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Abstract

The abusive use of antimicrobial compounds and the associated appearance of antimicrobial resistant strains are a major
threat to human health. An improved antimicrobial administration involves a faster diagnosis and detection of resistances.
Antimicrobial susceptibility testing (AST) are the reference techniques for this purpose, relying mainly in the use of culture
techniques. The long time required for analysis and the lack of reproducibility of these techniques have fostered the develop-
ment of high-throughput AST methods, including electrochemical biosensors. In this review, recent electrochemical methods
used in AST have been revised, with particular attention on those used for the evaluation of new drug candidates. The role
of nanomaterials in these biosensing platforms has also been questioned, inferring that it is of minor importance compared

to other applications.
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Introduction

The abuse in the use of antibiotic treatments both in the
livestock and agricultural sectors and in human healthcare,
together with a deficient treatment of antibiotic waste, has
enhanced the problem of antimicrobial resistance (AMR) [1,
2]. This worldwide challenge translates into an increase in
the minimal inhibitory concentrations (MIC) bacteria could
tolerate, leading to an enlarged mortality and morbidity due
to the prevalence of AMR superbugs. According to the Euro-
pean Centre for Disease Prevention and Control (ECDC),
each year, more than 670,000 infections are initiated by
AMR bacteria, leading to the death of over 33,000 person
each year just in the European Union/European Economic
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Area [3] and around 700,000 worldwide. Without action,
this value is expected to increase to over 10 million deaths
per year by 2050 [4].

The current pandemic situation due to the SARS-CoV-2
(COVID-19 disease) has required the use of antibiotics as
co-adjuvant treatments to stop more severe symptoms of this
disease, what has just aggravated the AMR problem [5-8].

Resistance of bacteria against traditional antibiotic treat-
ments (e.g., broad-spectrum f-lactam antibiotics) is gener-
ated by two main genetic mechanisms: gene mutations and
horizontal gene transfer [9]. These mechanisms lead to the
production of enzymes or modification in the bacteria char-
acteristics that do not allow drug penetration, modify the
antimicrobial target, or generate global changes in meta-
bolic pathways. Hydrolytic extensive spectrum f-lactamase
enzyme is an example of these resistance mechanisms.
By hydrolyzing the p-lactam ring of the broad-spectrum
B-lactam antibiotics, bacteria inhibit antibiotic effect by
avoiding the incorporation of the p-lactam ring to bacteria
cell walls through penicillin-binding proteins (PBPs), thus
stopping the mechanism of action of these drugs, avoiding
bacteria growth [10].

Developing resistance mechanisms is the expected conse-
quence of the remarkable genetic plasticity of bacteria and
the co-evolution of bacteria and antimicrobial compounds
present in nature. However, the misuse of clinical antibiotic
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treatments since their discovery has favored the scaling up
of acquired resistance.

But, although bacteria adaptability to antibiotics is an
aspect we could not modulate, there are two features on
antibiotic usage in which mankind could definitively make
things better. Antibiotic release to the environment is one
of them [11]. Through human and domestic animal excre-
tion, production or excess drug waste handling, or direct
rivers and sea contamination, antibiotics reach the environ-
ment, favoring environmental selection [12—16]. A proper
identification of contaminated environments by antibiotics
is fundamental to address this problem, and in this sense,
biosensing approaches, specially electrochemical biosensors,
have been deeply studied as useful tools for point-of-care,
rapid, and low-cost detection of antibiotics in complex sam-
ples [17-19].

However, even antibiotic detection in complex environ-
mental samples is helpful, what it is really a challenge is
to provide valuable knowledge on both the effect and the
dose required of antimicrobial compounds to fight infection.
Antibiotic screening approaches are used in this sense, and
in this field of research, electrochemical biosensors have also
played their role. However, their use specially for screening
new antibiotic compounds is far to be completely exploited.

In this review, a revision onto the electrochemically based
antibiotic screening methods has been done, focusing on per-
sonalize medicine and those that have potential as screening
platforms for new antibiotic development. A special consid-
eration will have electrochemical sensors incorporating nano-
materials, which purpose and need will be critically evaluated.

Antibiotic screening in the clinical practice

Antibiotic screening is divided in two purposes, the selection
of suitable treatments for antimicrobial resistant organisms
and the identification of new antibiotic compounds. The
first one has extended application in the clinical practice
and relies on the use of antimicrobial susceptibility testing
(AST). AST is defined as the identification of the suscep-
tibility of a microorganism against a determined drug to
search for resistance and provide information on the suitabil-
ity of a treatment [20]. The use of AST is intended to war-
rant that antibiotics are prescribed properly and to construct
patterned roadmaps of the antimicrobial resistant organisms
present in a local area [21]. AST methods are standardized
by the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) and the Clinical Laboratory Standards
Institute (CLSI), being necessary for a new AST method
to be tested against standardized ones to be validated [22].
Main AST techniques are based on bacterial growth in
solid or liquid media and rely on the diffusion or dilution of
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antibiotics across the media [23]. From diffusion test, disk
diffusion method is the gold standard technique used in clini-
cal microbiology laboratories. This test consists in placing
a permeable disk impregnated with antibiotics on top of an
agar plate seeded with the bacteria wanted to be tested [24].
After overnight inoculation, a bright clear ring is formed
around the disk if the antibiotic is effective, being the diam-
eter directly related to the bacteria susceptibility against the
compound. However, a direct quantification of the MIC is
just suitable for certain types of bacteria and antibiotics and
implies the use of complex algorithms [25]. Differentiation
between bactericidal (kills the bacteria) and bacteriostatic
(suppresses the growth) effect is not possible also, as only
growth inhibition is recorded [26]. Although this method is
simple and cost-effective, the time required and the lack of
information make it clearly improvable. However, it is still
the reference technique not only in a clinical scenario but
also in drug discovery [27-29].

