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Abstract: Increasing awareness of the impacts of infectious diseases has driven the development
of advanced techniques for detecting pathogens in clinical and environmental settings. However,
this process is hindered by the complexity and variability inherent in antibiotic-resistant species. A
great deal of effort has been put into the development of antibiotic-resistance/susceptibility testing
(AST) sensors and systems to administer proper drugs for patient-tailored therapy. Electrochemical
sensors have garnered increasing attention due to their powerful potential to allow rapid, sensitive,
and real-time monitoring, alongside the low-cost production, feasibility of minimization, and easy
integration with other techniques. This review focuses on the recent advances in electrochemical
sensing strategies that have been used to determine the level of antibiotic resistance/susceptibility
of pathogenic bacteria. The recent examples of the current electrochemical AST sensors discussed
here are classified into four categories according to what is detected and quantitated: the presence
of antibiotic-resistant genes, changes in impedance caused by cell lysis, current response caused by
changes in cellular membrane properties, and changes in the redox state of redox molecules. It also
discusses potential strategies for the development of electrochemical AST sensors, with the goal of
broadening their practical applications across various scientific and technological fields.

Keywords: antibiotic resistance; bacteria; antibiotic susceptibility testing; electrochemical detection;
electrochemical sensor; electrode

1. Introduction

The increase in the danger from and speed of the emergency of antibiotic-resistant
pathogens has become a public health issue of global concern. In particular, the rapid
global spread of multi- and pan-resistant bacteria is alarming because of the difficulty of
treatment or no cure with existing antibiotics.

Antibiotic resistance occurs when microorganisms, such as bacteria and fungi, develop
the ability to resist the substances that kill them. Subsequently, the antibiotic-resistant
microorganisms are not killed and continue to grow. In microbial infection in clinical
settings, antibiotic resistance increases medical costs, prolongs hospital stays, and increases
mortality. Approximately 2.8 million illnesses and 35,000 deaths occur in the USA annu-
ally [1], and >33,000 people are killed each year due to antibiotic-resistant infections [2].
According to a report by the WHO, antibiotic resistance is one of the top 10 global public
health threats and may cause approximately 10 million deaths by 2050 [3-5]. In this regard,
the infecting agent should be identified and antibiotic-susceptibility testing (AST) should
be performed to determine the optimum treatment regimen.

The resistance level of a pathogenic species to specific drugs is evaluated through AST
measurements. The current gold standards for AST rely on culture-based methods such as
broth dilution, agar dilution, disk diffusion, and gradient diffusion stripe tests, which are
generally based on monitoring the growth of bacteria that have either formed inhibition
haloes in agar plates or turbidity in liquid media [6]. Despite being well-established and
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widely adopted, the existing growth-based methods require several conditions for practical
use [7-10]. Pure isolates should be used when performing culture enrichment, which takes
several days. After inoculating the isolates on agar or broth media, the results are obtained
in approximately 1-2 days. However, these methods require large sample volumes and
have poor quantification capabilities. Due to these limitations, the problem of antibiotic
resistance will likely continue and increase healthcare costs.

To overcome these limitations, tremendous efforts have been put into developing
sensors that use diverse sensing approaches, such as optical, electrical, electrochemical, and
mechanical methods [4,7,10-15]. Of these, electrochemical sensors including amperometric
sensors, potentiometric sensors, and impedance sensors, have been actively applied to
detect a wide range of molecules [16-18]. Electrochemical sensing approach possesses the
advantages of simple sensor design, quick response, high sensitivity, simplicity of use,
miniaturization, reduced costs of testing and production, development of disposal devices,
and real-time data readout, instrument-free system, enabling point-of-care testing even
at regions with limited resources to perform healthcare diagnostics and environmental
monitoring without the need of the skilled workers [19-28]. Further small amounts of
sample are required for analyte in the presence of other molecules, even in turbid real
samples. Another advantage is the ease of integration with other types of sensors, such as
optical sensors, or technologies, including microfluidics, whereby multiplex detection can
be achieved with enhanced accuracy and precision. Furthermore, remarkable advances
in novel materials, sensing platform, and emerging technology make the electrochemical
sensor very valuable and powerful in analytical tool. Nanomaterials and nanostructures-
enabled electrochemical sensors exhibited reduced over-potential, fast electron transfer
kinetics, and diffusion/mass transfer of analyte compared to conventional electrochemical
sensors, facilitating the development of sensitive and specific biosensors, as well as novel
sensing strategies [23,29-34]. For instance, electrodes with nanoscale cavities provided an
environment that promotes electrochemical sensing reactions and the amplification of elec-
trochemical signal, eventually yielding high sensitivity [29,34]. Functional nanomaterials
provided high catalytic activity, electric conductivity, and biocompatibility to accelerate the
signal transduction and amplified biorecognition events with signal tags. The use of such
functional nanomaterials has also enabled the diverse and effective immobilization for the
functionalization of electrode surface, leading to highly sensitive and specific biosensing.
The application of nano-impact electrochemistry which is based on the faradaic charge
transfer, following the collision of redox active entities on the nano or microscale with
an electrode, has also provided an enhanced sensitivity for the detection of molecule at a
single-entity level [35-40]. Recent contributions in 3D-printing technology have resulted in
the development of fine-tuned and tailor-made printed electrode devices and systems by
embedding and/or immobilizing nanostructured materials, which offer enhanced sensing
performance, cost-effectiveness, and scalability [41,42]. Diversity of electrochemical sensing
methods including electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV),
differential pulse voltammetry (DPV), and square wave voltammetry (SWV), can also be
advantageous in analyzing and detecting diverse molecules depending on the desired
purpose. For example, EIS which measures the electrical resistance (impedance) of the
metal/solution interface over a wide frequency range, provides the information on the
kinetics multiple electrochemical processes. CV is one of the most ubiquitous electro-
chemical methods, in which the potential is linearly applied to the working electrode and
the current is measured as a function of time. This method has become well-established
as a fast and reliable characterization tool and provides diverse information on electron
transfer reactions. DPV is one of voltametric method that is usually used to measure the
concentration of specific electroactive species. DPV is very sensitive and enables a label-free
detection. SWV which is another type of a voltametric method, involves stepping a series of
forward and reverse pulses at the working electrode from initial potential to final potential
and the current difference is analyzed between forward and reverse pulses. The current is



