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Abstract: Antimicrobial resistance (AMR) is one of the most challenging threats in public health;
thus, there is a growing demand for methods and technologies that enable rapid antimicrobial
susceptibility testing (AST). The conventional methods and technologies addressing AMR diag-
nostics and AST employed in clinical microbiology are tedious, with high turnaround times (TAT),
and are usually expensive. As a result, empirical antimicrobial therapies are prescribed leading
to AMR spread, which in turn causes higher mortality rates and increased healthcare costs. This
review describes the developments in current cutting-edge methods and technologies, organized by
key enabling research domains, towards fighting the looming AMR menace by employing recent
advances in AMR diagnostic tools. First, we summarize the conventional methods addressing AMR
detection, surveillance, and AST. Thereafter, we examine more recent non-conventional methods and
the advancements in each field, including whole genome sequencing (WGS), matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) spectrometry, Fourier transform infrared (FTIR)
spectroscopy, and microfluidics technology. Following, we provide examples of commercially avail-
able diagnostic platforms for AST. Finally, perspectives on the implementation of emerging concepts
towards developing paradigm-changing technologies and methodologies for AMR diagnostics are
discussed.

Keywords: molecular diagnostics; antimicrobial resistance; antibiotic susceptibility testing; microflu-
idics; point-of-care; lab-on-a-chip; MALDI-TOF; FTIR; sequencing

1. Introduction

Antimicrobial Resistance (AMR) has become one of the dominant health challenges
of our times. Antibiotic resistance occurs as a natural evolutionary process in bacteria,
but can be accelerated by a number of factors [1,2]. More specifically, the excessive and
inadequate use of antibiotics in both humans and animals leads to the wide spread of
resistant bacteria and their antimicrobial resistant genes (ARGs) [3–5]. AMR has severe
adverse effects on humans, healthcare systems, farm animals, agriculture, environmen-
tal health, and, consequently, on national economies [6]. AMR is a challenging threat
undermining key features of current medical care at enormous costs in terms of patient
mortality and morbidity, but also in terms of patient treatment expenses [7,8]. Modern,
mainstream antibiotic therapeutic strategies are responsible for their own regression by
actively selecting for resistant strains, compelling the need for supporting the continuous
discovery of new antibiotics in order to remain ahead of the AMR challenge [9]. Therefore,
it is urgent to prolong the lifespan of current antibiotics while research and development
of new-generation antibiotics takes its course. In addition, it is important to implement
efficient control measures for antibiotic use in order to slow down the need for continuous
discovery of new antibiotics [1].
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The costs related to the soaring AMR rates are forecasted to grow dramatically if no
measures are taken [10]. The lack of effective antimicrobials is leading to common infections
becoming life-threatening, hence, rendering treatments, such as chemotherapy and surgical
procedures being more prone to becoming life-threatening due to common infections.
Thus, constraining the misuse and the overuse of antimicrobials is crucial for impeding the
dispersion of AMR. According to recent studies [10–13] more than 33,000 people die every
year in the European Union (EU) as a result of infections stemming from antibiotic-resistant
bacteria. The annual economic burden related to AMR in the EU is considerable, accounting
for an estimated 1.5 billion euros, including healthcare costs and productivity losses [10].
Globally, antibiotic resistance is responsible for more than 500,000 deaths every year, from
which more than 40% involve infant deaths [14].

Early detection of pathogens is required for the optimal treatment of infectious dis-
eases. Although great leaps have been made in medical technology, the turnaround time
(TAT), both for the detection and the characterization of microbial pathogens, often takes
up to several days [15–17]. As a result, clinicians are pushed to start empiric antibiotic
therapies, typically broad-spectrum, before a diagnosis can be reached. This practice may
lead to detrimental consequences not only for the health of the patient (i.e. microbiome
dysbiosis), but also for the exacerbation of the ongoing AMR challenge. Thus, the need
for rapid, highly sensitive, affordable, and cost-effective detection platforms for AMR
diagnostics has become urgent. The utilization of such platforms will significantly reduce
the TAT for antibiotic susceptibility determination, thus enabling the selection of enhanced,
target-specific therapies [15]. Diagnostic tests are considered an essential weapon in any
strategy against AMR. Rapid diagnostic tests (RDTs) related to infectious diseases are
considered an indispensable tool for antimicrobial stewardship programs. RDTs have
shown to reduce mortality, lessen hospital stay, and shrink healthcare costs. Indeed, such
diagnostic tests have proven to be more cost-effective, not only by providing a significant
cost reduction, but also by decreasing antibiotic use [17–20].

The present review aims to give an outline of the current and emerging methods
and technologies being implemented, or under development, targeting fast detection of
antimicrobial resistance. Moreover, the main advantages and limitations of these methods
and technologies are summarized. Already established methods, such as phenotypic and
molecular-based techniques, as well as the more recently developed sequencing (whole
genome sequencing (WGS) and whole genome metasequencing (WGM), MALDI-TOF MS,
and IR spectroscopy, are also subjected to a critical overview. A special focus is placed on
those state-of-the-art approaches, such as microfluidics and lab-on-a-chip technologies,
which have a promising potential in AMR detection. Finally, we provide a short summary
of the commercially available platforms designed for AST. Figure 1 depicts a summarizing
chart of the methods and technologies analyzed in the present review.
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2. Conventional AMR Diagnostic Methods

Although new time-saving technologies have been introduced to obtain antimicrobial
resistance data, the classic, conventional technologies are still being used. These mainly
include culture-based and molecular-based approaches. More recently, microscopy-based
and spectrometry-based approaches have also been incorporated in the tools for develop-
ing diagnostics.

2.1. Phenotypic Methods

Culture-based methods rely on the phenotypic resistance detection by evaluating
the bacterial growth in the presence of antibiotics, and can be classified in two categories,
manual and automated. Manual tests include agar dilution, gradient test, disk diffusion,
and broth microdilution antimicrobial susceptibility testing methods. The automated com-
mercial platforms (VITEK®2 COMPACT, Sensititre™ ARIS™ 2X, and Alfred 60AST system)
use some of the aforementioned methods. Broth dilution-based platforms typically use
ready-made cartridges or plates including positive controls and gradient concentrations of
antibiotics. Sensititre panels belong to the category of microdilution methods. Typically,
such panels are plastic multi-well micro-titer plates precision-dosed with dried antimicro-
bial agents. For instance, the Sensititre panel method was used for the determination of the
susceptibility of carbapenem-resistant Klebsiella pneumoniae to polymyxins [21]. Such plat-
forms usually offer real-time growth monitoring and minimum inhibitory concentration
(MIC) analysis through their comprehensive databases which include a broad spectrum
of organisms. The above-mentioned technologies offer qualitative and quantitative data
for the strain under investigation. For example, dilution methods and Epsilometer tests
(E-tests) provide quantitative values [22] for the minimum inhibitory concentration (MIC),
as the lowest concentration of a given antimicrobial which prevents the visible overnight
growth of a culture [23]. Disk diffusion provides a zone of inhibition. E-Test belongs to the
gradient test methods [24] and is especially useful for fastidious microorganisms [25], such
as Campylobacter spp. [26]. Various methods have been traditionally employed regarding
the phenotypic analysis for susceptibility of bacteria to antibiotics, and different standards,
criteria, and guidelines have been proposed by several international organizations for the
interpretation of Alfred 60 antimicrobial susceptibility testing (AST) results. The European
Committee on Antimicrobial Susceptibility Testing (EUCAST) and the Clinical and Labora-
tory Standards Institute (CLSI) in the USA are two of the main organizations responsible
for the annual revision and update of the AST standards. However, several discrepancies
have been observed in the interpretation of the criteria regarding different bacterial species.
For example, in the case of amikacin resistant Escherichia coli, a more stringent susceptibility
breakpoint is provided by EUCAST (≤8 mg/L) compared to CLSI (≤16 mg/L) [22].