Dilution methods in contrast are the more reliable tech-
niques for MIC determination. Both in agar and in broth, the
method consists in adding increasing and known concentra-
tions of antibiotic to a fix concentration of inoculum, thus
considering as the MIC the lowest concentration at which
growth is completely inhibited by naked eye [30]. Although
the simplicity of the method allows its use as antimicrobial
screening platform, the irreproducibility of this quantifi-
cation approach has led to a deep research on visual and
colorimetric techniques that allow a more accurate MIC
quantification, especially in broth dilution methods [31-34].

A combination of agar dilution and disk diffusion known
as the antimicrobial gradient method is commercially availa-
ble under the name Etest® and allows to determine the MIC
of a compound using diffusion techniques. By impregnat-
ing a strip with different concentrations of an antimicrobial
compound, the MIC could be extrapolated, in an easy-to-use
approach that combines the simplicity of disk diffusion and
the quantification of agar dilution. However, the cost per
strip (between $2 and 3) makes their use as screening plat-
form less cost-effective [23, 35].

Another drawback of the currently available AST meth-
ods is the lack of appropriateness for complex human sam-
ples such as blood. In this sense, EUCAST has recently
moved research closer to a solution by developing a rapid
antimicrobial susceptibility testing (RAST) able to detect
infections in the bloodstream [36].

Moreover, four automatized equipment for AST are also
approved by the FDA and available in the market: VITEK2
(bioMérieux), MicroScan WalkAway (Siemens Healthcare
Diagnostics), BD Phoenix (BD Diagnostics), and Sensititre
ARIS 2 x (Trek Diagnostic Systems). All of them require
between 3.5 and 16 h for giving a result, apart from the
time needed for pre-incubating the samples, which could
last between 24 and 48 h [37].
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But the use of AST methods is not limited to the iden-
tification of resistance and suitable treatments in a clinical
scenario. They are also powerful tools to help in the develop-
ment of alternative antibiotic compounds to substitute tra-
ditional ones, a real challenge that has been scarcely dealt.
With only 43 new antibiotic compounds in development,
a value that is comparably reduced considering the more
than 4000 immuno-oncology drugs being researched [38],
antibiotic development is the problem that pharmaceutical
industry is trying to avoid. The high cost of development and
reduced revenue of antibiotic commercialization has made
big pharmaceutical industries leave the antibiotic develop-
ment race, with only 4 top companies still in the lead.

Approximately, 45% of the costs associated to antibi-
otic development are expended in preclinical stages, also
the more risky ones [39]. Novel approximations to faster
antimicrobial development pipeline have emerged to help
reduce the cost associated to these initial steps. This is the
case of artificial intelligence (Al), a resource deeply needed
for going through the more than 10*° drug-like compounds
that it is estimated that still could be discovered [40, 41]. But
once synthetically discovered, the efficacy of the compounds
must be evaluated, for what AST are the preferred choice.
However, although there is a deep investigation on new
natural and synthetic antimicrobial compounds, the need to
modify the characteristic of AST assays (e.g., inoculum size,
medium, and growth conditions) to achieve a proper result
hinders comparison between different research works [23].

Antibiotic screening
through electrochemical means

The limitations of the traditional AST methods, such as the
long time required or the standardization, have prompted
the development of alternative screening methods that allow
not only to identify resistant bacteria but also to serve as
platform for new drug screening.

Sensors and biosensors have stood out due to their speci-
ficity, rapid response, easy to use, portability, low cost, and
suitability as point-of-care (POC) devices [42]. Biosensors
are formed by two main components: a versatile recogni-
tion element (e.g., antibodies and aptamers) and the trans-
ducer that detects the recognition event and converts it in a
measurable signal (e.g., electrochemical, magnetic, surface
plasmon resonance, and optical) [43]. Electrochemical trans-
duction systems have gained attention due to their simplic-
ity, affordability, and portability, bringing POC testing to a
reality [44].

Their usefulness as simple platforms have been applied
to several applications including AST, ranging from the use
of different types of electrodes to a variety of electrochemi-
cal techniques (Table 1). The choice of a direct or indirect

detection approach for bacteria cell viability testing is one of
the points that differentiate the electrochemical AST meth-
ods developed until this moment. The evaluation of AST
methods in complex samples has been pointed out in those
works intended to be used for resistance detection, although
many works meant to be used as antibiotic screening plat-
forms do not consider this parameter.

Electrochemical AST methods using redox dye labels

The use of redox active dye labels to provide an indirect ana-
lytical signal has been extensive in electrochemical sensing,
including, unsurprisingly, AST sensors.

Using a conventional three-electrode setup, fluorescein
diacetate was used as a label [45] to evaluate the suscepti-
bility of E. coli against penicillin and streptomycin. In the
presence of active bacteria, fluorescein diacetate is hydro-
lysed by the enzymes secreted by E. coli. The oxidation of
this product is monitored through voltammetric scans, being
an increase in the current associated to an increase in the
bacteria growth.

Using a conventional three-electrode setup, Mishra et al.
[46] presented a fast-screening method to evaluate the
response of bacteria to antibiotics. Using a Pt modified glass
substrate as working electrode, they measured bacterial cell
metabolic activity via the use of resazurin. Resazurin is a
blue-colored, electroactive redox dye [59] able to penetrate
bacteria cell walls and be oxidized by bacteria metabolic
enzymes into a pink fluorescence resorufin product [60].
The methodology of this work is based on the incubation
separately of the dye with bacteria Klebsiella pneumoniae
and E. coli, reducing the dye and consequently lowering the
current peak recorded through differential pulse voltamme-
try (DPV). However, when antibiotics such as ampicillin,
kanamycin, and tetracycline are present, the reduction is
inhibited due to the bacterial cell death.