Chemosensors 2022, 10, 53

30f17

measured at each pulse, which can minimize the measurement of background current with
high sensitivity.

Several reviews provide detailed information on the principles and characteristics of
electrochemical sensors [19,22,25,43-46]. In this review, we aim to present recent advances
and developments in the field of electrochemical sensors that assess and monitor the an-
tibiotic resistance of pathogenic bacteria in vitro. This review categorizes electrochemical
AST sensors into four groups according to the following sensing strategies: (1) detection
of antibiotic-resistant genes, (2) assessment of the resistance change caused by cell ly-
sis, (3) assessment of the current response caused by changes in membrane properties,
and (4) assessment of the redox changes in a redox-active molecule affected by bacterial
metabolic activity. Representative applications of electrochemical sensors using these
strategies are also described in the following sections.

2. Electrochemical Sensors for Determining the Antibiotic Resistance Level of Bacteria
Electrochemical Sensing Strategy for Determining Antibiotic Resistance/Susceptibility

A bacterial genotypic or phenotypic change is a factor in determining antibiotic
resistance/susceptibility. Genotypic susceptibility testing relies on examining the presence
or absence of antibiotic-resistant gene(s) or mutants with modified nucleotides because
antibiotic-resistant bacteria have the related genes and/or mutations at the genome level.
This genotypic testing is a straight-forward method for AST but it often limits quantification
of the level of antibiotic resistance/susceptibility. Phenotypic susceptibility testing focuses
on monitoring cell viability, membrane structural change, and metabolic activity caused
by the interaction of bacterial cells and antibiotics. Phenotypic testing is advantageous for
measuring the level of resistance. Electrochemical AST sensors were developed based on
several systems that harness these genotypic and phenotypic changes of bacteria. The first
system is based on the detection of antibiotic-resistant genes [47-50]. A DNA fragment
can be immobilized on an electrode to act as a bait (capture DNA) that binds to antibiotic-
resistant genes or mutants. Intracellular genomic DNAs are extracted and applied to the
electrode with the capture DNA. If the genomic DNA is scarce, it can be amplified via PCR
before applying to the electrode. For the detection of duplex DNA formed by hybridization
of target and capture DNA, labeling with dye and addition of reagent can be used, and
duplex DNA is detected by measuring the change in capacitance, impedance, amperometry,
and so on [26]. Enhanced sensing performance can be achieved by incorporating catalytic
reactions of enzymes such as polymerase and recombinase [49]. Such additional steps,
such as target gene amplification, dye-labeling, and the addition of enzymes or reagents
provide high sensitivity. Although these processes are necessary to additional time and the
preparation of the target DNA, they can offer the enhanced reproducibility and sensitivity,
and commercial availability.

The second system is based on measuring the impedance change caused by cell
lysis [51-54]. Cell viability, one of the bacterial responses to antibiotics, can be used to
determine and monitor the change in surface phenomena and material bulk property.
One strategy for real-time investigation of the cell viability is to immobilize bacteria or
antibiotics on the surface of an electrode. For example, upon antibiotics treatment, surface
change depends on the drug susceptibility of bacteria immobilized on the electrode; dead
cells with antibiotic-susceptible traits are detached from the electrode, while only the cells
resistant to antibiotics live and remain attached. EIS can be an option for detecting changes
in the electrode surface because, in low-conducting solutions, the impedance primarily
depends on the surface conductivity of the electrode rather than the conductivity of the
bulk solution [55,56]. As EIS can be used as a label-free sensing system without any redox
molecules, miniaturized production with a low cost is possible. A label-free system should
be considered for the fabrication of reproducible electrodes and nonspecific adsorption of
off-targets in samples, which affects the consistency of the read-out.

The third system is based on the measurement of current response caused by changed
membrane properties [57-59]. This system focuses on the change in intrinsic redox prop-
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erties of living bacteria. Ions move through bacterial cell membranes during respiration.
Upon exposure to antibiotics, the susceptible cells do not generate electrons because an-
tibiotics can impair the intracellular metabolic pathways, such as the tricarboxylic acid
(TCA) cycle and electron transport chain, and thus the current decreases; therefore, cellular
current flow is changed. This system can also discriminate between Gram-positive and
-negative bacteria owing to their different electron-transfer rates caused by the differences
in membrane properties between these two types of bacteria.