2.2. Molecular-Based Methods

Molecular-based assays addressing the detection of ARG can offer advantages over
phenotypic assays, such as multiplex targeting and more precise characterization and
detection of AMR genes. For some taxonomic units, susceptibility breakpoints have not
been established, and molecular-based methods represent an acceptable alternative. An-
other advantage is the elimination of isolate purification since non-purified polymicrobial
samples can be used. Moreover, they allow for relatively quick adaptation to newly intro-
duced resistance factors [27]. Nevertheless, molecular-based assays for AMR detection
have some limitations. Molecular-based methods are not capable of defining MIC. Besides,
some ARGs could be missed in terms of both sensitivity and coverage since they can
only detect resistances that are searched for and not newly evolved ones. Moreover, the
wide diversity of different genes related to AMR poses a challenge in assay development
due to the cost involved, thus competing with phenotypic assays is sometimes difficult.
However, advancements in the field of molecular based techniques are gaining a place
in routine diagnostics [28]. Molecular-based methods for detecting ARGs as well as their
expression take advantage of the developments in amplification and nucleic acid hybridiza-
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tion techniques [29]. Molecular-based techniques can offer ARGs detection in a fast and
sensitive manner. ARGs encode the ability of bacteria to survive and grow in the presence
of antibiotics. In the past, scientists were solely targeting a small fraction of ARGs, but
with the decrease in the cost of next-generation sequencing (NGS) technologies and the
subsequent expansion in bacterial whole genome sequencing (WGS), the availability of
ARG targets in various databases has enormously been expanded [30]. In the following
sections, nucleic acid amplification-based techniques, such as polymerase chain reaction
(PCR) and isothermal techniques, as well as DNA microarrays, will be discussed.

2.2.1. PCR-Based Methods

PCR is the most commonly used nucleic acid amplification technique for the detec-
tion of ARGs [31,32]. More recently, real-time [33], quantitative [34], digital [35,36], and
multiplex [37] PCR assays have further boosted clinical acceptance of genetic testing.

The changes in NGS and WGS have impacted the availability of ARG targets, paving
the way for high throughput quantitative PCR (HT-qPCR), which is comparatively fast,
convenient, and allows for simultaneous investigation of a large number of ARGs [30].
HT-qPCR is cost effective and it has already been employed in many studies for the anal-
ysis of ARGs stemming from various sample types [38]. For example, Wang et al. used
HT-qPCR to provide a comprehensive profiling of ARGs in bacteria isolated from park
soils [39], whereas a novel high-throughput screening method (simultaneous screening
48 isolates against three antibiotics) employing HT-qPCR, tested the antimicrobial suscepti-
bility of Orientia tsutsugamushi clinical isolates [40]. Xu et al. demonstrated the versatility
of chemically synthesized double-stranded (ds) DNA, which can be employed as a qPCR
standard for ARGs offering comparable performance, in terms of sensitivity and reliability,
to natural DNA. This qPCR method has been successfully used with various sample types,
such as animal feces, soil, and surface water [41]. A multiplex real-time PCR was used for
AMR characterization in Neisseria gonorrhoeae including resistance to ciprofloxacin, ceftriax-
one, cefixime, azithromycin, and spectinomycin. Although this methodology accurately
detected mutations generating resistance to antibiotics employed for gonorrhea treatment,
the low assay sensitivity prohibits the direct application for diagnostic testing in clinical
specimens. Nevertheless, it can be used as a screening method for AMR in gonococcal
isolates since it is faster than current conventional culture-based AMR testing [42]. Wang
et al. developed a singleplex and a multiplex real-time PCR assays for methicillin resistant
S. aureus (MRSA) in pediatric samples. The assay proved fast, reliable, and capable of
detecting and differentiating MRSA and methicillin susceptible S. aureus MSSA [43]. Two
decades ago, ligation mediated PCR (LM PCR) coupled with low denaturation temperature
method has been proposed leading to specific melting-profile DNA patterns, both fungal
and bacterial isolates. This method is suitable for strain characterization and differenti-
ation [44]. This method has been used for epidemiological typing of various pathogens,
such as extended-spectrum-beta-lactamase-producing Escherichia coli [45,46] as well as
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter [47].

2.2.2. Isothermal Amplification Methods

A more recent development, in molecular biology, is the use of isothermal DNA
amplification eliminating the need for thermocycling, which is indispensable in the case
of traditional PCR methods. Several methods of isothermal nucleic acid amplification
have been developed, such as strand displacement amplification (SDA), transcription
mediated amplification (TMA), nucleic acid sequence-based amplification (NASBA), rolling
circle amplification (RCA), recombinase polymerase amplification (RPA), loop-mediated
isothermal amplification (LAMP), and helicase-dependent amplification (HDA) [48]. These
methods have paved the way for the implementation of rapid, next-generation molecular
diagnostics [49].
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The main advantages of the isothermal over the conventional PCR-based methods are
the circumvention of thermocycling, which in turns lead to low power consumption and
reduced analysis time. Thermocyclers are no longer needed, since a water bath or a hotplate
can regulate the temperature [50]. Moreover, unlike PCR, isothermal amplification is faster
and more sensitive [51] since it does not depend on discrete thermal cycles, but rather
relies on continuous amplification, which can yield traceable amplicons in less than 10 min.
Another advantage offered by some isothermal methods, such as LAMP, RCA, and HDA is
the elimination of template denaturation and the tolerance to biological components for
LAMP and HDA [52]. Moreover, although some isothermal methods have complex primer
design (e.g., LAMP) they offer greater specificity compared to PCR. A recent evaluation
of several isothermal methods in terms of simplicity, sensitivity, cost, and reproducibility
showed that LAMP and RPA hold great potential for point-of-need (PON) diagnostics
employed in low resource settings. Both of them are single step (incubation at a single
temperature) and require minimum amount of DNA template [50]. Isothermal methods
are also preferable for microfluidic-based approaches due to all of the aforementioned
reasons [53]. In addition, LAMP amplicons can be detected even with naked-eye through
turbidity or color change [54]. On the other hand, isothermal methods also have some
limitations. Multiplexing approaches of isothermal methods are less successful, since
the difficulty of the experimental design is increased [55]. Furthermore, some isothermal
amplification methods have complex reaction mechanisms and need several primers, for
example LAMP needs 4–6 primers, or several enzymatic steps are involved, such as in
NASBA [52].

