coli 0157:57 detection.

Different chemical groups such as silanes, thiols, amines, and
conducting polymers could be used for electrode modification. Proper im-
mobilization is very important for biomolecule activity and biocompatibil-
ity. Moreover, biomolecules should maintain its biological activity upon
proper immobilization, which need effective surface chemistry methods.
One example of surface modification method, e.g., an electrochemical-
based impedance immunosensor for the detection of stressed Staphylococ-
cus aureus was introduced [22]. Stressed and resuscitation are different
from each other in terms of cell size, cell and small granule number, and in-
tegrity of the outer membrane. For these particular reasons, discrimination
of stressed and resuscitation bacteria from each other is quite important in
food and environmental samples. In this work, gold electrodes were treated
with 16- mercaptohexanoic acid (thiol)/ethanol solution, and the SAM
thiol layer on the surface was activated with mixture of 0.1 M
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 0.1 M
N-hydroxysuccinimide (NHS). Modified electrodes were incubated
with anti-S. aureus antibody, and the electrode modification was deter-
mined with CV and electrochemical impedance spectroscopy (EIS).

Finally, the modified electrodes were incubated with stressed and resus-
citated S. aureus. Stressed bacteria were resuscitated after the incubation in
tryptic soy broth and the sensor response for S. aureus was determined with
EIS. In EIS measurements, charge transfer resistance (R increased with
bacteria concentrations compared to bare electrodes, where LOD was
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Fig. 1. (A) Schematic representation of the development of chitosan (Chi), multi-walled carbon nanotubes (MWCNTs), and gold nanoparticles (AuNPs) with polypyrrole
(Ppy) modified electrodes for the detection of E. coli. (B) Cyclic voltammograms of different modified electrodes: (a) Chi-PPy, (b) bara electrode, (c) Chi-PPy-MWCNT,
(d) Chi-PPy-MWCNT-AuNPs (1:1), (e) Chi-PPyMWCNT-AuNPs (1:2) in 5.0 mM K3[Fe(CN)g]/K4[Fe(CN)e] solution at a scan rate of 50 mV/s. (C) Selectivity of the
developed sensor toward other bacteria species. Reprinted from [21] with permission: Copyright © 2017 Elsevier B.V.

determined as 1.0 x 10' CFU/mL. The developed immunosensor could be
successfully used to recognize stressed and resuscitation bacteria using im-
pedance spectroscopy measurements.

Moreover, Dong et al. developed an electrochemical impedance
immunosensor for the detection of Salmonella typhimurium in milk samples
[23]. Modified glassy carbon electrodes (GCEs) were used as working elec-
trodes, while MWCNTs were used as modifying agents. One of the main
drawbacks of carbon nanotubes is their insolubility in water. Aggregation
and low uniformity could be also other factors encountered in carbon-
based systems. In order to address these problems, carbon nanotubes are
generally combined with other nanomaterials, polymers or underwent
with chemical modification via sulfonic acid groups or hydroxyl groups
agents. In this work, MWCNTs and poly(amidoamine) (PAMAM) dendri-
mer solution were mixed in chitosan solution with an ultrasonic stirring.
The mixture solution was dripped into a modified GCE, and the solvent
was vaporized, i.e., AuNPs spread onto the modified GCEs. The modified
electrodes were then incubated with EDC and NHS. The modified
electrodes were incubated with anti-S. typhimurium antibody, and S.
typhimurium cultures were pipetted into the sensor for immobilization.
When bacteria is immobilized on an electrode surface, they reduce the

output current and thus, increase the impedance of the interface. In EIS
measurements, R, increased with bacterial concentration. The designed
sensor system enhanced the stability of the immobilized bio-molecules.
Compared to bare electrodes, addition of MWCNT, PAMAM and AuNPs
significantly enhanced the sensitivity of the immunosensor. The LOD of
the biosensor was 5.0 X 10% CFU/mL and the recovery was between
94.5% and 106.6%.

Cimafonte et al., for the first time, designed an impedimetric
immunosensor for E. coli detection in drinking water [24]. In this work,
gold screen-printed electrodes (Au-SPEs) were utilized as working, refer-
ence and counter electrodes, where the electrodes were mounted in a flu-
idic cell. Impedance measurements were performed by flowing various
solutions into the golden part of the electrodes. Before the surface modifica-
tion, anti- E. coli antibodies were activated by Photochemical Immobiliza-
tion Technique (PIT) to bind antibodies upright onto the gold surfaces in
a covalent way. PIT is an alternative method to SAM for binding antibodies
onto gold surfaces. By means of the specific reduction of disulfide bonds in
immunoglobulins produced by UV light activating nearby amino acids in
the PIT method, antibodies can attach perpendicularly to the environmen-
tally contacting surfaces of metals. After the UV activation, a solution of
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UV-activated anti- E. coli antibodies was incubated on the gold surface of
Au-SPEs. After the washing step, a small volume of drinking water was incu-
bated with various concentrations of E. coli. For enhancing the resulting sig-
nal, anti- E. coli was transported with stabile influx rate to the gold surface of
the electrodes. Thus, a sandwich complex was formed, i.e., impedance was
augmented. E. coli detection was monitored with EIS and CV, where LOD
was found as 3.0 X 10" CFU/mL. Analytical performance of the developed
immunosensor has been compared with other impedimetric immunosensor
for the detection of E. coli, e.g., the developed sensor had the shorter
functionalization time. Here, PIT is used for the first time in biosensing
and it is a quite rapid functionalization method since only 30 s is required
for antibody activation, and the whole functionalization procedure lasts 1 h.

Nanomaterials on the electrode surface could increase the number of
immobilized biomolecules, amplify sensing signals, and provide stron-
ger electrical conductivity. Accordingly, a label-free electrochemical
immunosensor (Fig. 2) was developed for the detection of E. coli 0157:
H7 with 3-dimentional silver nano-flowers (3D Ag) to immobilize bacte-
rial antibodies through a bio-mineralization method [25]. The reason of
using nano-flowers is to have wider porosity, larger surface area, and
better intrinsic conductivity, and unique platform for functionalization.
3D Ag was also synthesized via the use of green chemistry, which was
eco-friendly method. They have a very stable form, and provide a highly
specific surface area and excellent biocompatibility. In this work, [Fe
(CN)1®~7* was used as a redox probe, and the alterations in resistances
were measured with EIS. This simple, fast and highly selective sensor
had a linear range between 3.0 X 10%and 3.0 x 10® CFU/mL, and the
detection limit is determined as 1.0 x 10% CFU/mL. The good conduc-
tivity and bio-interface of Ag nano-flowers could be also used for the de-
tection of other biomarkers.