The fourth system is based on measuring the change in the redox state of a redox-active
molecule affected by bacterial metabolic activity [60-64]. The bacteria are incubated with
antibiotics and a redox molecule. Redox molecules such as ferricyanide, resazurin, and
methylene blue are added to culture media or embedded with the hydrogel deposited on
the electrode. If bacteria are resistant to antibiotics, cells create a reduction environment and
reduce the agent, and the change in the redox state of the agent is detected by measuring the
decrease in the current. When the susceptible cells are present in the sample, this reduction
reaction does not occur, and the current does not change. The concentration of the redox
agent should be optimized, and its interference with the antibiotic action or normal cellular
functions should be examined.

3. Current Electrochemical Sensors for the Detection and Monitoring of Antibiotic
Resistance in Pathogenic Bacteria

In this section, we highlight how specific sensors detect antibiotic-resistance levels
of bacteria. Representative applications of these sensors, including those described in
this paper and others that have been developed and employed for AST are summarized
in Table 1.

3.1. Detection of Antibiotic-Resistant Genes

The most straightforward method of AST is to explore whether bacteria have antibiotic-
resistant genes or mutants. To this end, multiplex and sensitive evaluation of the abundance
and diversity of antibiotic-resistant genes is necessary, but this is a challenging task.

To enhance the sensitivity, isothermal amplification was incorporated with an electro-
chemical platform and used to detect oxacillin resistance [27] (Figure 1A). A screen-printed
gold electrode was functionalized with the target DNA-capturing oligos acting as a primer
and treated with isothermal amplification-involved components including dNTPs, another
primer, recombinase, polymerase, and horseradish peroxidase (HRP)-labeled dTTP. When
the double-stranded target DNA is present, recombinase allows primers to bind to homol-
ogous target sequences by unwinding the double-strand without requiring temperature
changes or the additional process of preparing ssDNA as the target DNA. Polymerase
extends the strand by using the target DNA as a template, where horseradish peroxi-
dases (HRPs) attached to dTTP are incorporated into the newly generated strand. Upon
adding H,O; and 3,3’ ,5,5'-tetramethylbenzidine (TMB), HRP replaced TMB with its ox-
idized state, producing an amperometric readout. Using recombinase-aided isothermal
signal amplification and HPR-mediated TMB oxidation, this system could detect 0.69 fM of
oxacillin-resistant DNA, corresponding to a 319 CFU/mL or 10.6 aM target DNA (Table 1).
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Figure 1. Electrochemical antibiotic susceptibility testing strategy based on the detection of antibiotic-
resistant genes. (A) Isothermal amplification reaction-coupled screen-printed gold electrode for the
detection of oxacillin-resistant genes in Escherichia coli. Adapted with permission form [47]. Copyright
2021 American Chemical Society; (B) Solid-phase primer elongation reaction-coupled gold electrode
for the detection of rifampicin-resistant genes in Mycobacterium tuberculosis. Adapted with permission
form [48]. Copyright 2021 American Chemical Society; (C) pH-controlled metal ion-embedded
nanosphere-immobilized on the ZnS modified fluorine tin oxide (FTO) electrode for the detection of
penicillin-resistant genes in E. coli. Adapted with permission form [49]. Copyright 2020 American
Chemical Society. RPA, recombinase polymerase amplification; TMB, 3,3',5,5'-tetramethylbenzidine;
SWYV, square wave voltammetry.
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Table 1. Examples of electrochemical sensors for antibiotic resistance/susceptibility testing 2.