The use of resazurin as dye in AST methodologies is exten-
sive. Combining resazurin with screen-printed electrodes, a
platform for the electrochemical antibiotic susceptibility test-
ing of E. coli against gentamicin sulfate was developed [47].
DPV was also used allowing the determination of antibiotic
susceptibility after 90 min, including the steps of inoculation,
pre-incubation, and testing. This is a considerable reduction of
the assay time required compared to previous resazurin-based
biosensors, and a costless and easy-to-use AST methodology
that can be easily implemented in a clinical scenario. As the
developed biosensor was intended to be used for the detection
of urinary tract infections, artificial urine samples were used
during antibiotic testing; however, no thorough matrix effects
and selectivity experiments were undergone.

Metabolic activity of bacteria has been used in combina-
tion with dyes attending to different parameters. A recent
work by Bolotsky et al. [48] proposed a different approach
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Table 1 Current electrochemistry methods for AST detection according to the electrochemical technique used. Bacteria used, antibiotic detected,

and time required are summarized in this table as the most relevant parameters in an AST sensor

Electrochemical technique  Bacteria Antibiotic Concentrations tested Detection time Reference
LSV E. coli Penicillin and streptomycin  Not specified 2h [45]
DPV E. coli and K. pneumoniae  Ampicillin, kanamycin, and 10 pg/mL lh [46]
tetracycline
DPV E. coli Gentamicin sulfate 1.55 yM 90 min [47]
cv E. coli Ampicillin and kanamycin ~ 0-16 pg/mL and 0-64 pg/ 1h [48]
mL, respectively
Amperometric oxygen E. coli, E. adecarboxy- Tetracycline, ampicillin, 1 pg/mL, 5 pg/mL, and 8h [49]
sensor lata, C. acidovorans, and chloramphenicol 5 pg/mL, respectively
C. glutamicum, and S.
epidermidis
SWV E. coli Erythromycin, amikacin, 13.6 pM, 0.852 mM, 2-5h [50]
ampicillin, and cefepime 1.43 mM, and 1.04 mM,
respectively
EIS and DPV S. aureus and methicillin- ~ Amoxicillin and oxacillin 8 pg/mL <45 min [51]
resistant S. aureus
EIS E. coli Streptomycin 4 pg/mL 25h [52]
Impedance E. coli Ampicillin 10 mg/LL 1-2h [53]
EIS S. aureus Flucloxacillin 300 mg/mL 2h [54]
Impedance E. coli, S. aureus, and P. Ampicillin, chloram- 0-128 mg/mL 4h [55]
aeruginosa phenicol, gentamicin, and
amikacin
Impedance E. coli and methicillin- Ampicillin, ciprofloxacin, ~ 0.1-100 pg/mL <90 min [56]
resistant S. aureus erythromycin, dapto-
mycin, gentamicin, and
methicillin
Capacitance E. coli and S. aureus Gentamicin, tetracycline, 0-50 pg/mL, 2 pg/mL, and Not specified  [57]
and ampicillin 8 pg/mL, respectively
Electrical resistance E. coli, K. pneumoniae, and Ampicillin and nalidixic 10 mg/L and 20 mg/L, 2h [58]
S. saprophyticus acid respectively

CV, cyclic voltammetry; DPV, differential pulse voltammetry; EIS, electrochemical impedance spectroscopy; LSV, linear sweep voltammetry;

SWV, square wave voltammetry

for a rapid antibiotic susceptibility testing using bacteria pH
changes as signal generator (Fig. 1A). Electrodeposition was
performed to create a redox-active organic crystalline layer
(RZx) on pyrolytic graphite sheets (PGS), used to monitor
the bacterial metabolic activity. The sensors were proved
with E. coli K-12 incubated with two different antibiotics:
ampicillin and kanamycin. The principle relies in the fact
that the RZx creates responses to the bacterial metabolism
by monitoring the pH change with the cell proliferation.
One of the main advantages of the sensor is that it is highly
stable, being viable after 60 days storage, which can be of
great interest for the point-of-care antibiotic susceptibility
testing. Moreover, detection of bacterial viability has been
demonstrated in spiked human blood and low-fat milk as
complex solutions, with no matrix effects observed. Addi-
tionally, measurement in complex samples was compared to
traditional AST methods as optical density at 600 nm meas-
urement, for which the opacity of complex samples makes
measurement impossible.

@ Springer

Label-free AST methods

Although labels are widely used in biosensing applications,
there is an increasing interest in developing label-free bio-
sensors. These devices are more point-of-care orientated as
they involve less steps and reagents during measurement
process [61].

Equally to label-based sensors, some label-free ones
also rely on bacteria metabolic changes as signal genera-
tors. As example, Karasinski et al. [49] proposed the use
of amperometric signals with a multi-array dissolved oxy-
gen electrochemical sensor to monitor bacteria suscepti-
bility. The effects of different antibiotics on the bacterial
growth and their respiratory activity over time were studied.
The approach is based on the addition of small concentra-
tions of antibiotics to the bacterial medium. The presence
of increasing antibiotic concentrations is directly related
to the consumption of oxygen performed by the bacteria,
creating a unique fingerprint for each species. Tetracycline,
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Fig. 1 AST electrochemical sensors using redox dyes (A) and label-
free (B, C). A Test of ampicillin and kanamycin against E. coli using
a redox-active crystalline layer on pyrolytic graphite sheets (RZx-
PGS) electrode. Reprinted from [48] with permission of Elsevier. B
Biosensing platform with a PDMS impedimetric transducer func-
tionalized with polyethyleneimine (PEI), polylJN-isopropylmeth-
acrylamide) (pNIPMAM), and E. coli for the susceptibility testing

ampicillin, and chloramphenicol were tested by measuring
the level change of oxygen against five species of bacte-
ria: E. coli, E. adecarboxylata, Comamonas acidovorans,
Corynebacterium glutamicum, and Staphylococcus epider-
midis. A pattern recognition was applied using a principal
component analysis (PCA), generating a template that can
be used to select specific combinations and concentrations
of cell/antibiotics.