Shukla et al., for the first time, developed an electrochemical
immunosensor for Cronobacter sakazakii detection with CV and DPV [26].
For GCE working electrode modification, Au/GO suspension was dripped
on the electrode surfaces. The Au/GO coated electrodes were further mod-
ified with thiol group involving anti-C. sakazakii antibody via incubation in
moisture conditions. Finally, the modified electrodes were incubated with
C. sakazakii. The presence of C. sakazakii was determined via the use of
changes in the peak currents along with the bacteria concentration. The de-
veloped structure provided a larger electrode surface area. One of the limi-
tation is that the multiplexing ability for the developed assay needs to be
confirmed for simultaneous analyses of bulk samples. The platform has an
LOD, e.g., 2.0 x 10' CFU/mL.

In another study, Soares et al. developed a novel detection method for
Salmonella enterica serovar Typhimurium in chicken meat with EIS [12].
The authors used a label-free Laser-Induced Graphene (LIG) electrodes,
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which can be easily manufactured from commercial polymers, functional-
ized with high-specificity antibodies. They used a one-step, direct-write
graphene fabrication method which converts sp® carbon found in polyim-
ide (PI) into highly conductive sp>hybridized carbon found in graphene
through CO, laser induction to benefit from the unique properties of
graphene, i.e., high mechanical strength, good electrical conductivity,
large specific surface area, good impermeability, and biocompatibility.
Fig. 3 shows the development of the nanosensor via depositing the
graphene on the PI film to realize the working electrodes and the attach-
ment of linkers before the capture-antibody immobilization. Porous
graphene was produced from PI using laser induction. The linear range of
the nanosensor was between 25 and 10° CFU/mL, and LOD was determined
as1.3 x 10' CFU/mL. In addition to this broad linear range and low detec-
tion limit achieved with the use of nanomaterial (graphene layer) based
electrodes, the response time of the detection method was very short,
e.g., 22 min. LIG immusensor fabrication is simpler and more affordable
compared to the other nanomaterial-based techniques, and LIG provides
rapid and selective detection. Moreover, LIG electrodes, produced by
laser induction on the polyimide film, prevented the need for high-
temperature, vacuum environment, and metal seed catalysts compared to
other complex fabrication procedures or post-printing processes.

In recent years, the paper-based electrochemical sensors are taking at-
tention due to enabling the miniaturization of the detection system and
thus minimal need of sample. These sensors can also be easily integrated
with portable devices making them well suited for on-site detection. In ad-
dition, paper can be cut or designed according to the desired size, so the
working area or confined zones can be arranged [27-29]. Furthermore,
the paper-based electrochemical sensors are eco-friendly due to its biode-
gradable structure.

Rengaraj et al. developed a hydrophobic paper-based electrochemical
impedance biosensor for the detection of bacterial pollution in water sam-
ples with EIS [30]. Here, SPEs were modified with paper-based probes
that were made by screen-printing of three layers of a carbon-based conduc-
tive ink onto paper. Thanks to the hydrophobicity of the paper substrate,
electrode functionalization was realized much easier and the adsorption
of non-specific residues were eliminated. In addition, the hydrophobicity
of the paper substrate facilitated the electrode functionalization. For the
electrode modification, electrodes were oxidized with linear sweep volt-
ammetry with Ag/AgCl in electrolyte solution involving K,Cr,O; and
HNOs. The electrodes were then incubated with EDC/NHS to activate car-
boxylic groups followed by a lectin modification. Then, ethanolamine hy-
drochloride solution was applied to the surface of the electrode to prevent
non-specific adsorption. In EIS measurements, R, increased with bacteria
concentrations and LOD was found as 1.9 x 10® CFU/mL which is lower

Y| IR
—) f@y e

(4) EIS detection v v s wee s e e 1w
rin

Fig. 2. Assembling steps of the label-free immunosensor for the detection of E. coli based on the application of antibody AG nano-flowers on Au electrodes. Reprinted from

[25] with permission: CC BY 4.0 open access publication.
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than the impedimetric sensors previously reported for the detection of bac-
terial pollution. The paper based sensing method could be used for portable
testing kits due to its simplicity, low-cost and speed. In addition, the paper
electrode is eco-friendly due to its biodegradable structure.

In another detection scheme based on paper-based electrochemical bio-
sensors, Alatraktchi et al. introduced a method for the detection of pyocya-
nin toxin for bacteria Pseudomonas aeruginosa with CV and SWV methods.
Electrodes were produced by screen-printing carbon ink on paper. Pyocya-
nin signal obtained with the paper-based sensor was compared with that of
obtained with commercial carbon- and gold-based screen printed sensors.
The developed biosensor showed three fold improvement in limit of detec-
tion, e.g., 95 nM, compared to conventional ceramic-based electrodes with-
out the need for sample pretreatment. With its high sensitivity and easy-to-
manufacture electrode, this method is very promising for the detection of
bacteria toxin detection [28].

Outbreak of food-borne pathogens became a serious health problem,
i.e., detection of pathogens in a rapid and sensitive manner in food samples
is massively needed. For these reasons, Wang et al. introduced an electro-
chemical immunosensor based on antibody-hierarchical mesoporous silica
for S. aureus detection with DPV [31]. GCEs were used as working electrode
that was modified with antibody-hierarchical mesoporous silica. The
antibody-hierarchical mesoporous silica structure provided better sensitiv-
ity and selectivity. In addition, the designed structure prevented the gener-
ation of waste materials during the manufacturing process Thanks to the
preparation of the hierarchical mesoporous silica by a biological template
method, the overall process was environmentally friendly. Moreover, the
platform supported an LOD, 1.1 x 10" CFU/mL with short detection
time, e.g., 20 min. The sensor was also stable for 15 days.

Tufa et al. introduced a sensitive sandwich-type electrochemical
immunosensor for the detection of Mycobacterium tuberculosis with DPV
(Fig. 4) [32]. They used graphene quantum dot (GQD)-coated Fe;0,@Ag
core-shell nanostructures for electrode modification, while AuNPs conju-
gated to an anti-CFP-10 antibody were employed as a label for signal

augmentation. In the study, Fe;0,4 increased the surface-volume ratio, Ag
enhanced electrical conductivity and prevented Fe;O4 nanoparticles from
aggregation, and GQD improved the loading capacity of antibodies onto
the electrode surface. This nanotriplex complex system showed large sensi-
tivities, e.g., 0.33 ng/mL detection limit, and a broad linear range of bacte-
ria surface antigen, e.g., 0.005-500 pg/mL.