During the last two decades, significant investments in engineering, reagent formu-
lations, and software have resulted in the commercialization of in vitro diagnostic (IVD)
products based on PCR and isothermal nucleic acid amplification technology (NAAT) [56].
The integration and automation of processes, such as nucleic acid extraction, purification,
amplification, and detection, coupled with sophisticated data analysis software have led
to integrated and automated platforms (discussed in subsequent sections of this review
article) providing accurate results [57].

2.2.3. DNA Microarrays

A DNA microarray is a tool, which allows for the assessment of the bacterial genomic
diversity. This approach relies on the detection of the presence or absence of genes in a
target organism when compared to a reference strain or genome. Initially, DNA microarrays
were based on glass slides [58], which were spotted with numerous specific DNA probes
relying on reference genes present in a characterized strain for which the whole-genome
sequence was available. Comparative genomic hybridizations were performed followed
by the analysis of the hybridization results. However, the use of glass slides as well as
fluorescent dyes made the process costly and time-consuming. Nonetheless, there have
been numerous advancements in the DNA microarray technology during the past two
decades [59]. A fast and simple DNA labeling system based on biotinylated primers specific
for the linkers has been developed for disposable microarrays [60]. A DNA microarray
for the simultaneous (multiplex asymmetric PCR amplification) detection of ARGs among
Staphylococcus clinical isolates based on fluorescently labeled PCR products has been
developed [61]. More recently, Havlicek et al. proposed a rapid cartridge based, melting
curve assay for the detection of pyrazinamide resistant Mycobacterium tuberculosis [62]. The
assay can be automatically implemented using a closed cartridge coupled with a battery
powered Alere™ q analyzer, as a point-of-care test in resource-limited settings [62].

3. Non-Conventional AST Methods

In this section, some of the most promising non-conventional methods for AST will be
described. Those method include: sequencing, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS), and Fourier transform infrared (FTIR)
spectroscopy.
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3.1. Genome Sequencing and Metagenomics in AMR Diagnostics

The first DNA sequencing methods were developed in the mid-1970s and were able
to decode hundreds of nucleotide bases of DNA per day. At that time, the two most widely
accepted methods were the chain terminator [63] and the chemical cleavage procedures [64].
Single-base resolution was enabled by polyacrylamide gel electrophoresis for each base-
specific reaction. In 1995, the first complete bacterial genome (Haemophilus influenzae,
1,830,137 bp) was obtained with the first automated sequencers employing fluorescence
chemistry based on the Sanger method [65]. Until 2005, the Sanger sequencing prevailed as
the primary sequencing technology. Although these first-generation sequencing methods
had low throughput, they could produce high-quality, relatively long DNA sequences.
Multiple sample sequencing was feasible by integrating numerous capillaries on the same
instrument, thus enabling the sequencing of each individual sample. The major technical
advancement of next-generation sequencing (NGS) was multiplexing, allowing for the
simultaneous analysis of thousands of samples. Typically, a NGS workflow comprises
DNA extraction and fragmentation, adaptors ligation, DNA amplification, and sequencing.

In second generation sequencing, or short-read sequencing, the template amplification
encompasses intrinsic drawbacks, such as copying errors, sequence-dependent biases, and
information loss. In 2005, the 454 pyrosequencing platform was introduced [66]. Pyrose-
quencing is based on the detection of pyrophosphate release along with the light generation
on nucleotide incorporation, unlike the chain termination with dideoxynucleotides used
in Sanger sequencing. The Illumina platforms, which use synthesis technology where
reversible terminator nucleotides labeled with fluorescence are incorporated into DNA
strands and visualized via their fluorophore excitation, were subsequently incorporated
with the same aim [67].

On the other hand, the third-generation sequencing, first developed in 2011 by Pacific
Biosciences, is a real-time and single molecule based long-read sequencing relying on an
optical approach coupled with a zero-mode waveguide on a nanostructured device [68].
Oxford Nanopore Technologies developed another approach relying on DNA molecules
movement through a nanopore and measuring an electrical signal changing analogously
to the base presently passing the pore [69]. These newly introduced second and third
generation sequencing approaches have paved the way for single genome sequencing, as
well as for the characterization of complex microbial communities and the identification of
antibiotic resistance determinants [70]. Whole metagenome sequencing (WMS) and analysis
of genetic material in patient samples allows for the identification of ARG directly from
clinical specimens without the need for prior isolation or identification of specific bacteria.

Bacterial sequence data availability has increased due to the advancements in se-
quencing technologies. Improved computational methods coupled with the continual cost
decrease (due to the intense competition among different companies) made sequencing an
affordable and viable tool for ARG identification, characterization, and surveillance [71].
Numerous methods, tools, and databases (Table 1) have been reported in recent years for
the detection of genetic determinants related to AMR from WGS [72] and WMS data [73].
These evolving methods and technologies act as complementary tools to traditional culture-
based methods, providing opportunities for rapid and sensitive resistance determination
in uncultivable and cultivable bacteria. More information on the use of databases for AMR
detection can be found in two recent reviews [74,75]. The organization of sequencing data
is considered a crucial pre-processing step prior to ARG analysis. Short reads, produced
by technologies like Illumina, could be processed employing assembly-based methods
(sequencing reads are initially assembled into contiguous fragments (contigs) followed by
annotation where comparison takes place with public or custom reference databases), or di-
rectly analyzed utilizing read-based methods where resistance determinants are forecasted
by mapping reads to a reference database [75].
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Table 1. Bioinformatic tools and databases for antimicrobial resistant gene (ARG) detection from whole genome sequencing
(WGS) or whole metagenome sequencing (WMS) data.