The direct electron transfer capacity that bacteria intrinsi-
cally present has also been exploited for cell growth viabil-
ity testing in AST sensors [62]. Disposable screen-printed
electrodes, modified with membranous didodecylmethyl-
ammonium bromide (DDAB), were used to estimate the
susceptibility of Gram-negative Escherichia coli JM109
against well-known antibiotics such as erythromycin, ami-
kacin, ampicillin, and cefepime [50]. The dynamic direct
electron transfer capacities of E. coli were used in this work
as a label-free way to monitor cell growth through cyclic
voltammetry and square wave voltammetry. DDAB/E. coli
biofilms, deposited on the surface of the electrode, promoted
conductivity without affecting bacteria viability. In less than

Bacteria
Aptamer

i \__.«t 100 nm

of ampicillin. Used with permission of the Royal Society of Chem-
istry from [53]; permission conveyed through Copyright Clearance
Center, Inc. C Capacitance AST array with aptamers as recognition
elements immobilized in between electrodes. Bacteria are recognized
by aptamers increasing the capacitance recorded. In the presence of
an antibiotic, this capacitance is decreased. Reprinted from [57] with
permission of Elsevier

5 h, they were able to confirm that cefepime, amikacin, and
ampicillin inhibited cell growth while erythromycin had any
effect.

Alternatively, Hannah et al. [51] modified screen-printed
gold electrodes with a hydrogel of agarose for bacterial
growth monitoring through electrochemical impedance
spectroscopy (EIS) and DPV. Drug-resistant Staphylococ-
cus aureus was deposited on top of the hydrogel to monitor
the influence of the antibiotic’s amoxicillin and oxacillin in
less than 45 min, taking measurements in periods of 5 min.
The electrodes showed a good resolution, being able to dif-
ferentiate between bacteria growth in absence of antibiotic
and under low antibiotic concentrations. In a later work
[52], the same methodology was used to monitor the elec-
trochemical growth profiles of E. coli against streptomycin,
throwing differences in approximately 2.5 h. The main dif-
ference between these two protocols is the enlarged growing
of bacteria among time obtained with the second method
due to the prolonged integrity of the gel-modified electrode
compared to the hydrogel used in the previous work. The
bacterial growth profiles were monitored by EIS.
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EIS was also used by Brosel-Uliu et al. [53] by the immo-
bilization of the bacteria E. coli in a three-dimensional
interdigitated electrode array (3D-IDEA) modified with
microgels to prevent bacteria deposition and increase repro-
ducibility and sensitivity (Fig. 1B). This microbial sensor
allows to monitor bacterial response to ampicillin by moni-
toring impedance fluctuations for 24 h. The 3D-IDEA sensor
showed a large decrease in R, in the first 2 h, while after the
fourth hour, it remained quite stable.

Abeyrathne et al. [54] used also EIS technique in a non-
faradic approach for detecting the antibiotic susceptibility
of S. aureus against flucloxacillin in less than 2 h using
interdigitated electrodes as platforms. Electrodes were SiO,
passivated and functionalized with antibodies as recogni-
tion element. Through EIS measurements, they were able
to differentiate live and dead bacteria cells while they were
exposed to antibiotics due to the change of the medium con-
ductivity as a result of the bacteria metabolic process. As
next step, the modifying of the sensor for the detection of
S. aureus in whole blood must be studied. For that purpose,
addition of a filter paper to the proposed sensor that remove
erythrocytes and neutrophils (bigger diameters respect to
the bacteria) and a subsequent wash step to remove unbound
cells will be investigated.

Puttaswamy et al. [55] presented a rapid electrical method
to determine the effect of antibiotics on bacteria using a
different type of “impedance microbiology.” The bacterial
metabolism shows the conductance/impedance at a single
frequency since this method uses measurements at 500
different frequencies to estimate the electric charge that is
stored due to the charge polarization at cell membranes of
the living bacteria. It allows to track the number of living
bacteria every 1 h that the measure is taken. So, the decrease
in the number of bacteria that are proliferating in presence of
antibiotic can be determined. For the study, different strains
such as E. coli and S. aureus were tested against ampicil-
lin and chloramphenicol while P. aeruginosa was exposed
against gentamicin and amikacin in about 4 h.

By taking advantage of the use of printed electrodes and
impedance electrochemical measurements, Safavieh et al.
[56] reported a biosensor that allows the detection of patho-
gens, the identification of the correct antibiotics through
antibiotic susceptibility testing, and the monitoring of muta-
tions that help to adjust the correct therapy. The biosen-
sor presents a rapid (<90 min), label-free, and real-time
analysis via capturing the target bacteria on flexible plastic-
based microchips using electrodes modified with antibodies
and monitoring the impedimetric response in the presence
and absence of the antibiotics after incubation for 1 h. The
microchip was evaluated with E. coli and methicillin-resist-
ant Staphylococcus aureus (MRSA) for different antibiotics
such as ampicillin, erythromycin, daptomycin, ciprofloxacin,
daptomycin, methicillin, and gentamicin. Also, the ability of
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the microchip was demonstrated with MRSA-spiked whole
blood with different clinically relevant concentrations of
bacteria, being able to be used in urine samples too.