Modification of electrode surfaces with nano-structures has also been
investigated for pathogen detection. Especially, two dimensional
nanomaterials such as molybdenum disulfide (MoS,) provides multifold
enhancement in the sensitivity due to the existence of bandgap in its struc-
ture. In addition, energy state can easily be tuned from semiconducting to
fully conducting, which enables the use of MoS, in biosensing systems for
easier electron transfer. Singh et al. developed a lab-on-chip electrochemi-
cal immunosensor combined with a microfluidics system for the detection
of Salmonella typhimurium in nourishment samples [33]. Functionalized
MoS, nano-sheets (NS) using cetyltrimethylammonium bromide (CTAB)
assisted chemical exfoliation method to obtain highly dispersible suspen-
sion were deposited onto patterned hydrolyzed indium tin oxide (ITO) mi-
croelectrodes integrated with polydimethylsiloxane (PDMS) microfluidic
device. Capturing antibodies were immobilized inside the microfluidic
channels, and EIS was utilized as the detection method (Fig. 5A). Fig. 5B
shows the Nyquist plots of fMo0S,-NS/ITO and anti-S.typhimurium/f-
MoS,-NS/ITO microfluidic immunochip. R value of anti S.typhimurium
coated electrodes were larger than the f-MoS,-NS/ITO microfluidic chip
due to the blocking of charge carrier. Thanks to the use of a nanomaterial
and a microfluidics device, this lab-on-chip device has a detection limit of
1.56 CFU/mL, and a broad detection range of 10'~10” CFU/mL.

In another study, a paper-based electrochemical biosensor for the detec-
tion of foodborne pathogen, S. aureus was studied with CV and DPV [34].
Paper based carbon paste electrodes (CPE) were employed as the working
electrodes. Covalent binding was achieved between the single walled car-
bon nanotubes (SWCNTs) and anti-S. aureus with EDC and NHS. Activated
SWCNTs were incubated with anti-S. aureus antibodies. Antibody and
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SWCNTSs covalent attachment improved the stability of the immunosensor.
Anti-S. aureus antibody-SWCNT conjugates were dripped onto the elec-
trodes. Finally, the modified electrodes were incubated with various
S. aureus concentrations. Using milk solutions with different S. aureus
concentrations, the peak currents increased with S. aureus concentration
in DPV measurements. For this platform, LOD was determined as
1.3 x 10' CFU /mL in milk samples. The use of anti-S. aureus antibody-
SWCNT conjugates could increase the robustness of the paper-based
immunosensor by shortening the functionalization steps as well as could in-
crease the stability of the biosensor by enhancing the survival rate of
biomolecules.

Due to the need for a minimum sample preparation step, label-free de-
tection systems with high sensitivity took significant attention for the incor-
poration of such systems in portable devices. Biosensors combined with
laboratory-on-a-chip (LoC) devices, or Point of Care Diagnostics (POCs)
offer tremendous advantages such as rapid, portable, high throughput,
and automatized detection methods. For considering these issues, an elec-
trochemical detection of Streptococcus mutans was realized with printed-
circuit-board (PCB) electrodes [35]. In this novel PCB based electrochemi-
cal biosensor, the thiolated primary antibody was immobilized to the elec-
trode surface and the bacteria detection was realized with EIS. The platform
has an LOD of 1.0 x 10° CFU/mL. Thanks to its simplicity, sensitivity and
selectivity, the PCB platform could be a good candidate for point-of-care ap-
plications in field.

Metal oxides such as conductive zinc oxide (ZnO) nanostructures have
been used for biosensing applications due to superior properties such UV
light sensitivity, and wide band gap (~3.37 eV) [36,37]. In addition, ZnO
configuration can be tuned into numerous shapes which provide the use
of this structure in different applications. For instance, Chauhan et al., for
the first time, designed an electrochemical biosensor for the detection of cy-
totoxin associated gene A protein (CagA) in human serum samples with CV,
EIS and SWV [38]. CagA is a virulence factor and important biomarker of
H. pylori infection, where screen-printed Au electrodes (SP-AuE) were
used as working electrodes. For SP-AuE modification, zinc oxide tetrapods
(ZnO-T) was synthesized, where a 365-nm UV light was applied to ZnO-T to
enhance conductivity. Ion ray was applied to the modified electrodes,
and ion irradiated ZnO-T were realized. The tetrapodal shape is a
3-dimensional configuration that possesses connective four arms from the
core center at an average angle of ~110°. These structures can be used for
the development of multifunctional 3D-networks, which prevents agglom-
eration and provides high conductivity. After the modification of elec-
trodes, they were incubated with CagA antigen, and CagA antibodies
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were introduced to the electrodes. Experimental steps of this detection
scheme are shown in Fig. 6A. As shown in Fig. 6B, in CV measurements,
the peak current decreased with anti-CagA concentration. In real sample
analyses, recovery was 98.6% and LOD was determined as 0.2 ng/mL.
Here, the irradiated electrodes have better electroconductivity and specific-
ity compared to the un-irradiated electrodes.

Combining nanomaterials with polymers have been widely used for bio-
sensing of bacteria in order to benefit from synergetic effect of the men-
tioned materials. Kang et al. developed an electrochemical immunosensor
for Bacillus cereus detection with chronoamperometry in milk samples
[39]. In the study, AuNPs mixed with horseradish peroxidase (HRP) yield-
ing AuNPs-HRP composite that was mixed with Thionine (Thi)-chitosan
(Chit). GCEs were modified with chitosan used as a bridge cross-linker by
dropping. Chitosan modified electrodes were then interacted with gold so-
lution via electrostatic adsorption. The electrodes were modified with anti-
B. cereus, and Thi-Chit/AuNPs -HRP mixture was dipped into the modified
electrodes. The electrodes were interacted with anti-B. cereus by dripping.
The platform has an LOD of 1.0 X 10 CFU/mL, which is smaller compared
to the ones supported by the immunosensors reported earlier. Using chito-
san and AuNPs incorporated with an antibody increased the effective sur-
face area of the electrodes. In addition, AuNPs promoted electron transfer
rate due to its channel effect. The developed immunosensor exhibited
high reproducibility and long-term stability, making it an ideal platform
for food quality and safety control applications.

Click chemistry reaction are highly attractive reactions for immobilizing
bioreceptor molecules onto the electrodes surfaces. Svalova et al. designed
an electrochemical immunosensor for E. coli detection in drinking water
and milk using CV and EIS based on copper-catalyzed “click” reaction
(Fig. 7) [40]. For electrode modification, vinylbenzylazide (VBA) was
electro-deposited with CV in lithium perchlorate. Cu nanoparticles
(CuNP) were then sent to the polymer-coated electrodes. A click reaction
occurred between the azide groups in PVBA and the acetylene fragment
of the ester. Electrochemically oxidized copper particles were added to
the polymer film, which catalyzed this reaction. Finally, anti-E. coli antibod-
ies were incubated on the modified electrodes. The system has an LOD of
6.3 CFU/mL. The developed method reduced the immobilization time
from a few hours to 30 min, and prevented denaturation of the
immunoreceptor.