Name Type of Tool Link

RGI Assembly-based https://card.mcmaster.ca/analyze/rgi (accessed on 15 January 2021)
CARD Assembly-based https://card.mcmaster.ca/ (accessed on 15 January 2021)

ARGs-OAP (v2 Assembly-based https://galaxyproject.org/use/args-oap/ (accessed on 15 January 2021)
ARIBA Assembly-based https://github.com/sanger-pathogens/ariba (accessed on 15 January 2021)

NCBI–AMRFinder Assembly-based https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/AMRFinder/
(accessed on 15 January 2021)

PointFinder Assembly-based https://cge.cbs.dtu.dk/services/ResFinder/ (accessed on 15 January 2021)
ShortBRED Read-based http://huttenhower.sph.harvard.edu/shortbred (accessed on 15 January 2021)

SEAR Read-based https://github.com/will-rowe/SEAR (accessed on 15 January 2021)
KmerResistance Read-based https://cge.cbs.dtu.dk/services/KmerResistance/ (accessed on 15 January 2021)

PATRIC Read-based www.patricbrc.org (accessed on 15 January 2021)

SSTAR Read-based https://github.com/tomdemanbio/Sequence-Search-Toolfor-Antimicrobial-
Resistance-SSTAR (accessed on 15 January 2021)

DeepArgs Read-based https://bench.cs.vt.edu/deeparg (accessed on 15 January 2021)
GROOT Read-based https://github.com/will-rowe/groot (accessed on 15 January 2021)

A main advancement facilitating resistome surveillance is the established power for
AMR prediction from solely genomic data. Various studies along with those focused on
foodborne pathogens have demonstrated a high (>96%) concordance between the presence
of known mutations or ARGs and MIC of various antimicrobials [76–79]. In addition, a
growing body of evidence shows that it is feasible to predict AMR and sometimes also the
MIC of an antimicrobial, by employing machine learning techniques to genome sequencing
data [80,81].

Although long-read sequencing platforms can provide comprehensive entire genome
capturing, they require substantial investment not only in equipment, but also in laboratory
expertise. In addition, such systems typically require substantial quantities of DNA (i.e.,
more than 5 µg) and longer preparatory time, and they have higher error rates as compared
to short-read sequencing platforms. Alternative sequencing platforms relying on nanopore
technology are considered capable of providing libraries of high quality from long reads,
as well as producing closed bacterial genomes. In addition, advantages, such as portability
and affordability, less laboratory space, and on-site sequencing, have been highlighted [82].
The MinION nanopore system (Oxford Nanopore, Oxford, UK), is a portable (palm-sized,
100 g), real-time device for DNA and RNA sequencing, able to detect changes in ionic
current upon DNA or RNA passing through the nanopores.

3.1.1. Pyrosequencing

In 2012, pyrosequencing was suggested as an innovative, rapid tool for the detection of
Yersinia pestis strains towards fighting bioterrorism. The detection and identification relied
on virulence genes, which led to an assay based on pyrosequencing for characterizing ARG
profiles was developed by Amoako et al. [83]. Pyrosequencing was also evaluated as a tool
for the detection of clinical drug-resistant Mycobacterium tuberculosis. The pyrosequencing
assay was capable of reliably and robustly detecting resistance-associated mutations in M.
tuberculosis isolates with great specificity (96–100%) [84]. The efficiency of the pyrosequenc-
ing was evaluated based on the rapid detection of resistance to fluoroquinolones (FQs),
rifampicin (RIF), kanamycin (KAN), and capreomycin (CAP) in M. tuberculosis clinical
isolates [85]. The sensitivity of the assay for detecting the resistance to RIF, FQs, CAP, and
KAN was 100%, 100%, 40%, and 50%, respectively, with 100% specificity. This assay was
considered as a fast and effective method for the detection of mutations associated with
drug resistance in M. tuberculosis clinical isolates [85]; however, it has been superseded by
other sequencing technologies (see below).

https://card.mcmaster.ca/analyze/rgi
https://card.mcmaster.ca/
https://galaxyproject.org/use/args-oap/
https://github.com/sanger-pathogens/ariba
https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/AMRFinder/
https://cge.cbs.dtu.dk/services/ResFinder/
http://huttenhower.sph.harvard.edu/shortbred
https://github.com/will-rowe/SEAR
https://cge.cbs.dtu.dk/services/KmerResistance/
www.patricbrc.org
https://github.com/tomdemanbio/Sequence-Search-Toolfor-Antimicrobial-Resistance-SSTAR
https://github.com/tomdemanbio/Sequence-Search-Toolfor-Antimicrobial-Resistance-SSTAR
https://bench.cs.vt.edu/deeparg
https://github.com/will-rowe/groot
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3.1.2. WGS

WGS for predicting AMR in non-typhoidal Salmonella was evaluated in human and
food isolates employing v2 or v3 chemistry with paired-end 2- by 25- or 2- by 300-bp reads
on the MiSeq platform (Illumina, San Diego, CA, USA) [86]. The data suggested that ac-
quired resistance is highly correlated with the presence of known resistance determinants,
useful for risk assessment linked to drug use in food animal production [86]. Velez et al.
proposed the use of WGS for the determination of the occurrence of ARGs in Streptococcus
uberis and Streptococcus dysgalactiae isolates, stemming from dairy cows [87]. A paired-end
125 bp sequencing was implemented using the Illumina HiSeq 2500 platform with v4 chem-
istry. In addition, they investigated the relation between genomic and epidemiological
characteristics and phenotypic AMR profile. The outcome showed the association between
a number of unique ARG sequences and phenotypic resistance (MIC data) [87]. Zhao et al.
tried to identify AMR genotypes for Campylobacter investigating the correlation between
resistance genotypes and phenotypes employing in vitro AST and WGS [88]. A strong
correlation (99.2%) was observed between resistance phenotypes and genotypes. These out-
comes suggested that WGS is a reliable resistance indicator (for tetracycline, ciprofloxacin,
nalidixic acid, erythromycin, gentamicin, azithromycin, clindamycin, telithromycin, and
florfenicol). From these initial screenings, several studies [74,89,90] also highlighted that
WGS is a powerful tool for AMR surveillance programs [88]. More recently, an ongoing
epidemiological change was studied using WGS revealing the co-existence of antibiotic
resistance and virulence factors in carbapenem-resistant Klebsiella pneumoniae isolates, sug-
gesting that this finding should be taken into account for future genomic surveillance
studies [91].

3.1.3. Combination of Short and Long Read WGS Sequencing

Plasmids are capable of transferring ARGs among bacterial isolates. Nonetheless,
plasmids are difficult to assemble from short-read WGS data. Berbers et al. used short and
long read WGS sequencing to characterize ARGs on plasmids as well as establishing their
localization [92]. Due to the rising concern of the spread of ARGs, it is of crucial importance
to establish their location, especially when they are in mobile elements. Risk assessment of
AMR spread was feasible by overcoming the challenges of plasmid reconstruction when
employing the combination of long and short read sequencing [92].