Another common recognition element used in biosensing
to increase selectivity are aptamers [63]. The use of aptam-
ers in AST was reported by Jo et al. [57] in a functionalized
capacitance sensor that allows the monitoring of antibiotic sus-
ceptibility and the bacterial growth in real time (Fig. 1C). Due
to the intrinsic high selectivity of aptamers, the bacteria can
be identified withing 1 h using this sensor. The combination
in the use of aptamers and electrical sensors allows the direct
and rapid identification of the bacteria and the evaluation of
their resistance against different antibiotics with high accuracy,
sensitivity, and selectivity. In this sensor, bacteria are bounded
over the sensor surface via aptamers between electrodes, acting
as capacitors that are connected between parallel electrodes. For
the antimicrobial susceptibility tests, different antibiotics such
as gentamicin, tetracycline, and ampicillin were tested. For the
culture of E. coli and S. aureus, the bacteria death is monitored
by the change of capacitance when treated with antibiotics dem-
onstrating the applicability of this sensor for rapid AST.

The use of microfluidics to perform rapid drug testing
has also been exploited in AST. Their feasibility and use as
organ-on-a-chip platforms has facilitated their implementa-
tion in AST screening [64]. Using microfluidics, Yang et al.
[58] described an ultrasensitive all-electrical measurement
constituted by a set of microfluidic channels that allows
the flow of a liquid bacteria sample in the device for the
subsequent incubation with different antibiotics. The signal
measured is the electrical resistance of the microchannels that
changes in proportion to the cell viability, allowing a rapid
AST within 2 h. In addition, the constant fluctuations due to
the antibiotics in the electrical resistance can be related to
morphological changes of the bacteria. Ampicillin and nali-
dixic acid, antibiotics with different action mechanisms, were
evaluated against E. coli, K. pneumoniae, and S. saprophyti-
cus. Interestingly, the electrical measurement developed in
this work is suitable for a multiplexed analysis desirable for a
large antibiotic screening testing. As a drawback, application
in clinical test could be limited in patients with complex urine
matrices, not being able to be tested in the proposed device.

AST in drug screening

Although AST techniques are also used for drug screen-
ing purposes, the electrochemical AST sensors developed
have been predominantly focused on addressing antimicro-
bial resistance. However, there are just a few examples that
exploit the potential of electrochemical sensors for a faster
and simple screening of new drug candidates (Table 2).
Combining the use of a disposable screen-printed
electrode coupled to a microfluidic chamber, Webster
et al. [65] monitored the antibiotic susceptibility of P.
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Table 2 Potential electrochemical AST sensors for screening new drug candidates classified according to their most relevant parameters: elec-
trochemical technique used, bacteria detected, antibiotic tested (both type and concentration), and time required for performing the measurement

Electrochemical Bacteria Antibiotic Concentrations tested Detection time Ref
technique

SWV P. aeruginosa Colistin sulfate 4, 16, and 100 mg/L 45 h [65]
SWV P. aeruginosa Antimicrobial peptides 5-50 pM 300 s [66]
SWV P. aeruginosa RAI3 5-50 pM 300 s [67]

RA13, reverse amide 2-aminoimidazole derivative; SWV, square wave voltammetry

aeruginosa via electrochemical detection of the virulence Antibiotic compounds are not the only therapeutic target
factor pyocyanin (Fig. 2A). Bacteria was exposed to dif-  in antimicrobial research. Anti-biofilms have been subject
ferent concentrations of colistin sulfate as antibiotic. For  of study for many pathological microorganisms as the for-
the electrochemical measurement, square wave voltamme-  mation of biofilms enhances multidrug tolerance. Besides,

try was used as technique due to its increased sensitivity  the incorporation of electrochemical scaffolds together with
and ability to monitor the reduction peak corresponding  anti-biofilm compounds has also been confirmed to have a
to pyocyanin, directly correlated with a decrease in cell ~ co-adjuvant effect in antimicrobial treatment [68].

growth. The main disadvantage of this methodology is Evaluation of new anti-biofilm forming compounds
that the time required for completing measurements is of ~ has also been done using an electrochemical sen-
45 h, comparable with the standard techniques currently  sor using ferricyanide as redox indicator. In this case,
used. alginate, one of the main components of mucoid P.

Filter B
90
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8 o0 u
-
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@
o
5 404
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™
o 201 5uMRA13
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Fig.2 AST methods for the screening of new drug candidates. A Screen- film (orange). After anti-biofilm exposure, the structure is compromised

printed electrode-based sensor covered with a microfluidic chamber with reducing the current recorded due to the electroactive phenazines pro-
bacteria trapped on the inside. Reproduced from [65] with permission duced by P. aeruginosa. Reprinted from [67] with permission of Elsevier
from the Royal Society of Chemistry. B Electrode based on the formation
of cationic (green) and anionic (blue) polymers and P. aeruginosa bio-
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aeruginosa strain biofilms [69], was immobilized on top of
a pyrolytic graphite electrode modified layer-by-layer with
poly(diallyldimethylammonium) chloride and polystyrene
sulfonate. Both polymers have opposite charge, which allows
the retaining of alginate in the upper electrode layer [66].
By the addition of antimicrobial peptides, the alginate was
broken and ferricyanide was able to go through the layers
and reach the electrode, providing an increase in the oxida-
tion current recorded. In a later work, the same group used
the same type of electrodes but in this case with the immo-
bilization of P. aeruginosa on the upper layer (Fig. 2B).
Direct electrochemical reduction of phenazine compounds
produced by P. aeruginosa was recorded through SWV in
a label-free sensor. With this sensor, the establishment of
the half maximal inhibition concentration (ICs,) and half
maximal effective concentration (ECs,) of an anti-biofilm
compound was possible in just a few minutes [67].