Bakhori et al., for the first time, developed an electrochemical
immunosensor based on CdSE/ZnS quantum dots (QD) and silica nanopar-
ticles (SiNPS) for Mycobacterium tuberculosis detection [41]. Screen-printed
carbon electrodes were modified with CASE/ZnS (QD) and SiNPs to amplify
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Fig. 6. (A) Schematic illustration of the preparation of the CagA antigen@ZnO-T/SP-AuE immunosensor. (B) CV of CagA antigen coated modified electrodes with different
CagA-antibody concentrations between in 5 mM [Fe(CN)s]®>~/*~electrolyte. Reprinted from [38] with permission: Copyright © 2018 American Chemical Society.
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Fig. 7. Schematic illustration of the development of covalently immobilized anti-E. coli based impedimetric immunosensor for E. coli detection. Reprinted from [40] with

permission: © 2020 Springer Nature Switzerland AG.

the detection signal as well as to increase the selectivity of the sensor. These
nano-modification provided a strong electrocatalytic effect, high sensitivity
and selectivity. Bacteria detection was determined with DPV, where LOD
was found as 1.5 x 107 '° g/mL.

Detection of pathogens with graphene based biosensors have been tak-
ing attention. For instance, Jijie et al. developed an graphene based electro-
chemical immunosensor for Escherichia coli UTI89 detection in aqueous and
serum samples with DPV [42]. In this work, gold electrodes were used as
working electrodes. In order to achieve GO/polyethylenimine (PEI) disper-
sion, GO and PEI combination was agitated. Au electrodes were modified
with reduced graphene oxide (rGO)/PEI by electrophoretic deposition
(EPD). To perform EPD, GO/PEI aqueous dispersion was used, where Au
electrodes are the cathode and the Pt foil is the anode. The modified elec-
trodes were then plunged in a certain amount of pyrene-poly(ethylene gly-
col) (PEG) solution. Anti-fimbrial E. coli antibody immobilization on the
electrode was realized with EDC/NHS chemistry. EDC/NHS was the
cross-bonding agent between -NH, groups of PEI and -COOH groups of
anti-fimbrial E. coli antibodies. Finally, the electrodes were treated with an-
tibody that was incubated with various E. coli concentrations, and in DPV
measurements, the peak current decreased with E. coli UTI89 concentra-
tion. LOD was determined as 1.0 X 10' CFU/mL.

In another study with rGO modified electrodes, Muniandy et al. devel-
oped a label-free electrochemical aptasensor for S. Typhimurium detection
in raw chicken meat with DPV [43]. For GCE modification, azophloxine
(AP) was dissolved in GO solution. For pH adjustment, hydrazine was
added to the solution to obtain reduced GO (rGO). GCEs were then modi-
fied with rGO-AP solution with drop-casting in order to enrich its free

charge-carrier density, thus potentially enhancing its solubility in hydro-
philic medium and electrical conductivity. The electrodes were further
modified with different concentrations of aptamer (ssDNA) solutions.
Aptamer modified electrodes were treated with various S. Typhimurium
concentrations. In DPV measurements, the peak current increased with
S. Typhimurium concentration, and LOD was found as 1.0 x 10' CFU/mL.

Xu et al. developed an electrochemical immunosensor for Escherichia
coli 0157:H7 and Salmonella Typhimurium detection with EIS [44], where
screen-printed interdigitated microelectrodes and magnetic beads (MBs)
were used in the detection scheme. Streptavidin coated MBs were modified
with biotinylated antibodies (Ab) and the conjugation of glucose oxidase
(GOx) with Ab was realized with a GOx conjugation kit. GOx was selected
as the labeling enzyme due to its long term stability, high turnover number,
and specificity. Bacteria mixed with MBs-Ab conjugates, and magnetic sep-
aration was applied to MBs-Ab/bacteria cell conjugate. The sandwich com-
plex was then exposed to magnetic separation to remove extra ions in the
specimen. Here, LOD was found as 2.05 x 10® CFU/g for E. coli 0157:
H7, and 1.04 x 10 CFU/mL for S. Typhimurium. The important feature
of the designed system is that the electrode can be regenerated multiple
times for long-term use. In addition, using MBs—Ab conjugates together
had achieved high capture efficiencies.

Electrochemical genosensors, aptasensors, and other biosensor detec-
tion systems have been also developed for bacteria detection. For instance,
Nazari-Vanani et al. developed a novel electrochemical DNA biosensor for
Enterococcus faecalis detection with DPV in urine samples [45]. Here,
gold-disk electrodes covered with ice crystals-like gold nanostructure
(Au/nano) were used as working electrodes. In order to ensure DNA
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hybridization, toluidine blue (TB) was used as redox indicator. An electro-
deposition method was developed to fabricate a novel ice crystals-like gold
nanostructures. For electrode modification from Au to Au/nano, Au elec-
trodes were treated with H,SO,4, HAuCl,, and sorbitol. For electrode modi-
fication with probe-DNA (p-DNA), a dithiothreitol (DTT) solution was first
added into the p-DNA solution, and agitated. The p-DNA/DTT solution was
applied to the Au/nano electrodes by dropping, where the modified elec-
trodes were interacted with 6-mercapto-1-hexanol (MCH). The p-DNA
modified electrodes were incubated in the complementary-DNA (c-DNA),
where they were treated with TB solution. In DPV measurements, peak cur-
rent decreased with c-DNA concentration, and LOD was determined as
4.7 x 10~ 2° M for c-DNA, and 30.1 ng/yl for genome. The developed bio-
sensor showed excellent sensitivity and selectivity with a low detection
limit and could be potentially used as an alternative method for Enterococ-
cus faecalis detection without using PCR amplification in clinical samples.
Henihan et al. developed a novel electrochemical biosensor for bacterial
ribosomal RNA (rRNA) detection in Staphylococcus aureus, Pseudomonas
aeruginosa and E. coli without labelling and amplification with kinetic EIS
[46]. Electrodes were first treated with thiol-modified peptide nucleic
acid (PNA) oligonucleotides, and hybridization was performed with 16S
rRNA solution. For kinetic EIS measurements, screen-printed dual gold

A
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working electrodes were used. In EIS measurements, hybridization with
E. coli rRNA increased R, more compared to the hybridization with other
rRNAs and the system provides an LOD as 50 pM within 10 min at ambient
temperature.