(Working) Electrode Antibiotics Tested Target Species Sensing Approach Assay Time Sample Feature Reference
Use of amperometric change via
Screen printed gold HPR-mediated TMB oxidation. Use of
Oxacillin Escherichia coli Chronoamperometry 60 min None recombinase and polymerase-aided [47]; Figure 1A
electrode (SPGE) . e
isothermal amplification. LoD:
319 CFU/mL.
Use of Klenow (exo-) DNA
polymerase-mediated primer
20 min hybridization elongation reaction.
. .. Mycobacterium Square wave with the target, 5 min Immobilization of thiolated primer on Lol
Gold electrode Rifampicin gtberculosis volta?nmetry (SWV) solid—pghase None the surface of gold electply‘ode‘ [48]; Figure 1B
primer elongation Use of ferrocene-labeled dNTPs.
LoD: 3 pM (2.7 x 10° DNA copies) of
target DNAs
pH-controlled metal
ion-embedded
inn??nf}fiﬁireecll ‘(’)vr?lt;}; \gi; Penicillin E. coli Photoelectrochemistry Plasmid Use of c()hg(r)llgi;\r;[ rt)cl){l 54 ﬁlfz T range: [49]; Figure 1C
modified fluorine tin
oxide (FTO) substrate
Gold electrode with T Linear range: 6.3—900.0 ng/mL.
surface graphene ink Ampicillin Impedance None Detectior% of DNAs in w§ter. (501
Immobilization of bacteria on the
three-dimensional interdigitated
Tantalum silicide Ampicilli E. coli I dan 60-120 min Non electrode array impedimetric transducer. [51]; Fi oA
electrode mpretin <o mpedance m one Enables multiple detection or monitoring ol figure
using multielectrode by separating via
the insulating barriers.
Silver interdigitated
carbon working Ampicillin, E. coli
electrode (WE), counter erythromyecin, Me thiciliin—résis tant Whole blood Immobilization of bacteria on the
electrode (CE), and ciprofloxacin, Stavhul Impedance <90 min h . electrode by using an antibody. No dye [52]; Figure 2B
reference electrode (RE). methicillin, APHY{0COCCLS AUTEHS uman urine to interfere with cellular processes.
L . ) - . (MRSA)
Plastic microchips with daptomycin, gentamicin
printed electrodes
SPGE immobilized with
thiolated vancomycin, . 101108
which was used as the Vancomycin S. aureus Impedance None LmearLran‘ge. 10°-10° CFU/mL. [53]; Figure 2C
binder with oD: <39 CFU/mL.
Gram-positive bacteria
Drop-coating of three electrodes with a
— impedance and hydrogel contaiing agarse I growi
o ’ Amoxicillin, oxacillin S. aureus, MRSA differential pulse <45 min None L ocya [54]; Figure 2D
silver RE mediator, and antibiotics. Enables a
voltammetry (DPV) 1 .
ow-cost and mass production
of electrode.
L-lysg;e coated cgrllum Ciprofl . fixi M N Use of electron-transfer rate due to
oxide nanoparticle Iprotioxacin, celixime, E. coli Cyclic voltammetry (CV) easurement time: None different membrane properties of Gram [57]; Figure 3

coated indium tin oxide
(ITO)

amoxyecillin

15 min

(+) and (—) bacteria.
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Table 1. Cont.

(Working) Electrode Antibiotics Tested Target Species Sensing Approach Assay Time Sample Feature Reference
Miniaturized incubation . . Incubation of living cells with antibiotics
chamber containing C e s . E. coli, Klebsiella . . .
. Ampicillin, ciprofloxacin ; DPV 30 min Human urine and redox reporter molecules in a [60]
working, counter, and pneumoniae R
miniaturized chamber.
reference electrodes
Use of bacterial-specific
Gold electrode pattened Gentamicin E. coli, S. aureus Capacitance None aptamer-functlonah.zed electrode. [58]
on a glass substrate Measurement of bacterial growth curves
for 10 CFU/mL.
Glassy carbon electrode Ofloxacin, Pemcﬂhn, E. coli DPV None Im'moblh'zatlon of cells with graphene [59]
cefepime dispersion on the electrode surface.
Screen-printed Use of resazurin-containing electrode
carbon-graphite Gentamycin E. coli Drv 90 min Artificial urine LoD: M & : [61]; Figure 4A
electrode oD:15.6 1
Platinum WE and CE, Ampicillin, kanamycin, . . DPV, detection of Reusable biosensor. Electrode type
Ag/AgCIRE tetracycline E. coli, K. pneumoniae resazurin 4h None incompatible with miniaturization. (62]
Nafion-coated organic Use of change in pH via cell proliferation.
redox-active crystal Assay time: 60 min. Stable
layers on planar Ampicillin, kanamycin E. coli DPV 60 min Whole blood, milk (<12% degradation in ~60 d). Detection [63]; Figure 4B
pyrolytic graphite sheets range: 0.001-10 uM, 0 ug/mL and
as the sensing platform 16 pg/mL.
Screen-printed carbon . e e
e mocited i pinglestep modifcaton. Modifiaion,
multi-welled carbon Ofloxacin, penicillin Salmonella gallinarum DPV 60 min Egg modification. Multi-channel. LoD: [64]

tube and
gold nanoparticle

100 CFU/mL.

@ Abbreviations: LoD, limit of detection; HRP, horseradish peroxidase; TMB, tetramethylbenzidine; LB, Luria-Bertani; CFU, colony-forming unit; ND, not determined.
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Figure 2. Electrochemical antibiotic susceptibility testing (AST) strategy based on the detection
of the change in impedance caused by cell lysis: (A) Bacterial cell-immobilized 3D interdigitated
electrode array (3D-IDEA) impedimetric transducer for the AST of Escherichia coli against ampicillin.
Adapted with permission form [51]. Copyright 2019 RSC; (B) Bacterial cell-immobilized plastic
microchips with printed electrodes for AST of E. coli and methicillin-resistant Staphylococcus aureus
(MRSA) against ampicillin erythromyecin, ciprofloxacin, methicillin, daptomycin, and gentamicin.
Adapted with permission form [52]. Copyright 2017 American Chemical Society; (C) Antibiotic-
immobilized screen-printed gold electrode (SPGE) for the AST of S. aureus against vancomyecin.
Adapted with permission form [53]. Copyright 2021 Talanta; (D) Hydrogel-covered three electrodes
for the AST of S. aureus (SA) and MRSA against amoxicillin and oxacillin. Adapted with permission
form [54]. Copyright 2021 Biosensors and Bioelectronics. PEI, polyethyleneimine; pNIPMAM, poly
N-isopropyl methacrylamide; PDMS, polydimethylsiloxane; PMMA, poly methyl methacrylate; TCEP,
tris(2-carboxyethyl)phosphine hydrochloride; EIS, electrochemical impedance spectroscopy; SWV,
square wave voltammetry; RE, reference electrode; CE, counter electrode; WE, working electrode.