Nanomaterials in the screening of antibiotic
compounds: are they really needed?

Nanomaterials are defined as those materials that present at
least one dimension in the range of 1-100 nm. Their small
size provides them with outstanding properties not presented
by their counterpart bulk materials [70].

In the last decades, nanomaterials have gained signifi-
cant importance in multiple applications, going from medi-
cal imaging, drug delivery, food technology, cosmetics, and
biomolecular electronic devices [71]. Nanomaterials have
been incorporated in biosensing as they present enhanced
electrical conductivity, improved biological sensing accu-
racy, and biocompatibility, what allows to increase sensitivi-
ties and decrease detection limits. Besides this, their high
surface area also facilitates the immobilization of increased
amounts of different bioreceptors [72] through an extended
range of chemical reactions [73].

Nanomaterials are typically incorporated in electrochemi-
cal biosensing either as electrode modifiers or as detection
labels [74]. The incorporation of nanomaterials, such as car-
bon-based nanomaterials, quantum dots, or metallic nano-
particles, has helped to overcome the slack electrode surface
kinetics, acting as electrocatalysts or transduction systems
[75]. However, the immobilization of these nanomaterials
on the electrode surface is still a challenge to overcome [76].

As detection labels, nanomaterials have been explored
as substitutes to traditional enzymatic labels that, although
sensitive, require harsh conditions and present a low ther-
mal stability, hindering their integration into commercial
devices. To overcome these problems, nanomaterials have
emerged as alternative, both alone or in combination with
enzymes [77]. Again, metallic nanoparticles such as silver
nanoparticles, gold nanoparticles, bimetallic nanoparticles,
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or zinc or cerium oxide nanoparticles stand out for their
redox properties and electrocatalytic activities [78—80].

Their superior qualities have also made them ideal candi-
dates as promising antimicrobial drugs [81, 82]. With silver
nanoparticles (AgNPs) showing up for their intrinsic antimi-
crobial properties against known bacterial strains such as E.
coli, S. aureus, or P. aeruginosa, multimetallic nanoparticles
have also seem to be effective [83].

Although their use is extended in electrochemical biosen-
sors, even for the detection of antibiotic residues [17], their
application on AST is scant, being introduced in a reduced
number of recent works (Table 3). The toxicity of some of
these nanomaterials against microorganisms could be one
of the reasons why their use is not as spread compared to
other fields of research [74, 77]. However, their potential
deserves a wider look onto their implementation in AST
electrochemical sensing.

As example, cerium oxide nanoparticles (CeNPs) have
been used in an electrochemical AST as ITO electrode modi-
fiers [84] allowing the monitoring within 15 min by time-
lapse microscopy video and electrochemistry of the suscep-
tibility of Gram-positive Bacillus subtilis and Gram-negative
E. coli against the antibiotics ciprofloxacin, cefixime, and
amoxycillin. In this work, the toxicity of CeNPs against E.
coli has also been considered and explored as a relevant
parameter in the antimicrobial screening biosensor devel-
oped. For that purpose, bulk CeNPs, CeNPs functionalized
with L-lysine (L-CeNPs), and with pluronic acid (P-CeNPs)
were compared, observing that L-lysine presents a protective
effect against the antimicrobial activity, allowing their use in
an AST sensor. In terms of conductivity, the modification of
the ITO electrode with L-CeNPs significantly increased the
conductivity obtained.

Carbon nanotubes (MWCNTs) and gold nanoparticles
(AulNPs) have also been used as electrode modifiers in
combination with resazurin as label [85]. The incorpo-
ration of these two nanomaterials combined into screen-
printed carbon electrodes (SPCEs) increased the peak cur-
rent recorded, what it is in correlation with the enhanced
conductivity and electropolymerization that these nanoma-
terials present. Ofloxacin and penicillin antibiotics were
tested against Salmonella gallinarum isolates by mixing
bacteria, resazurin, and different concentrations of the
antibiotics. DPV was selected for the detection of viable
bacteria, been able to detect them above 10> CFU/mL after
1 h of incubation. The methodology was also applied in
egg liquid sample obtaining a decrease of the signal sen-
sor due to the change of the resistance of the medium,
although the absolute change of current was maintained.

Taking advantage of the acidification properties of
bacteria while growing, an ion-selective silicon nanowire
field-effect transistor (SINWFET) sensor [86] was devel-
oped. E. coli and other pathogen species such as S. aureus
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Table 3 Nanomaterial-based electrochemical biosensors for AST classified according to the nanomaterial used and their function, the electro-
chemical technique used, bacteria detected, antibiotic tested and their concentration, and the time required for performing the analysis

Nanomaterial Nanomaterial func- Electro- Bacteria Antibiotics Concentrations Detection time Ref
tion chemical tested
technique
L-CeONP/ITO Working electrode  CV Bacillus subtilis, Ciprofloxacin, 2 pg/pL 15 min [84]
Escherichia coli cefixime, and
amoxycillin
MWCNTs and Enhance the sensi- DPV Salmonella gal- Ofloxacin and 0.0625-256 pg/mL 4 h [85]
AuNPs tivity of SPCEs linarum penicillin
Silicon nano tran-  Sensor design SiNWFETs  E. coli, S. sapro- Ampicillin, 100 mg/L, 30 min [86]
sistors phyticus, and S. cefotaxime, and 20 mg/L, and
aureus ciprofloxacin 1-4 mg/L,
respectively
CDs Bacterial growth-  CV E. coli and ampi- Ampicillin 100 pg/mL 20 min [87]
monitoring sensor cillin resistant
E. coli
AgNPs-invertase Inhibition of enzy- PGM E. coli Colistin, spec- 0-65 pg/mL 4h [88]
complexes matic activity tinomycin,
streptomycin, and
tetracycline
Nanochannels Sensing platforms  DPV S. aureus RIP, YSPWTNEF- 50 pg/mL 24 h [89]
NH2