Recently, nicking endonucleases have been used to amplify the ob-
tained signals in biosensors. Luo et al. developed a new signal-out electro-
chemical sensing for Enterobacteriaceae detection in milk samples with
DPV, EIS, and SWV integrating Exonuclease Ill-assisted target recycling am-
plification [47]. In the sample preparation first, the gold electrodes were
treated with thiolated capture probe. The electrodes were then dipped
into MCH to obtain aligned DNA monolayer. After washing, salmon
sperm DNA was sent to the electrodes, and the electrodes were modified
with commix of Escherichia coli Exonuclease III (Exo III) and target DNA.
The modified electrodes were treated with biotinylated detection probe,
and streptavidin-alkaline phosphatase (ST-AP). After target DNA hybridizes
with capture DNA, Exo III can selectively digest the capture DNA. A success-
ful target recycling was achieved with Exo III which released the target to
undergo a new hybridization and cleavage cycle on sensor surface, Experi-
mental steps were schematically shown in Fig. 8A. Electrochemical DNA
biosensors characterization were realized with EIS (Fig. 8B), and SWV
(Fig. 8C). Here, bare electrodes exhibited an almost linear behavior
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Fig. 8. (A) Schematic illustration of the electrochemical DNA biosensor for the detection of Enterobacteriaceae bacteria. (B) EIS, and (C) SWVs for (a) bare electrode,
(b) capture DNA modified electrode, (c) capture DNA modified electrode after the reaction with target DNA and Exo III, and (d) further reaction with detection probe.

Reprinted from [47] with permission: Copyright © 2013 Elsevier B.V.
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(curve a). As the thiolated capture DNA was self-assembled onto the bare
electrodes, the R, increased (curve b), while it decreased significantly
(curve c) when the biosensor was hybridized with target DNA and reacted
with Exo III. Upon the hybridization of the biotinylated detection probe
with the remaining capture DNA, R further increased (curve d). In DPV
measurements, a-naphthyl phosphate (a-NP) was used. Here, the peak cur-
rent decreased with target DNA concentration. The system LOD was deter-
mined as 8.7 {. for target DNA, and 40 CFU/mL for milk specimens.

Ranjbar and Shahrokhian developed an electrochemical aptasensor for
Staphylococcus aureus detection with CV and EIS in human serum specimen
[48]. For GCEs modification, CTAB coated AuNPs were used. Solid carbon
nanoparticles (CNPs) were treated with dimethylformamide (DMF) via ul-
trasonic stirring, and AuNPs were added to the CNP suspension with agitat-
ing. Solid AuNPs/CNPs were resolved with cellulose nanofibers (CNFs)
solution in DMF, and GCEs were then modified with AuNPs/CNPs/CNFs.
For obtaining a stable response, modified electrodes were cycled, and
thiolated aptamer was added to the modified electrodes. After modification
with aptamer, electrodes were incubated with S. aureus. The fabricated
nanocomposite was a biocompatible scaffold with high surface area for im-
mobilization of the thiolated aptamer. In EIS measurements, R, increased
with S. aureus concentration, and LOD was found as 1 CFU/mL. The most
notable feature of the designed aptasensor was that the ability of the
aptamer to discriminate between live and dead bacteria cells.

Muniandy et al. designed an electrochemical aptasensor for Salmonella
enterica serovar Typhimurium detection in chicken meat with DPV [49]. In
the system, rGO and titanium dioxide (TiO5) nanostructures were used
for GCEs modification. To achieve aptamer immobilization, aptamer solu-
tion were added to the modified electrodes, and the interaction between
ssDNA aptamers of the phosphate groups and TiO groups was realized by
binding. For bacteria detection, rGO/TiO,, and the aptamer coated elec-
trodes were modified with S. Typhimurium (Fig. 9). The peak current de-
creased with S. Typhimurium concentrations in DPV measurements, and
LOD was found as 1.0 X 10' CFU/mL. The rGO-TiO2 nanocomposite sen-
sor platform provided an improved signal response compared to rGO or

STM/ssDNA/rGO-TiO2/GCE

rGO/TiO2

S. Typhimurium
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TiO platforms alone, which can be attributed to the increase in the electron
transfer rate with rGO-TiO2 nanocomposite platform. In addition, the inter-
action between phosphate groups on DNA aptamers and TiO groups em-
bedded on the surface of rGO prevented the aptamer labelling with thio-
or amine groups; thus, the cost of the process could be reduced.

An electrochemical aptasensor was developed for the first time for the
detection of Pseudomonas aeruginosa from blood serum specimens with
EIS [50]. For GCE modification, nano-sized chitosan particles (NCs) were
prepared, and the modified GCEs were treated with glutaraldehyde and
plunged into aptamer solution. Aptamer and NC modified electrodes were
interacted with P. aeruginosa solution, and in EIS measurements, R, value
increased with P. aeruginosa concentration. In real sample analyses, recov-
ery was found between 93.2% and 124%, and LOD was found as 3 CFU/
mL. The developed aptasensor showed excellent stability with satisfactory
reproducibility, and selectivity.

Zarei et al., for the first time, developed an electrochemical aptasensor
for Shigella dysenteriae detection in water, unpasteurized and pasteurized
skim milk [51]. In this work, GCEs were modified with AuNPs via electro-
deposition, and the aptamer solution was added to the AuNP-modified elec-
trodes via dropping. For S. dysenteriae detection, the aptamer and AuNPs
modified electrodes were immersed in S. dysenteriae solution. The concen-
tration of aptamer, immobilization time to the electrode surface and, target
binding time were optimized to get the best analytical signal. In EIS mea-
surements, R, value increased with S. dysenteriae concentration, and LOD
was determined as 1.0 x 10! CFU/mL. The aptasensor based biosensor
can discriminate live bacteria from their dead cells.

Hatami et al. developed an electrochemical DNA biosensor for Mycobac-
terium tuberculosis (TB) detection with CV and DPV. Here, metal oxide for-
mation is used, for the first time, in the electrochemical sensing of TB
[52]. In the sample preparation, GCE surface modification was realized
with electrodeposition with ZnO. ZnO coated electrodes were further mod-
ified with AuNPs, and ZnO/AuNP modified electrodes were dipped into the
probe DNA solution. For M. tuberculosis detection, ssDNA/AuNPs/ZnO
modified electrodes were incubated with DNA of the targeted bacteria.

ssDNA/rGO-TiO,/GCE

Fig. 9. Schematic illustration of the development of rGO and TiO, modified electrochemical aptasensor for the determination of S. Typhimurium. Reprinted from [49] with

permission: Copyright © 2020 Elsevier B.V.
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Experimental steps are schematically shown in Fig. 10A. In DPV measure-
ments, peak current decreased with target bacteria concentration, and
LOD was determined as 1.18 pM. More importantly, the enhancement in
the peak current due to the deposition of ZnO could be clearly seen when
comparing with ZnO-free electrodes (Fig. 10B). Here, the further decrease
in the peak current due to the presence of the complementary DNA also
demonstrated metal oxide's ability to create larger signal difference for
the targeted analytes.