Solid-tethered primer-extending reaction was also used for the detection of the point
mutation associated with rifampicin resistance [48] (Figure 2B). In this system, 5-thiolated
primer was attached to the surface of gold electrode via chemisorption. Upon adding
Klenow (exo-) DNA polymerase and ferrocene-labeled dNTP, if the sample has target
DNA with sequences complementary to primer, polymerase-mediated primer extension
reaction occurs and ferrocene-labeled double stranded DNAs are produced, enabling a
voltametric detection. When targets with non-fully complimentary sequence to primer
exist in sample, the subsequent reactions such as primer elongation and incorporation
of ferrocene-labeled dNTP into primer:target duplex do not occur and thus the signal
of square wave voltammetry is not observed. Using this system, the point mutation of
rifampicin resistance in Mycobacterium tuberculosis strains was unequivocally identified at
3pM (2.7 x 10° DNA copies) of target DNAs (Table 1).
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Figure 3. Electrochemical antibiotic susceptibility testing strategy based on monitoring current
response caused by changed membrane properties. L-lysine coated cerium oxide nanoparticle
(L-CeONP) coated indium tin oxide (ITO) electrode for determining the resistance level of E. coli
against ciprofloxacin, cefixime, and amoxycillin. Adapted with permission form [57]. Copyright 2020
American Chemical Society.

One of the recent trends is to use photoelectrochemical approaches due to their high
sensitivities, high signal-to-noise ratios resulting from the difference between excitation and
detection signals, low cost, and inherent small size. To detect multiple biomolecules in a sin-
gle assay, the sensing platform of photoelectrochemical sensors is generally constructed by
patterning or partitioning electrodes. Specific probes to capture the target molecules are de-
posited on each small area of electrode. However, it is difficult to cover the overall region of
a small area with a light source, which can lower the sensitivity. To overcome this limitation,
stimuli-responsive materials were used in the sensing platform [49] (Figure 1C). For exam-
ple, a pH-controlled platform was used to detect penicillin-resistant genes [49]. This system
relies on the pH-controlled release of metal ions embedded in sandwich-type DNAs; the
metal ion triggered a structural change in the photoactive material-based substrates, which
eventually changed the photocurrent response. In this system, a pH-controlled platform
was fabricated with ZnS modified fluorine-doped tin oxide (FTO) substrates. Two differ-
ent sandwich-type DNAs (Cpna2:Tpna2:Spnaz and Cpna1:Cpnaz:Spnai)-functionalized
5i0,@Fe;04 nanoparticles were applied to the substrate. One end of the sandwich DNA,
Cpna1:CpNa2:Spnal, was attached with SbT@SiO, nanospheres, which already binds with
trigger DNA (Tpna) harboring Hg2+ via the hairpin thymine(T)-Hg2+—T interaction. At
pH 2 (acidic), SbO~ is released from sandwich DNA and reacts with ZnS, forming the
Sb,yS3/ZnS structure via ion exchange and enhancing the photocurrent. At pH 8, the
T-Hg?*-T linkage is disrupted because of the preferential binding of trigger DNA to Spna2,
and Hg?" is released, resulting in the formation of the HgS/ZnS structure. Using this
system, bla-CTX-M-1 (Tpna1) and bla-TEM (Tpnaz) were detected with the linear range
from 0.001 uM to 10 uM at both pHs [49] (Table 1). Even after the development of diverse
diagnostic systems, additional considerations remain. For example, the receptors used
in multiplex detection sensor are carefully designed to avoid generating false-positive or
false-negative results; however, such errors are not always avoidable because of the genetic
complexities inherent in microbial species. In an attempt to address these limitations, the
use of multiple assay platforms might be needed for the parallel detection and identifica-



Chemosensors 2022, 10, 53 10 of 17

tion of pathogens and antibiotic resistance-associated point mutations within a complex
microbial community.
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Figure 4. Electrochemical antibiotic susceptibility testing strategy based on the change in the redox
state of the redox-active reagent affected by bacterial metabolism: (A) Resazurin-containing screen-
printed carbon-graphite electrode for the AST of E. coli against gentamycin. Adapted with permission
form [61]. Copyright 2021 RSC.: (B) Nafion-coated resazurin-active crystal layers (RZx) on a planar
pyrolytic graphite electrode for the AST of E. coli against ampicillin and kanamycin. Adapted with
permission form [63]. Copyright 2021 Biosensors and Bioelectronics.

3.2. Measurement of the Change in Impedance Caused by Cell Lysis

Another method for AST measurement is to monitor the change in current flow. Upon
exposure to antibiotics, antibiotic-susceptible bacteria can lyse and thus release cytoplasmic
components, thereby increasing the current flow and decreasing the impedance. To monitor
the response of bacterial cells against antibiotics, sensing platforms typically used electrodes
immobilized with either antibiotics or target bacteria.