3.1.4. Nanopore Sequencing

Nanopore sequencing has been widely used on viruses [93], yeasts [94] and for per-
forming de novo bacterial assembly [95]. It has also been used for identifying viral
pathogens [96], undertaking metagenomics studies [97] and detecting ARGs [98]. The
MinION nanopore sequencer was implemented to resolve the structure as well as the
chromosomal insertion site of a composite antibiotic resistance island in Salmonella Ty-
phi [99]. It was also employed for the identification of the position as well as the structure
of bacterial AMR determinants in a multidrug-resistant (MDR) strain of Enteroaggregative
E. coli [100]. Long-read analysis of WGS data facilitated the identification of mobile genetic
elements where AMR determinants were positioned and revealed the combination of vari-
ous AMR determinants co-located on the same mobile element. These findings provided
a deeper understanding regarding the transmission of co-located AMR determinants in
MDR E. coli [100]. Schmidt et al. showed that MinION could successfully identify bacte-
rial pathogens as well as acquired resistance genes without culturing directly from urine
samples within 4 h [101]. This study highlights the importance of WMS-based diagnosis
towards adjusting antimicrobial therapy [101]. The Oxford Nanopore MinION long read
DNA sequencing device was exploited for the detection of ARGs, the assessment of ARGs’
taxonomic origin as well as to decoding their genetic organization and possible correlation
with mobilization markers. Based on the findings, targeted intervention measures could
be implemented in order to mitigate the risks of ARGs transferring among sites and, thus,
improve biosecurity practices in hospitals and other environments [102]. Nanopore se-
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quencing was also used for the fast determination of plasmids, virulence markers, phages
and ARG in Shiga toxin-producing E. coli [82]. More recently, MinION nanopore sequenc-
ing was employed for rapid pathogen, plasmids and ARG identification in bacterial DNA
extracted from positive blood cultures [103]. After only 10 min of sequencing, pathogen
identification was possible. The detection of predefined ARGs and plasmids stemming
from monoculture experiments was achieved within 1 h employing raw nanopore se-
quencing data. This is one crucial difference between Illumina and nanopore sequencing.
Nanopore sequencing offers real-time data availability whereas when Illumina is used, the
data become accessible once the sequencing run is finished [103]. The use of the MinION
sequencer was also examined both for whole genome generation and characterization of
Streptococcus suis. The genomes from the MinION sequencer were capable of accurately
predicting the multilocus sequence type (8 out of 10 samples) and identifying AMR profiles
(100% of the samples) [104]. The ultra-long read Nanopore sequencing technology was
used for AMR detection in Mannheimia haemolytica [105]. De novo assembly generated a
complete genome for a non-resistant and an almost complete assembly for a drug resistant
strain. Successful ARG detection was achieved with only 5437 MinION reads [105].

Contrary to phenotypic tests, providing information solely related to AST, NGS,
can reveal the molecular basis of the AMR resistance. The acquired information can be
fed in monitoring schemes, aiding the understanding of the events leading to resistance
acquisition. Furthermore, NGS is capable of characterizing novel mechanisms of resistance
when they are detected. This can be achieved by sequencing isolates previously proven to
be phenotypically resistant, thus providing an exquisite added value when compared to
various nucleic-acid based techniques (e.g., PCR) [106].

3.2. MALDI-TOF Mass Spectrometry in AMR Diagnostics

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) can be used for the detection of AMR, alternatively to traditional genotypic or
phenotypic bacterial characterization [107–111]. MALDI-TOF MS relies on the cellular
proteome and is capable of profiling proteins (mainly ribosomal, 2–20 kD) from whole
bacterial cell extracts creating a bacterial spectral fingerprint or profiles that discriminates
microorganisms at a genus, species, and subspecies level [112,113].

In the assay preparation, the sample is mixed with a matrix, an energy absorbent
solution. The entrapped sample within the matrix crystalizes upon drying. Once the
sample is hit by a laser beam it gets ionized, producing protonated ions which are ac-
celerated by using a constant potential leading to their separation based on their mass
to charge (m/z) ratio. This ratio is determined by measuring the time needed for each
protonated ion to move along the length of the tube. A “Peptide Mass Fingerprint” (PMF),
which is a distinctive mass spectrum, is generated according to the TOF information. The
peaks obtained from the PMF are compared to a database with reference peaks specific to
genera and species of known, well characterized microorganisms, thus, allowing for the
identification of the sample [114,115].

MALDI-TOF MS has also allowed the detection of antibiotic resistance mechanisms
(e.g., carbapenemases) [116]. The standardization of the procedure is necessary to obtain
reproducible results [117]. MALDI-TOF MS is considered a reliable, rapid (within minutes),
accurate, easy to use, cost-effective, and environmentally friendly methodology [114].
Although MALDI-TOF MS has enormously decreased the TAT for bacterial identification
and progress have been made towards the determination of AMR, the high cost (purchase
and maintenance) as well as the large size of such systems pose significant restrictions
for its implementation in low-resource settings or as a point-of-care (POC) AMR or AST
testing platform [113]. Moreover, MALDI-TOF MS is not suitable for the characterization of
mixed samples, since purification, cultivation as well as sample preparation procedures are
required beforehand. Furthermore, additional chemicals, such as the matrix, are required
for the execution of the tests [118]. Databases with spectra able to differentiate susceptible
and resistant strains should be available. Table 2 includes recent works where MALDI-
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TOF MS has been applied to AMR detection. MALDI Biotyper (Bruker Daltonik Bremen,
Germany), and VITEK MS (bioMérieux, Marcy l’Étoile, France) are the two commercially
available MALDI-TOF MS systems. Comparison studies regarding the performance of
both platforms can be found in the literature [119–121].

Table 2. Applications of MALDI-TOF MS for specific antimicrobial resistance (AMR) detection.

Organism Antibiotic Year (Reference)

E. coli Polymyxins 2018 [122]

E. coli Colistin 2019 [123]

E. coli
Klebsiella pneumoniae Beta-lactams (ESBL-producing isolates) 2019 [124]

Staphylococcus aureus
S. intermedius

S. pseudintermedius

Novobiocin
Polymyxin B
Acriflavine

2019 [125]

S. aureus Methicillin 2019 [126]

Candida auris Echinocandins 2019 [127]

K. pneumoniae
Bacteroides fragilis

S. aureus

Carbapenems (carbapenemase-producing isolates)
Methicillin 2019 [128]

Enterobacteriaceae Carbapenems (carbapenemase-producing isolates) 2019 [129]

Enterobacteriaceae Carbapenem 2019 [130]

Pseudomonas aeruginosa Beta-lactams (MBL) 2019 [131]

Enterococcus faecium Vancomycin 2019 [132]

K. pneumoniae Carbapenems (carbapenemase-producing isolates) 2019 [133]

Acinetobacter baumannii Colistin 2020 [134]

E. coli
K. pneumoniae

Cefotaxime
Meropenem, Ciprofloxacin 2020 [135]

S. aureus
Enterococcus species

E. coli
K. pneumoniae

Oxacillin (methicillin)
Vancomycin
Ceftriaxone
Meropenem

2020 [136]

Enterobacterales Imipenem/Relebactam 2020 [137]