Hajihosseini et al., for the first time, developed an electrochemical DNA
biosensor for Helicobacter pylori detection with DPV [53]. For the electrode
modification, GO was dripped onto GCE surface, and GO-modified GCEs
were further modified with AuNPs by deposition. H. pylori probe was
interacted with the modified electrodes, and the ssDNA/GO/AuNPs modi-
fied electrodes were dipped into the hybridization solution involving the ol-
igonucleotide of the targeted bacteria. Oracet blue (OB) was used as a redox
indicator to enhance the electrochemical signals of DNA. In DPV measure-
ments, OB peak current increased with DNA concentration of the targeted
bacteria, and LOD was found as 27 pM. The developed biosensor confirmed
that OB-based DNA biosensors are capable of detecting the single-base mis-
match in the target DNA. The authors also stated that the best method for
probe self-assembly was the drop self-assembly and the best hybridization
method was solution based hybridization method.

In another study, one novel latent electrochemical redox probe, ferro-
cene carbamate phenyl acrylate (FCPA), was introduced, which was used
as an effective transducer for the selective detection of non-redox active
biomarkers. By using a specific probe that consists of a recognition unit at-
tached via a linker to a latent redox active reporter, real-time tracking of
cellular Cysteine (Cys) production in E. coli W3110 was realized. Such
novel electrochemical molecular switch successfully discriminated Cys
over other biothiols in complex biological systems [54].

Molecularly imprinted polymers (MIPs), artificial recognition elements,
are polymers that are fabricated via chemical, photochemical or electro-
chemical methods in the presence of a target template material of interest.
Recently, they have been used for pathogen detection due to its excellent
properties such as simple fabrication process together with their stability
[55-60].

For instance, Golabi et al. developed an electrochemical biosensor for
Staphylococcus epidermidis detection with the use of MIPs [61]. Here, cell
imprinted polymers (CIPs) were electrochemically prepared with 3-
aminophenylboronic acid (3-APBA) monomer. Boronic acid interaction
with 1,2- or 1,3-diols enabled the detection of bacteria containing diol,
where gold disc electrodes (GDE) were used as working electrodes. After
the CIP production, synthesized CIPs were handled with fructose to extract
the cells from surface. In order to separate bacterial cells from the polymer
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structure, CIPs were rinsed with deionized water. The modified CIP elec-
trode was incubated with bacteria cells, and the bacteria detection was de-
termined by EIS. In EIS measurements, R, increased with bacteria
concentration with a linear behavior between 10 and 10”7 CFU/mL.

Saini et al., for the first time, introduced an electrochemical DNA bio-
sensor based on plcA gene (a virulent gene) for Listeria monocytogenes detec-
tion with CV and EIS [62]. Here, SPEs were employed, where ssDNA probe
with -NH, immobilized on the electrodes, and hybridization was carried
out with target DNA. The platform possesses an LOD as low as 13.7 fg/pL.
The developed biosensor had lower LOD compared to the reported biosen-
sors for the detection of L. monocytogenes.

Wau et al. introduced an electrochemical biosensor for the detection of
E. coli and S. aureus directly from blood samples [63]. They developed po-
rous nickel electrodes modified with Zn-doped CuO nanoparticles, where
the Zn-CuO nanoparticles can bind to the bacteria with high affinity.
After binding, Zn-CuO nanoparticles penerate to the bacteria via nano-
piercing, which leads to bacterial lysis and death. Possessing three features,
e.g., capture, killing and detection all in one structure, the platform could
be a very critical candidate for both diagnosis and treatment of pathological
diseases. In EIS measurement, R.; decreased with bacteria concentrations,
and the biosensor could detect the bacteria concentrations between 10!
and 10° CFU/mL.

When constructing a biosensor system based on hybridization, the most
important issue to be considered is that the immobilization amount of
probe sequence onto the electrode surface in order to recognize its target.
In addition, the immobilization amount of probe, the molecular orientation
of probe DNA should be also properly designed for efficient hybridization.
For these purposes, nanomaterial based systems for the control of DNA im-
mobilization and hybridization have been used. For instance, Mobed et al.
designed a novel electrochemical DNA biosensor for Legionella pneumophila
mip gen detection [64]. The platform utilizes gold nanostructures with cys-
teamine. Modification of gold working electrodes with nanostructures pro-
vided strong stability for different number of cycles. In the biosensor,
hybridization between probe and target sequences was determined with
CV and SWV, and a very low limit of quantification was determined as 1
ZM.

Ariffin et al. introduced an electrochemical DNA biosensor for E. coli de-
tection [65]. The genosensor employs silica microspheres that was treated
with APTES that was applied to screen-printed electrodes with AuNPs.
AuNPs provided lower R, values compared to the bare screen-printed elec-
trodes shown with EIS measurements, where ssDNA probe was attached to
the sensor interacting with hollow silica microspheres. Hybridization with
target bacteria sequence was determined with EIS, where LOD was deter-
mined as 1.95 x 107" M.
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2.2. Virus detection

In this section, we extensively reviewed recent electrochemical biosen-
sors for the detection of viruses. Haji-Hashemi et al., for the first time, de-
veloped an electrochemical immunosensor for Fig mosaic virus (FMV)
detection with CV, DPV and EIS [66]. In order to build the immunosensor,
gold electrodes were dipped into a mixture of 11-mercapto undecanoic acid
(MUA) and 3-mercapto propionic acid (MPA) solutions. The electrodes
were interacted with EDC and NHS solutions to obtain NHS ester groups
on the electrode surface. For FMV detection, antibody modified electrodes
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were treated with FMZ solutions of various concentrations. The experimen-
tal steps are shown in Fig. 11. In DPV measurements, the peak current de-
creased with virus concentration, and LOD was determined as 0.03 nM.
The proposed immunosensor exhibited high selectivity, good reproducibil-
ity, high sensitivity and low detection limit. Moreover, the results were in
good agreement with RT-PCR method, which confirmed the validity of
the proposed immunosensor for detection of fig mosaic disease in real
samples.

Fani et al. developed an electrochemical DNA biosensor for Human
T-Lymphotropic Virus-1 (HTLV-1) detection with DPV [67]. Screen-printed
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Fig. 12. Scheme for the development of electrochemical DNA biosensor for the determination of Ebola virus. Reprinted from [68] with permission: Copyright © 2018 Elsevier

B.V.
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carbon electrodes (SPCEs) were modified with reduced graphene oxide
(rGO), polypyrrole, L-cystein, and AuNPs by electrodeposition with CV.
For probe modification, the electrodes were immersed into DNA solution,
and for hybridization with target DNA, probe-covered electrodes were
dipped into a solution involving target DNA, anthraquinone-2-sulfonic acid
sodium salt monohydrate (AQMS) and NaCl, where AQMC was used as
redox-active label. For real sample analysis, peripheral blood mononuclear
cell specimens were extracted and the acquired DNA was treated with
NaOH, and incubated to denature DNA. The acquired ssDNA target was
then applied to the probe modified electrodes. In DPV measurements, the
peak current increased with target DNA concentrations, and LOD was
found as 40 x 10~ '® mol/L.