Bacteria-immobilized electrode-based systems can operate in non-Faradaic mode,
which mainly depends on the electrode interfacial capacitance. This mode does not demand
the use of any redox species such as ferrocyanide or resazurin in the electrode or electrolyte
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solution to transfer a charge across an interface and thus does not necessitate the use
of a reference electrode because of the no need for the DC potential. This label-free
system is advantageous for reducing the effort required for assay optimization, such
as redox concentration. Another advantage is to enable in situ measurement, at a low
cost, using miniaturization and integration with other technologies. As an example, a
three-dimensional interdigitated electrode array impedimetric transducer was developed
for AST [51] (Figure 2A). In this system, diverse bacteria were spatially immobilized on
a 3D multielectrode fabricated by separating electrode digits with the SiO, insulating
barriers, enabling detection and monitoring in a high-throughput manner. Since the even
attachment of bacterial cells on the electrode is one challenge for the reproducibility of cell-
based biosensors, poly(N-isopropyl methacrylamide) (pNIPMAM) microgels were used
as antifouling agents to prevent the adhesion of bacteria on top of barriers. In this system,
E. coli cells were attached to the polyethyleneimine (PEI)-coated polydimethylsiloxane
(PDMS) substrate of each electrode digit via electrostatic interaction and incubated for
20 min. After treating with antibiotics, the impedance of susceptible bacteria decreased;
it might be because the antibiotics could affect the disruption of the cell membrane and
the release of intracellular charged components into the surrounding solution during cell
lysis (Table 1).

In another study, plastic microchips with printed electrodes were used as the sensing
platform [52] (Figure 2B). This platform was immobilized with bacteria using antibodies
specific to species. Microchips were fabricated by coating both sides of the plastic substrate;
its backside was screen-printed with carbon to control temperature and sensing, and
its front side was screen-printed with silver for forming interdigitated electrodes, while
attaching double-sided adhesive film and poly(methyl methacrylate) sheets created a
closed system to incubate bacteria with antibiotics in this closed system. A whole blood
sample was applied to the chip with an immobilized antibody, in which bacteria in the
sample to be captured on the chip. Captured bacteria were incubated with antibiotics
in a chamber of chips, and impedance was measured. Using this system, ASTs of E. coli
and methicillin-resistant Staphylococcus aureus (MRSA) in whole blood and urine samples
were tested against diverse antibiotics, including ampicillin, ciprofloxacin, erythromycin,
daptomycin, gentamicin, and methicillin by monitoring over 90 min (Table 1).

In contrast to the bacteria-immobilizing electrode, in the antibiotic-immobilizing
electrode, antibiotics act as both a receptor and an effector of current flow because molecules
in the bacterial cell wall can specifically bind to antibiotics. For example, a sensing platform
was used with a vancomycin-functionalized screen-printed gold electrode (SPGE) [53]
(Figure 2C). Thiol-labeled vancomycin was immobilized on the surface of the SPGE, and
the presence of bacteria was monitored using electrochemical impedance spectroscopy
(EIS). The EIS signal revealed that the Gram-positive vancomycin-susceptible S. aureus
bacteria were strongly attached to the sensing platform. EIS signals changed with the
linearity range of 103-10! CFU/mL of the different concentrations of bacteria. This system
showed that <37 CFU/mL was the limit of detection (LoD) (Table 1).

Antibiotics can be incorporated into a hydrogel coated on the electrode [54] (Figure 2D).
In this system, antibiotics are embedded on the hydrogel that covers three electrodes of a
gold screen-printed substrate and contains agarose, the Luria-Bertani (LB) growth medium,
and a ferricyonide-ferrocyanide redox mediator. Due to the porous nature of hydrogels,
macromolecular polymer gels, the embedded components reach the working electrode
surface. Its gel structure enables the addition of diverse redox agents to monitor parameters
during cell growth. The use of hydrogel can be applied to the drop-casting strategy as
the deposition method to produce a thin gel layer on the electrode surface. Moreover,
this strategy has the advantage of being simple and allowing low-cost mass production,
compared with the dip-coating method, which requires a large volume of material and
hinders the precise modulation of the layer-thickness depending on how long and/or
how many times the electrode is immersed in the gel solution. In this system, cells were
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grown on the gel-modified electrodes, and the antibiotic-susceptibility was determined by
monitoring the change in impedance (z) as the function of time (<45 min) (Table 1).