S. aureus Methicillin 2020 [138]

3.3. Fourier Transform Infrared (FTIR) Spectroscopy in AMR Diagnostics

Recently, great progress has been achieved in optical technologies and their appli-
cations in the biomedical and microbiology fields. Infrared (IR) spectroscopy and mi-
croscopy allows for enhanced spectral and spatial resolution facilitating the acquisition of
biochemical information at molecular level for microorganisms. With respect to clinical
microbiology applications, Fourier transform infrared (FTIR) spectroscopy is a pheno-
typic method that has emerged as an attractive and dynamic weapon enriching the tools
employed for biochemical analysis, owing to the detailed information it can provide the
chemical composition at molecular level. FTIR spectroscopy allows for the quantification
of the IR light absorption by molecules such as lipids, lipopolysaccharides, carbohydrates,
proteins, and nucleic acids, resulting in a characteristic FTIR spectrum that represents
the complete composition of the sample [139]. These characteristic spectra of the cell
biomolecules offer ample functional and structural information. IR spectroscopy has been
applied to differentiate the molecular changes associated with the development of AMR in
prokaryotes [140–142].
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The coupling of IR spectroscopy of bacterial samples with data analysis employ-
ing artificial neural networks (ANNs) was able to detect uropathogenic E. coli strains
susceptible to cephalothin, achieving a success rate of 95% [143]. In 2017, Sharaha et al.
used FTIR to identify bacterial susceptibility to certain antibiotics based on the obtained
IR bacterial spectra. An IR microscope was utilized, and a computational classification
method was developed to analyze the IR spectra by novel pattern-recognition tools, to
determine E. coli susceptibility to ceftazidime, gentamicin, nitrofurantoin, nalidixic acid,
and ofloxacin. The results showed an 85% success rate in the classification into sensitive
and resistant strains [144]. In 2017, Salman et al. demonstrated the detection of structural
molecular changes linked AMR by employing FTIR microscopy coupled with a novel
statistical classification approach developed in-house for spectral analysis [140]. Kochan
et al. recently reported the identification of changes in the chemical composition of S.
aureus associated with vancomycin and daptomycin antibiotic resistance. An innovative,
single cell, nanoscale technique, namely atomic force microscopy-infrared spectroscopy
(AFM-IR), coupled with chemometric analysis was employed [145]. AFM-IR combines IR
and scanning probe microscopy to improve resolution and capacity to map cell structures
at the atomic scale.

FTIR shows many advantages, such as reliability, speed, cost-effectiveness, and envi-
ronmentally friendly methodology in AMR study. Similar to other instrumental systems
(i.e., MALDI-TOF MS), the purchase and maintenance costs and equipment size make its
implementation very difficult in low-resource settings, or as a POC AMR, or AST testing
platform. Purification, cultivation, as well as sample preparation procedures are required
previously, and databases with spectra able to differentiate susceptible and resistant strains
should be available.

4. Microfluidics and Lab-on-a-Chip Technologies towards Rapid Diagnostics

Lab-on-a-chip (LoC) devices using microfluidics represent a promising tool in nu-
merous fields, such as clinical diagnostics [146], food safety [147] and environmental
monitoring [148]. Recently, LoC technology has also been applied in the detection of
antibiotic-resistant bacteria [3]. Some of the advantages offered by the LoC technology
compared to macro-scale methods are: fast and high throughput analysis, accurate fluid
manipulation, low cost, low reagent, and power consumption, smaller sample volume, au-
tomation, integration, compactness, and portability [149–152]. Genotypic and phenotypic
assays are the two main categories of microfluidic-based detection methods. Genotypic mi-
crofluidic assays (e.g. PCR, LAMP) target genetic markers (e.g., ARG), thus circumventing
bacterial growth and allowing for shorter TAT (several hours) [153]. The implementation
of microfluidics combined with isothermal DNA amplification protocols offer enhanced
features due to the elimination of thermal cycling [50]. This approach is highly promising
for the development of cheap, convenient, and efficient diagnostic tools for food safety,
clinical, and environmental applications [154]. On the other hand, phenotypic microfluidic
assays monitor bacterial growth of bacteria in the presence of antibiotics, thus offering
accurate AST results. In them, in general, bacteria are confined in small volumes (e.g.,
chambers, channels, or droplets) [155], captured with the aid of antibodies on magnetic
beads or membranes [156], or encapsulated in chambers containing agarose [157] and
hydrodynamic trapping [158]. For example, hydrodynamic trapping is a method used for
the immobilization of the bacteria and is compatible with microfluidics offering highly
dense trap arrays, easy integration, high scalability, and easy biosensing though, the trap-
ping efficiency is quite low. A drawback regarding the use of antibodies is the high cost
as well as the restricted availability to specific strains. As for the droplet-based method,
typically they require expensive and sophisticated readout. The agarose-based method,
although it can be applied to conventional multi-well plates, the arraying is not straight-
forward, which hinders both the automated detection and the data analysis. Due to these
limitations, more research and improvements are needed in order for these systems to
become commercially available. In the following sections, various approaches will be dis-
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cussed; namely spectroscopy-based, colorimetric-based, pH-based, and, last but not least,
quartz-crystal microbalance (QCM) based, point-of-care (POC), multiplexing, single-cell,
or single-molecule.

4.1. Spectroscopy-Based Approaches

Surface enhanced Raman spectroscopy (SERS) is considered a main biochemical
fingerprinting approach since it can precisely reflect the macromolecular profiles as well
as the changes occurring within the bacterial cells as a result of antibiotic action [118,159].
SERS has been applied for the investigation of the resistance or susceptibility to antibiotics
of bacteria, as well as for studying the working mechanism of antibiotics relying on the
whole cells’ spectral fingerprint. SERS is capable of providing rapid, accurate, and ultra-
sensitive detection of resistant bacteria with minimum requirement for sample preparation
and handling [118,160]. SERS has also been used in LoC platforms. Lu et al. reported the
development of a microfluidic chip combined with SERS providing rapid detection and
differentiation of MSSA and MRSA [161]. Chang et al. presented the development of an
integrated multimodal microfluidic system capable of performing on-chip enrichment of
bacteria, collection of metabolites, and in situ SERS measurements for AST, with a limit of
detection (LoD) of 103 CFU/mL [162]. Liao et al. reported the development of a microfluidic
platform integrating SERS with microwells allowing for low concentration (103 CFU/mL)
encapsulation of bacteria followed by label-free detection and in situ AST [163].

However, while current advancements in SERS methodology have substantially im-
proved the selectivity and sensitivity in bacterial biosensing, it still has some limitations. It
usually requires a drying step of the sample prior to analysis that can lead to reproducibility
issues. Although liquid phase detection of bacteria is favored when interrogation of cells
is performed under their natural environment, this is frequently challenging because of
scattering of the Raman laser source. Another limitation associated with SERS is the sample
and the experimental conditions, i.e., typically, samples containing a single bacterial species
are employed under regulated laboratory conditions. Furthermore, despite the progress
made in the identification of the molecular spectral fingerprints (e.g. nucleobases), compre-
hensive databases of SERS spectra of biomolecules are still needed, as well as mathematical
interpretation and processing of spectra (e.g., multivariate data analysis) [164]. Ideally,
bacterial SERS biosensors should facilitate the simultaneous detection of multiple strains
from complex samples. Further information on the SERS method can be found in the
review of Galvan et al. [159].