Tlkhani et al., for the first time, developed an electrochemical DNA bio-
sensor for Ebola virus detection with DPV [68]. First, thiolated single strand
probe were immobilized onto gold screen-printed electrodes. The probe
modified electrodes were treated with MCH solution to enhance stability
of the probe on the electrode surface. For hybridization, the probe-
modified electrodes were treated with biotinylated target DNA. After the
hybridization, the modified electrodes were interacted with streptavidin-
alkaline phosphatase. In DPV measurements, electrodes were treated with

Journal of Electroanalytical Chemistry 882 (2021) 114989

4-aminophenyl phosphate solution by incubation, and reduction occurred.
4-aminophenol was obtained by the enzymatic reaction, its signals were an-
alyzed in DPV measurements. The experimental steps are shown in Fig. 12.
In these measurements, the peak currents of 4-aminophenol increased with
increasing target DNA concentrations. The system possesses an LOD as
4.7 nM.

Recently, using novel materials combined with the biosensor systems
are under of interest. For instance, graphene quantum dots (GQDs),
which are zero-dimension graphene nanocrystals, have been used for the
detection of variety of biomolecules due to their excellent properties such
as biocompatibility and low-cost preparation methods [69,70]. In addition,
they have potentials in replacing those well-known metal chalcogenides—
based quantum dots. They generally have contain functional groups such
as carboxyl, hydroxyl, carbonyl, epoxide at their edges as reaction sites,
and this feature make them good candidate for bacteria and virus detection.
For example, Ghanbari et al., for the first time, introduced an electrochem-
ical aptasensor for hepatitis C virus (HCV) core antigen detection with EIS
and DPV in human serum specimens [71]. Here, GCEs were modified
with GQDs and aptamer. GQDs and aptamer were bonded one other via
7- interactions, chemisorption between GQDs and aptamers amino

PtPd NCs MoS,

anti-HBs BSA HBs Ag PtPd NCs@MoS,

Fig. 13. Schematic illustration of the label-free electrochemical immunosensor employing modified GCE electrodes with PtPd nanocubes on molybdenum disulfide nano-
sheet (MoS,) and hepatitis B antigen. Reprinted from [73] with permission: Copyright © 2019 Elsevier B.V.
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Fig. 14. (A) Conjugation of PAMAM dendrimers-encapsulated silver nanocomposites (AgDNCs) and DNA-encapsulated Ag nanoclusters (DNA/AgNCs). (B) Modification
steps of the gold working electrode and amplification of target DNA using an enzyme-based method. Reprinted from [74] with permission: Copyright © 2019 Elsevier B.V.

groups, i.e., aptamer and GQDs modified electrodes were interacted with
antigen. In EIS measurements, R, value increased with antigen concentra-
tions, and LOD was found as 3.3 pg/mL, while recovery was found between
99%-109%.

Karash et al. developed an electrochemical aptasensor for avian influ-
enza virus H5N1 detection with EIS in chicken tracheal specimens [72].
In the biosensor, gold interdigitated array (IDA) microelectrodes were
used, where they were modified with streptavidin by physical adsorption
to build aptasensor. The streptavidin modified electrodes were treated
with biotinylated HS5N1 aptamers, while AuNPs were suspended with
H5N1 aptamers to enhance the signal, and thiocyanuric acid was added
in the aptamer modified AuNPs. For virus detection, H5N1 viruses were
immobilized on the electrode. The system was found to have an LOD as
0.25 Hematology Apheresis Unit (HAU) for pure virus and 1 HAU for
swab specimens.

Another label-free immunosensor was introduced by Tan et al. for the
detection of hepatitis B [73]. In this work, GCE was modified with PtPd
nanocubes (PtPd NCs) on molybdenum disulfide nanosheets (MoS,) to en-
hance its peroxidase activity along with higher conductivity and surface
area to increase the sensitivity of the biosensor system. The system has an
LOD, e.g., 10.2 fg/mL while exhibited a linear response between
32 fg/mL and 100 ng/mL of hepatitis B surface antigen. Along with its
high sensitivity, the system provides specificity, reproducibility and stabil-
ity in a rapid manner (Fig. 13).

Que. et al. introduced a novel electrochemical nanobiosensor for the de-
tection of Epstein-Barr virus DNA [74]. They used gold electrodes modified
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with thiolated DNA capture probes to detect target DNA. For the electro-
chemical readout, they developed a new combination of the nanomaterials
and an exonuclease-assisted amplification method to enhance the sensitiv-
ity of the mechanism. In order to fabricate the electrochemical tag using
nanomaterials, they attached Ag ions on the branches of polyamidoamine
(PAMAM) dendrimers and reduced them to create the conjugates of
PAMAM dendrimers-encapsulated silver nanocomposites (AgDNCs). They
then modified the surface of this complex with a DNA strand, which was
also conjugated to form a DNA-encapsulated Ag nanoclusters (DNA/
AgNCs). DNA probes were immobilized on the surface of the AgDNCs.
This complex acts as an electrochemical label as shown in Fig. 14A.
Through a series of hybridization of DNA probes and the use of exonuclease
enzyme, the isothermal amplification was performed to enhance the DPV
measurement. Fig. 14B shows the fabrication and amplification steps. Over-
all, a low detection limit, e.g., 0.38 fM, and a wide linear range between 1 f.
and 1 nM with high selectivity were achieved due to the use of two types of
nanoparticles and the DNA amplification method.

The use of electrochemical biosensors in the detection of bacteria and
virus. In Table 1, we summarize the systems based on electrochemical
transducers for bacteria and virus detection.