3.3. Measurement of Current Response Caused by Changes in Membrane Properties

Antibiotics can affect membrane potentials, resulting in a change in current response.
Living bacteria possess intrinsic redox properties that are derived from the permeability and
components of the cellular membrane. The membrane permeability affects the intracellular
pH and redox potential. The components consisting of the cell membrane can also affect the
redox potential; for example, several redox-sensitive molecules located on the surface of the
cell, such as proteins, phospholipids, and saturated and unsaturated fatty acids, could be
directly affected by the redox potential of the culture medium. Cofactors of the apoenzyme,
such as Fe, Zn, and Mg, can be oxidized or reduced, altering the susceptibility of these
metal ions to the redox potential of the substrate and/or the medium. The change in redox
potential by extracellular stimuli or stress can be used to monitor the state of cell growth and
identify the bacterial species. For example, the TCA cycle generates an electric potential
gradient across the membrane; however, antibiotic exposure can inhibit the metabolic
reactions on the TCA cycle and the electron-transport chain, leading to a change in the
membrane potential [65]. Some bactericidal antibiotics can activate the cascade reaction
causing oxidative damage and cellular death, in which NADH is oxidized via the electron-
transport chain of the TCA cycle, the superoxide formation is stimulated, the Fe-S clusters
suffer damage, ferrous iron is produced by the Fenton reaction, and finally a hydroxyl
radical is formed [65]. Such reactions can alter the peak current and influence the intrinsic
redox properties of bacteria. Using this mechanism, a study reported an electrochemical
sensor that measures the electrical potential across the membrane within 15 min [57]
(Figure 3). This system relies on determining the bacterial concentration using cyclic
voltammetry (CV) upon exposure to antibiotics. To perform AST, L-lysine-functionalized
cerium oxide nanoparticle coated indium tin oxide (L-CeONP/ITO) was used as a working
electrode, which has a high electron-transport rate and is a bacterial-friendly material.
ITO as electrode has several advantages such as high electrical conductivity, high optical
transparency, easy functionalization by linker molecules, facile adsorption of analytes,
simple generation of the working surface area through a single pretreatment process, a
low surface resistance, and a high chemical stability and inertness [66-69]. E. coli cells
were incubated with phosphate-buffered saline containing K3Fe[CN]4 and glucose, and
subjected to CV. Unaffected living cells in the presence of antibiotics can consume glucose
for respiration and intracellular TCA cycle reaction continues, exhibiting the CV response
and a change in current. Antibiotic-susceptible cells suffered damage, resulting in little
to no significant change in current. In this system, as the concentration of antibiotics
increases, the CV signal decreases, enabling a determination of the inhibitory concentration
of drugs that causes 50% of the maximum inhibition (ICsy values). The susceptibility of
Gram-negative bacteria could be predicted in <15 min via CV with minimal reactive oxygen
species (ROS) interference.

In another study, bacterial cells were immobilized on the electrode that functionalized
with species-specific aptamers as receptor [58]. Amine-modified aptamer was immobi-
lized on glass substrate which was pretreated sequentially (3-aminopropyl)triethoxysilane
(APTES), 3,3-dithiopropionic acid, = N-3-dimethylaminopropyl (EDC), and
N-hydroxysulfosuccinimide (Sulfo-NHS). Bacterial species specific to aptamer were cap-
tured in the electrode and then antibiotics were treated to them. The capture of bacterial
cells increases the capacitance, but the cell death induced by antibiotics causes the mor-
phology changes and the detachment from the electrode surface, resulting in a decrease in
capacitance. The change of capacitance can monitor antibiotic susceptibility in real time
during bacterial cultivation. Using this system, minimum inhibitory concentrations (MICs)
of tetracycline-resistant and ampicillin-resistant E. coli were detected by observing the
decreased capacitance over time (Table 1).
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As another method to immobilize the bacteria on the electrode, E. coli cells were
mixed with graphene and then the surface of glassy carbon electrode was modified with
graphene-dispersed cells by drop coating method [59]. The cells have their own oxidore-
ductase system, which has been shown to be involved in electron transfer. Therefore, the
bacterial inhibition of these antibiotics was monitored by measuring the reduction currents
at different pulse voltammetry (DPV) after treating three different ofloxacin, penicillin,
and cefepime. If antibiotics give a negative effect to cell survival, cells are inactive and
cannot perform electrochemical catalytic reaction; therefore, the antibiotic-resistant cells
maintained the intensity of electrochemical reduction current of DPV over time and the
antibiotic-susceptible cells showed a decrease of the reduction currents with time due to a
gradual loss of activity of E. coli after the addition of antibiotics [59] (Table 1).

3.4. Assessment of the Redox Change of a Redox-Active Molecule Resulting from the Bacterial
Metabolic Activity

Some metabolically active bacteria can change the redox state of redox-active molecule.
The cellular redox activity can differentiate between live and dead bacteria and access
the effectiveness of antibiotics. Thus, resistant profiles of bacteria against antibiotics can
be identified by monitoring and analyzing the electrochemical readout of redox-active
molecule [61-64]. For example, resazurin, a redox indicator generally used in cell viabil-
ity assays, can be sequentially reduced to resorufin and dihydroresorufin [60,70,71]. Its
reduction reaction depends on the cell’s growth phase and concentration. The reduction of
resazurin decreases the current peak due to the reduced environment of the viable cells.
Using this property, one study reported an AST sensor that uses resazurin as redox reporter
molecules [60]. In this system, bacteria are incubated with antibiotics and resazurin in
a miniaturized chamber containing a working counter and reference electrode. If bacte-
ria were resistant to antibiotics, they lived and caused an electrochemical reduction of
resazurin, reducing the level of resazurin. However, antibiotic-susceptible bacteria did
not reduce resazurin. This system characterized the antibiotic-resistant profiles of bacteria
through real-time cultivation (30-min period) without a pre-cultivation step (Table 1). In
the same strategy, resazurin was mixed with carbon-graphitic ink and the mixture was
screen-printed on the working electrode [61] (Figure 4A; Table 1). By measuring the DPV
from this electrode, the level of the resistance of E. coli to gentamycin could be determined
within 90 min. Using the electrode with a thin platinum film on the glass, resazurin was
also used as redox-active molecules and could assess the resistance of Klebsiella pneumo-
niae and E. coli to three different antibiotics—ampicillin, kanamycin, and tetracycline—at
10* CFU/mL cells within 4 h [62] (Table 1).