4.2. Colorimetric-Based Approaches

Several studies also report the development of colorimetric-based microfluidic plat-
forms addressing pathogen identification and AST. Lee et al. proposed an integrated,
automated, microfluidic platform capable of performing AST for 1–2 antibiotic combina-
tions against bacterial pathogens [165]. On-chip determination of MIC is also provided via
a colorimetric assay using a pH-dependent colorimetric broth. The total TAT of the on-chip
microfluidic assay is 16–24 h, approximately. Automated fluidic control (e.g., transporta-
tion, mixing) is achieved using a pneumatically controlled custom-made module connected
to the microfluidic chip. The initial loading of all samples [250 µL of bacterial suspension
(106 CFU/mL) /chamber] and reagents is performed manually [165]. Recently, Ma et al.
proposed a polymer-based microfluidic device addressing the identification and AST of
Campylobacter spp. The microdevice consisted of an array of incubation micro-chambers
loaded with chromogenic medium and antibiotics. Bacterial growth was visualized through
a color change (chromogenic reaction). Rapid and reliable on-chip identification and AST
was performed within 24 h with a LoD of 102 CFU/mL. Some variations in terms of the
TAT and the LoD were observed according to the food matrix used [166].
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4.3. pH-Based Approaches

Tang et al. proposed a microfluidic device integrating polymer-based microfluidic
channels with a pH-sensitive chitosan hydrogel capable of detecting small pH changes
for rapid AST [167]. Fourier transform reflectometric interference spectroscopy (FT-RIFS)
was used for the real-time observation of the changes in the pH. The TAT for detection
of whole bacterial growth was less than 2 h [167]. Hu et al. developed a real-time, ultra-
fast electronic detection microdevice for ARG detection (resistance genes from E. coli and
Klebsiella pneumoniae) using the RPA method for isothermal amplification coupled with a
thin film transistor sensor for measuring changes in the pH. The TAT was less than 3 min for
a LoD of 100 copies [168]. Xu et al. presented a polymer/paper hybrid microfluidic chip for
a one-step identification and AST of multiple uropathogens. The multiplexed colorimetric
assay was facilitated via the use of paper substrates within the cell culture microchambers,
allowing for a versatile combination of the antimicrobial agents and the chromogenic
media. The assay was completed within 15 h and the outcome of the chromogenic reaction
was monitored via a camera. Snapshots were taken every 30 min and analyzed with an
image analysis software [169]. Recently, He et al. reported a laser-pattern paper-based
microfluidic device capable of performing E. coli identification and susceptibility testing
via visual observation of a simple color change (colorimetric readout). Such a micro-device
is suitable for low resource settings and can be used by minimally trained personnel [170].

4.4. Quartz-Crystal Microbalance (QCM)-Based Approaches

Quartz-crystal microbalance (QCM) is a physical nanogram-sensitive device with a
piezoelectric sensor. QCM facilitates the real-time, rapid, on-site detection of AMR bacte-
ria [171]. Reyes et al. have demonstrated a highly sensitive, accurate, and dynamic (real-
time) system with a dual purpose, allowing both for monitoring of antimicrobial effects
on E. coli and Saccharomyces cerevisiae, as well as ARG detection employing a magnesium
zinc oxide (MZO) nanostructure-modified quartz crystal microbalance (MZOnano-QCM)
biosensor [172]. Low cost, low demand in clinical samples volume, and rapidity (within
10 min) are the main advantages of the proposed method [173].

4.5. POC Approaches

Toosky et al. developed a POC system for AMR diagnostics and phenotypic AST
addressing bacteriuria and urinary tract infection (UTI) [174]. The TAT is 2h with the ability
of detection and quantification of bacterial concentrations ranging from 50 to 105 CFU/mL.
The detection is based on a portable particle-counting instrument comprising a miniature
confocal microscope coupled with a software for real-time data analysis. The detection
system allows for growth curve measurements of fluorescently stained bacterial cells in
control and antibiotic-treated samples. The main advantages of the proposed POC lie
in the elimination of pre-processing steps (e.g., pre-culture, enrichment, centrifugation)
of urine samples as well as in the sensitivity of the instrument [174]. Only preliminary
data are available for this method; thus, further studies are needed. One limitation of this
method, which is common in all AST methods, is the negative effect of mixed cultures
both on the specificity and the sensitivity of the results. Recently, Abram et al. reported a
RDT platform integrating a novel single step blood droplet digital PCR assay with a high
throughput three-dimensional (3D) particle counter system capable of performing bacterial
identification and AST directly from whole blood samples, eliminating the need of culture
and sample processing steps [175]. The demonstrated technology could simultaneously
achieve high sensitivity of 10 CFU/mL and fast TAT of one hour [175].

4.6. Multiplex Approaches

A multiplex (eight samples) microfluidic chip for high throughput rapid phenotypic
AST was proposed [176]. A mix of bacterial isolates and agarose was loaded in an array
of microchambers within the chip. The growth rate of bacterial colonies under antibiotic
gradients is monitored with the aid of a custom-built dark-field microscope coupled to a
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motorized camera (taking snapshots every 10 min) followed by automated image analysis.
The TAT is 5 h and the method achieves stable MIC values showing 100% agreement with
reference (broth microdilution) MIC values. The key advantage of the proposed system is
the ability of simultaneously and rapidly analyzing eight samples on a single chip, which
can also allow for parallel testing of several antibiotics [176].

4.7. Single-Cell or Single-Molecule Approaches

A rapid AST system based on a microfluidic agarose channel with immobilized
bacteria allows for single cell growth and monitoring by microscopy [177]. MIC values
were determined by analyzing the time lapse images of the single cell bacteria cultured
under various antibiotic concentrations. The TAT for the aforementioned system was less
than 4 h [177]. Baltekin et al. presented their rapid AST system, also based on single-cell
imaging (phase contrast microscope), using a microfluidic chip (made of a micromolded
silicon elastomer and a cover glass) with cell traps. The rapid AST system was used for the
determination of urinary tract infections (UTIs) caused by resistant bacteria with a TAT
of 30 min even when urine samples with low CFUs were used [178]. Li et al. reported a
versatile microfluidic system for fast bacterial classification (3 min) and phenotypic AST at
the single-cell level. The incorporation of tunable microfluidic valves coupled with real-
time visual detection (microscopy) facilitated the cell entrapment and classification based
on their size and shape. The TAT for determining susceptibility, by monitoring the growth
of the bacteria (single-cell level) in the presence of antibiotics, was 30 min. Moreover, the
proposed system can be extensively applied for bacteria detection and complex (blood
cultures, urine, whole blood) polymicrobial samples analysis [179]. Table 3 summarizes
the microfluidic platforms that have been described in the literature, together with their
main characteristics.