Nanomaterials: AgNPs-invertase complexes, silver nanoparticles-invertase complexes; CDs, carbon nanodots; L-CeONP/ITO, L-lysine-
functionalized cerium oxide nanoparticle coated indium tin oxide; MWNCTs and AuNPs, multiwalled carbon nanotubes and gold nanoparticles;
RIP, RNAIlI-inhibiting peptide. Electrochemical methods: CV, cyclic voltammetry; DPV, differential pulse voltammetry; EIS, electrochemical
impedance spectroscopy; LSV, linear sweep voltammetry; SWV, square wave voltammetry

and S. saprophyticus were tested in presence and absence
of different antibiotics in less than 30 min. SINWFET used
in this work contained a H*-selective sensing oxide layer
for a specific detection of pH changes even in media with
a high ionic concentration that increase background sig-
nal. Moreover, the use of this technology also minimizes
variation between sensors, what it is desirable both to per-
form parallel AST screening and for research transference
purposes. Largely, the use of this SINWFET allowed the
detection of tiny changes on the pH even under high ionic
background concentrations, providing a better sensitiv-
ity. In addition, the proposed sensor could be modified to
add a pre-filtering system that allows the detection of real
samples without any preparation step as pre-cultivation.
In a different approach, but also considering bacteria
acidification, carbon nanodots (CDs) have been used as
electrochemical labels in an AST method [87] able to detect
antibiotic susceptibility in 20 min (Fig. 3A). CDs have
many advantages such as small size, good conductivity,
low toxicity, and high solubility. Also, the economical and
one-step synthesis of CDs makes them interesting materi-
als for applications in biosensing. The sensor consisted in
the encapsulation of CDs in alginate microspheres, together
with E. coli (non-resistant) and E. coli+pET32 (resistant)
and antibiotic concentrations. The presence of the algi-
nate microspheres allows an enhanced 3D growing of the

bacteria, better mimicking a real-case scenario. The change
in the redox potential over time of the CDs due to the pH
changes generated by the bacteria metabolism was recorded
by cyclic voltammetry at O and 20 min, showing a discrimi-
nation between low bacterial counts of < 10> CFU/mL. The
biocompatibility of the used microspheres with the bacteria
tested was also evaluated, confirming that the bacteria grow-
ing rate was not affected by the presence of these nanomate-
rials in the microenvironment.

Nanoparticles can also be used as encapsulating agents as
they improve availability of active compounds [90]. In this
line, Laibao et al. [88] proposed the use of a modified per-
sonal glucometer as a biosensor for rapid (withing 4 h) and
reliable antimicrobial susceptibility testing using polyethyl-
eneimine AgNPs (PEI-AgNPs) to encapsulate invertase com-
plexes. Cationic PEI-AgNPs could reversibly bind the anionic
enzyme invertase, inhibiting the catalytic activity by forming
an electrostatic interaction between both of them. In the pres-
ence of bacteria, invertase is released from the complex, as
the cationic PEI-AgNPs bind to the anionic surface of bac-
teria, thus releasing invertase. The enzyme is then active to
convert sucrose into glucose, a change that is recorded by the
glucometer. The AST of E. coli was tested with four different
antibiotics (colistin, spectinomycin, streptomycin, and tetra-
cycline) within 5 h. The PEI-AgNPs used in this case act as
a detection mechanism for bacteria identification. However,
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Fig. 3 Nanomaterial-based AST sensors. A Using carbon nanodots as
pH sensitive labels encapsulated in alginate microspheres for a bet-
ter 3D bacterium growing. Reprinted from [87] with permission from
Elsevier. B Using a nanochannel-based immunosensor for the detec-

a main drawback of the work is the lack of specificity of the
proposed biosensor, as it responds to different bacteria which
can be an issue for application in real samples.

Nanopore/nanochannel-based materials have also been
shown as outstanding tools for electrochemical biosens-
ing [91, 92]. Regarding antibiotic screening, an innova-
tive approach to monitor the effect of new quorum sensing
inhibitors against S. aureus using a nanochannel-based elec-
trochemical immunosensor has been recently reported [89].
The sensor was able to differentiate between S. aureus and
P. aeruginosa by monitoring hyaluronidase detection, a viru-
lence factor primarily secreted by Gram-positive bacteria.
Additionally, the effect of anti-infective RNAIII-inhibiting
peptide (RIP, YSPWTNF-NH?2), a quorum sensing inhibitor,
as suppressor of bacterial growth and virulence was evalu-
ated using the developed sensor, by monitoring the decrease
in the hyaluronidase secreted levels (Fig. 3B). The use of
nanochannel membranes in this work facilitates the identifi-
cation of biomarkers in complex samples due to their intrin-
sic filtering properties. Moreover, nanochannel membranes
serve as platform for the immobilization of biorecognition
elements, what leads to a label-free identification of the ana-
lytes of interest.