A recent study also used the pH-responsive substrate, which is fabricated with organic
redox-active crystal layers on a graphene-based electrode [63] (Figure 4B). The pH change
due to cell proliferation was accelerated when a pH-responsive substrate was covered
with Nafion, a cation-exchange membrane. In this system, the redox reagent, resazurin,
is electrodeposited on planar pyrolytic graphite sheets (PGS), and no additional step of a
redox reagent to the culture medium is required. This reagent-free system is advantageous
to detect antibiotic-resistant cells in culture media because the redox reagent can interfere
with the antibiotic action or normal cellular functions, resulting in inaccurate detection of
MIC values. The substrate is designed to interact less with other cations and to be resistant
to temperature changes. This system detected pH changes caused by cell growth and the
sensitivity of the device was enhanced by spin-coating Nafion on the electrode, which
acts as a cation-exchange membrane and increases the peak height at the oxidation peak.
Graphitic materials can also be used to sensitively monitor the change in redox because
their morphology enables crystal formation with a high density and surface coverage.
Using this system, the MICs of E. coli K-12 treated with ampicillin and kanamycin were
determined in 60 min (Table 1).

The antibiotic resistance was detected at single cell level by using electrochemical
collision technique [39]. Electrochemical collision technique relies on collision events
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detected from the change in diffusion current at the ultramicroelectrode (UME). This
method can be divided two categories according to which of electrochemical processes is
used for the detection: direct and mediated collision electrochemistry. In contrast with the
mediated method using surface blocking collisions, the direct collision electrochemistry
is based on measuring changes in the current from oxidation or reduction of the particles.
In this method, the redox change of particles, redox-active molecules, arises from electron
transfer between particles and the electrode. The reduced or oxidized particles can be
regenerated by the intrinsic redox activity of living bacterial cell. Using this strategy, the
cell viability upon antibiotics exposure was investigated [39]. The addition of E. coli cells
on the electrode induced a steady increase of the current because ferricyanide reduction
by cells and ferrocyanide oxidation at the UME continuously occur. After treating cobalt
ions as antibacterial agents, the current dropped because of cell death. The drug resistance
could be monitored and detected via the current-time recoding. In another study, bacteria
and redox-active molecule were mixed and applied to UME [40]. As surface charge of
E. coli is negative and thionine used as redox-active molecule has positive charge, thionine
can be absorbed on the bacterial surface by electrostatic interaction. Bacterial metabolic
activity can lead the reduction of thionine. The reduced thionine can be re-oxidized via its
collision on the UME. The viability of bacterial cell could be evaluated by measuring the
change of current.

4. Conclusions and Outlook

Pathogen detection is becoming increasingly important in clinical research, foren-
sics, biodefense, food safety, and animal health care. One major challenge confronting
the field of pathogen diagnostics is the fast and accurate characterization of antibiotic
resistance/susceptibility of infecting species or strains in various settings to prescribe
appropriate antibiotics to patients and regions at an early stage. In this regard, electrochem-
ical sensors have garnered increasing attention due to their powerful potential for rapid,
sensitive, and real-time monitoring, low-cost production, and ease of minimization and
integration with other techniques. In this review, we summarized recent electrochemical
AST sensors based on diverse sensing strategies. As already discussed, they have been
developed via diverse sensing strategies based on the electrochemical responses derived
from the interactions of bacterial cells with antibiotics.

Despite significant advances in electrochemical sensors, there is currently an ever-
increasing demand for AST in clinical and environment settings, which highlights the need
for further biosensing device development. For example, by distinguishing polymicrobial
samples, the technique should be able to detect and identify bacterial species from complex
samples. Similarly, the technique should be capable of detecting the level of drug resis-
tance of specific bacterial species from complex bacteria that are not cultured isolates. A
redox reagent-free or biocompatible reagent-enabled strategy is another challenging task.
Electrochemical sensors can detect molecules by measuring the change of the redox state
of the redox reagent which is caused by the change of bacterial metabolic activity upon
antibiotics exposure. The redox reagents, such as ferricyanide and resazurin, are generally
added to culture media [29,57,60,62,72]; however, these reagents can interfere with the
antibiotic action or physiological cellular functions. This interference causes inaccurate
assessment of antibiotic resistance. Additionally, multiplex detection should be addressed.
The 3D-printing technology can be used to fabricate multiple biorecognition elements on a
single electrode with a fine-tuned and reproducible platform [41,42,73]. In addition, the
technique should cover a broad dynamic range for the quantification of drug resistance.

With such challenges and efforts to overcome limitations, we believe that electro-
chemical sensors will continue to evolve and facilitate AST devices with high sensitivity,
specificity, low cost, high-throughput detection, biocompatibility, and simple and fast re-
sponse, thereby increasing their practical application in clinical and environmental settings,
even in resource-limited regions.
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