3. Conclusion
In this review, electrochemical biosensors for the detection of bacteria

and viruses were discussed in detail. In addition, applications of different
types of nanomaterials and polymers with different surface modifications
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Table 1
Electrochemical detection of bacteria and virus with different methods and their sensitivities.
Target pathogen Recognition element Method Limit of detection Reference
Escherichia coli Anti-E. coli antibody DPV 3 CFU/mL [75]
Escherichia coli Anti-E. coli monoclonal antibody Ccv 2.84 x 10° CFU/mL [76]
Escherichia coli Monoclonal antibody, Amperometry 50 CFU/mL [77]
HRP labeled secondary anti- E. coli antibody
Escherichia coli ssDNA probe EIS 1x 1077 M [78]
Escherichia coli E. coli aptamer DPV 2 CFU/mL [79]
Escherichia coli DNA capture probe cv 4 CFU/mL [80]
Escherichia coli B T4 bacteriophage DPV 14 = 5 CFU/mL [81]
Salmonella typhimurium S. typhimurium aptamer EIS 3 CFU/mL [82]
Salmonella typhimurium Salmonella enteridis Amino-functionalized Salmonella DNA aptamer CV, EIS 6.7 x 10' CFU/mL [83]
S. typhimurium
5.5 x 10" CFU/mL
S. enteridis
Salmonella typhimurium Anti-S. Typhimurium antibody, Amperometry 1.0 x 10' CFU/mL [84]
HRP labeled secondary antibody
Salmonella typhimurium Anti-specific outer membrane antigen antibody EIS 1.0 x 10' CFU/mL [85]
Salmonella typhimurium Biotinylated aptamers EIS 8.0 x 10' CFU/mL [86]
Salmonella typhimurium Monoclonal antibody EIS 1.0 x 10° CFU/mL [87]
Staphylococcal enterotoxin B SEB aptamer DPV 0.21 fM [88]
Piscirickettsia salmonis ssDNA primer Chronoamperometry 5 x 107% pg/mL [89]
Pseudomonas aeruginosa Pseudomonas aeruginosa specific aptamers Amperometry 6.0 x 10" CFU/mL [90]
Avian Influenza Virus (H5N1) Monoclonal antibody EIS 271 HAU/50 pL [91]
Citrus tristeza Virus Polyclonal antibody DPV 0.27 nM [92]
Citrus tristeza Virus Thiolated ssDNA probe EIS 100 nM [93]
Chikungunya Virus ssDNA probe EIS, CV 3.4 nM [94]
Dengue Virus Anti-nonstructural antibody monoclonal antibodies EIS 0.3 ng/mL [95]
Foot and Mouth Disease Virus Viral imprinted polymer Lsv 1.98 ng/mL [96]
Hepatitis A Virus ssDNA capture probe cv 0.65 pM (complementary [97]
ssDNA)
6.94 fg/mL (viral cDNA)
Hepatitis B Virus Thiolated ssSDNA probe cv 2.0 x 102 mol/L [98]
Hepatitis B Virus Peptide nucleic acid Electrochemical lateral flow 7.23 pM [99]
assay
Hepatitis B Virus Surface Antigen (HBsAg) Primary antibody of HBs (Ab1) and hemin bio-bar- SWV 0.19 pg/mL [100]
coded
AuNPs probe labeled anti-HBsAg antibody (Ab2)
Hepatitis C Virus ssDNA probe Ccv 7 ftM [101]
Hepatitis C Virus (HCV) DNA aptamer and molecular imprinting DPV 1.67 fg/mL [102]
HINT1 Influenza virus Monoclonal antibody Chronoamperometry 0.5 PFU/mL [103]
HINT1 Influenza Virus Specific monoclonal antibody DPV 113 PFU/mL [104]
H5N1 Avian Influenza Virus Biotinylated DNA aptamers against HSN1 EIS 0.0128 HAU [105]
Human Enterovirus 71 (EV71) Monoclonal antibodies of EV71 Chronoamperometry 0.01 ng/mL [106]
Human T-lymphotropic virus Hairpin capture DNA probe EIS 1.71 x 107 ¥ M [107]
Inactivated HIN1 Virus DNA aptamers against inactivated HIN1 virus EIS 0.9 pg/mL [108]
Middle East Respiratory Syndrome Corona Virus MERS-CoV antigen SWV 1.0 pg/mL [109]
(MERS-CoV)
Newcastle Disease Virus (NDV) Anti-NDV monoclonal antibody DPV 10(0.68) EID50/0.1 mL [110]
Norovirus Norovirus specific aptamers SWvV N/A [111]
Respiratory Syncytial Virus (RSV) Antibody specific to the F protein CV, EIS 1.1 x 10® PFU/mL [112]
Type 5 Adenovirus Anti-adenovirus 5 antibody EIS 30 adenovirus particles/mL [113]
Zika Virus SH-probe ssDNA EIS, CV, DPV 25 nM [114]
Zika Virus Surface imprinted polymer (SIP) EIS, CV 2 x 10~*PFU/mL [115]

for enhancing the sensitivity of the electrochemical biosensors have been
reviewed.

Electrochemical biosensors have been used extensively in recent years
as an alternative to conventional methods for the detection of pathogens be-
cause of their high sensitivity, fast response time, and low cost. They also do
not require laborious interpretation and equipment resources, exhibit more
versatile detection schemes which provides broader applications, can be
easily manipulated by the personnel without previous training, and are ca-
pable of real time quantification.

Electrochemical methods such as EIS, DPV, CV, SWV and amperometry
have been used for pathogen detection. In order to enhance the signals
obtained, nanomaterials or polymers have been generally applied with
these methods. Among them, the most preferred electrochemical based
technique is EIS. The main strategy for an impedimetric biosensor is the im-
mobilization of bioreceptors (e.g., antibodies) onto the surface of the elec-
trode which bypasses the labeling procedure that is normally required by
other electrochemical biosensors. In EIS, the binding event between the

15

bioreceptor molecules and target could be read-out in the electrical signals.
The accumulation of negative charges during the binding process of the tar-
get toward bioreceptor molecules immobilized on electrode surfaces causes
a repulsion of the redox species, thus inhibiting the redox reaction and en-
hancing the charge transfer resistance value. However, despite the advan-
tages such as allowing label-free measurements, the major drawbacks of
impedimetric biosensors are that the consistency of the fabricated biosen-
sors is greatly affected by the surface condition of the electrodes and the un-
specific absorption of compounds in biological samples, and it is very
difficult to reproduce and regenerate the electrodes.

Despite advantages of electrochemical biosensors, there are some issues
to be considered for the analyte detection, For instance, analyte loss is still a
problem due to the need for transporting the sample to the electrode sur-
face. One of the issues to be considered for pathogen detection is that the
developed biosensor system should allow multiple detection. Simultaneous
and multiple detection could be accomplished by using multiple transduc-
ers that exhibit different biorecognition elements which make the system



H.O. Kaya et al.

more complex. For this reason, multiple biorecognition elements on a single
electrode should be designed. Most of the studies for pathogen detection in
food or environmental samples are tested in liquids such as milk, fruit juices
or broths, and used as a proof-of-concept. However, the developed biosen-
sor systems which can detect analyte of the interest in complex samples
without serious interferences should be developed commonly. Moreover,
most of studies have been calculating LOD and linear range, however, the
validation parameters such as precision, accuracy, repeatability, selectiv-
ity/specificity, linearity and the limit of quantification should be also
investigated.
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