In general terms, the nanomaterials used in AST methods
covered both the implementation such as electrode modifi-
ers, labels, or even encapsulating agents. And although their
use is relevant in terms of the bacteria concentration that
could be detected, with a low CFU/mL counting in many of
the works revised, this is not translated in lower antibiotic
concentrations that could be tested or even the time required
for obtaining a result. It is worthy to mention that the poten-
tial toxicity of these materials and how it could affect bacte-
rial growth is not considered in many of the works, being a
parameter of paramount importance for AST methods.
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tion of hyaluronidase, a virulence factor of Gram-positive bacteria,
and the evaluation of a quorum sensing inhibitor (RIP). Adapted with
permission from [89]. Copyright 2022 American Chemical Society

All considered, although the use of nanomaterials seems
promising for increasing conductivity and lowering limits
of detection, it is not translated into improved results for
antibiotic resistance identification. However, the intrinsic
characteristics of nanomaterials could be more interestingly
exploited in the screening of new antimicrobial compounds
and in the identification of MIC concentrations, for which
reaching a lower CFU/mL count is more relevant.

Commercial potential of electrochemical
AST methods: barriers to overcome

Antimicrobial resistance is a health challenge that
research, industry, and policymakers should stop ignor-
ing. With an increasing tendency of superbugs becoming
more deadly than cancer, the need to find solutions to
this problem is increasingly imminent. And these solu-
tions go through both a control administration of existent
antimicrobial drugs and the development of new ones.
But the lack of fast, accurate, and easy-to-use diagno-
sis devices complicates them. Thus, the development
of specific and rapid point-of-care devices can assist in
managing this global health crisis, preventing unneces-
sary antibiotic administration [93]. Although some rapid
infection testing are out on the market, they still lack
from integration and require the extraction of invasive
samples [94].

For that reason, the use of electrochemical biosensors
both for the identification of antimicrobial resistance and
for the development of new drugs seems to be a promis-
ing approach, and it has been seen like that by the research
community. But still, the commercialization of these type of
devices is far to become a reality.
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Technical parameters such as long-term stability of the
sensors developed, matrix effects, cost, or feasibility of their
use by non-specialized personnel are scarcely evaluated by
research works on electrochemical sensors [63] and are
also lacking in the works revised in this review. Although
LOD, sensitivity, and specificity have been clearly adopted
as parameters that should be optimized in biosensing, it is
also important to keep in mind the above-mentioned char-
acteristics. Moreover, cost-effectivity is also an important
criterion to consider, being the low profit rate the main rea-
son for the reduced investment of pharmaceutical industry
in antibiotic development [39].

Thus, the inclusion of a deeper evaluation of these and
other parameter should be promoted in research works if
we want to be able to transmute laboratory results into real
clinically relevant devices.

Moreover, the development of multiplexed systems
able to identify or evaluate more than one superbug is also
desirable, as these complex infections are worsened by the
presence of polymicrobial interactions [95]. This is espe-
cially relevant in the development of new antimicrobial
compounds as polymicrobial infections have been directly
related with an enhanced antimicrobial resistance [96].

Despite some promising leads, the way electrochemical
AST methods have been developed needs to be revisited to
really address market needs.

Outlook

The implementation of new AST methods is constantly
evolving given the increasingly worrying incidence of
antimicrobial resistances. However, traditional AST
methods still do not solve this issue, which leads to
increased research in alternative high-throughput screen-
ing strategies such as biosensors. Biosensing field has
proved to be relevant in reducing antimicrobial resistance
through environmental monitoring of antibiotics, with
many biosensors developed in this field. The reduced
complexity of environmental samples could be a fun-
damental factor to explain this difference. Detection of
antimicrobial resistance through electrochemical means
in human samples is a different matter. Although prom-
ising, as they help to reduce time and increase sensi-
tivity compared to traditional AST methods, they still
not accomplish all what it is claimed to AST methods.
Cost of the final assay is not even considered in research
works revised and is one of the main arguments that
must be revised to point out biosensors as alternative
to AST methods. This cost reduction is fundamental to
improve antimicrobial screening research, being the main

obstacle to overcome for pharmaceutical industry. It is
also noticeable the scarcity of bacteria tested with these
sensors, using E. coli as preferred choice as it is an easy-
to-use bacterial model. But the reality is that genders of
bacteria such as Klebsiella pneumoniae, Acinetobacter
baumannii, and MRSA are predominantly associated
to nosocomial infections and represent a larger burden
for healthcare systems [97]. Bactericidal and bacterio-
static effects are lacked also in these works, and it is
one of the main demands done to traditional AST meth-
ods. This aspect is less relevant in the identification of
antibiotic resistance, but it is definitively a concern in
the screening of new drug candidates. In this last field,
it is surprising that the low number of electrochemical
biosensors was developed. Although they have a greater
potential, antimicrobial screening electrochemical sen-
sors focused on the activity testing of new antimicrobial
compounds are scarce. The lack of standardization of
these methods compared to the AST techniques approved
by the EUCAST and CLSI could be one of the reasons.
Potentiating communication between electrochemical
groups and microbiology research groups in charge of
discovering new antibiotic compounds is a suitable way
to promote this synergy and favor antimicrobial com-
pounds development.

Regarding the use of nanomaterials, although promis-
ing, it is still not relevant enough to make a significant dif-
ference compared to non-nanomaterial-based biosensors.
However, the low CFU/mL that these methodologies can
reach, open the path to their use for MIC determination.
That is why their use is not unjustified, but the type of
analysis to be carried out with these instruments must be
modified.

As we have outlined in this review, electrochemical biosen-
sors are promising AST methods to both detect resistance in
the clinical setting and to serve as screening platforms for new
drug candidates, but further improvements are still required
to be relevant in the combat against antimicrobial resistance.
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