Table 3. Microfluidic platforms described in the literature.

Category Method LoD 1 TAT 2 Reference

Microfluidic Optical (laser) 20-25 cells 3-5 h [15]
Microfluidic Colorimetric 100 CFU/mL 24 h [166]
Microfluidic Colorimetric N/A 3 24 h [165]
Microfluidic Colorimetric N/A 15 h [169]
Microfluidic Colorimetric N/A Overnight [170]
Microfluidic Microscopy N/A 4 h [177]
Microfluidic Microscopy N/A 30 min [178]
Microfluidic Microscopy N/A 33 min [179]
Microfluidic Microscopy N/A 5 h [176]

Cuvette Microscopy 50 CFU/mL 2 h [174]
Microfluidic Electrochemical (pH) 100 cells 3 min [168]
Microfluidic FT-RIFS N/A 2 h [167]
Microfluidic QCM N/A 10 min [172]
Microfluidic Digital PCR 10 CFU/mL 1 h [175]
Microfluidic SERS 10 3 CFU/mL N/A [162]
Microfluidic SERS 10 3 CFU/mL N/A [163]

1 LoD: limit of detection, 2 TAT: turnaround time, 3 N/A: not applicable (this piece of information was not
mentioned in the article).

5. Overview of Commercially Available AST Platforms

In this section, a description of some common, commercially available systems for
AST follows.

Adagio™ Antimicrobial Susceptibility Testing System (Bio-Rad Laboratories) [180] is
an automated system built around an imaging device. It measures the size of the inhibition
zone around antibiotic discs. It is coupled with a sophisticated data management software
allowing for rapid and accurate result generation and automated AST interpretation [181].
The Adagio system was evaluated for the automated reading and interpretation of disk
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diffusion AST results in bacteria. Good categorical agreement was observed after visual
validation of the automated results [182].

VITEK®2 COMPACT (bioMérieux, Marcy l’Étoile, France) is a compact, automated
instrument addressing microbial identification and AST by reducing hands-on time for
enhanced workflow and rapid reporting. The TAT is 2 to 18 h, although primary organism
isolation is required. VITEK®2 COMPACT is considered a cost-effective, space-saving
system. The technology used by VITEK®2 COMPACT relies on a fluorogenic methodology
for organism identification and a turbidimetric method for AST.

Accelerate Pheno™ (Accelerated Diagnostics, USA) comprises a fully automated
system capable of performing identification in approximately 2 h and AST within approx-
imately 7 h directly from the sample without requiring culturing for isolates [183]. The
clean-up process of the samples relies on gel electrofiltration. Pathogen detection, species
identification, and quantitation are performed in a fast and fully automated manner using
fluorescence in situ hybridization. It also incorporates an automated digital microscope
for the morphokinetic cellular analysis (MCA), thus allowing tracking phenotypic fea-
tures, such as size, shape, division rate of individual live cells, while being challenged
by antibiotics, as well as extrapolating MIC values. The main advantage of this system
is the user-friendliness, whereas the main disadvantages are the lack of freedom for any
intervention and the necessity of processing solely fresh blood cultures.

Alfred 60AST system (Alifax, S.r.l., Italy) is a fully automated system capable of per-
forming bacterial culture, residual antimicrobial activity (RAA) and susceptibility testing
including the processes of sample inoculation, reading, and result transmission. This
system, which relies on light scattering, is capable of detecting not only the presence of
live bacteria, providing real-time information on growth curves as well as bacterial counts,
but also their drug resistance in a few hours (4–6 h) with high sensitivity and specificity.
The Alfred 60AST system coupled with MALDI-TOF MS for direct identification is con-
sidered a rapid AST. The main advantage of this system is its plasticity, since it allows
for interventions by the user, which could also be considered as its main drawback, since
such interventions dictate the need of skilled personnel able to interpret the results (i.e.,
growth curves).

MicroScan WalkAway plus System (Beckman Coulter, Inc.) (40 or 96-panel capacity
models) provides identification of microorganisms and AST results efficiently with minimal
labor in an automated manner from an isolate inoculum within 4 h (or overnight for
some samples).

BD Phoenix™ (Becton, Dickinson, and Company) is an AST system providing rapid,
reliable and accurate results from colony inoculums. It employs an oxidation/reduction
indicator and a turbidimetric growth detector. Moreover, 200 identifications (ID)/AST sets
could be processed in less than 4.5 h.

Sensititre™ ARIS™ 2X (Thermo Fisher) provides bacterial pathogen identification and
emerging antibiotic resistance detection relying on the gold-standard of broth microdilution
coupled with the time-saving advantages of automation, thus improving patient care and
enhancing lab efficiency. Growth measurements and endpoint MIC determinations are
based on the hydrolysis of a fluorogenic substrate by the bacterial isolates.

GeneFluidics (GeneFluidics, Inc.) offers automated platforms for research use, ad-
dressing both identification and AST. More specifically, ProMax®, UtiMax®, and Bsi-
Max®platforms are capable of providing identification (TAT: n/a, 1 h, and 6 h, respectively)
and AST (TAT: 3 h, 2 h, and 3.5 h, respectively) results from isolates, urine, and whole
blood samples, respectively. GeneFluidics’ products rely on molecular-based, PCR-less
identification of species-specific phenotypic markers of resistance and susceptibility (re-
sistance profiling determined by the change in 16S rRNA content of each target pathogen
under various antibiotics conditions). The detection technology relies on an electrochemical
sensor array.
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Comparison of Platforms

Alfred 60AST coupled with MALDI-TOF MS has a faster TAT for identification and
AST and it is more cost-effective compared to Accelerate Pheno™. However, Accelerate
Pheno™ can provide identification and MIC determination using a single cartridge. Thus,
it is considered an excellent candidate for small and medium laboratories, where MALDI-
TOF MS equipment is not available [17]. From the above-mentioned platforms, VITEK2, BD
Phoenix, MicroScan WalkAway and Sensititre ARIS 2X are cleared by the Food and Drug
Administration (FDA) as IVD diagnostics. Although these platforms generate fast (2–18 h)
results, it must be highlighted that a standardized microbial inoculum is required, which
entails a culturing step of the specimen for 1–2 days prior introducing the inoculum into the
AST platform [184]. Table 4 summarizes some of the most commonly used commercially
available platforms for AST.
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Table 4. Commercially available AST platforms.

Name Link Detection Method TAT 1 ID 2 AST 3 MIC 4 Reference

VITEK®2 Compact
(bioMérieux SA)

https://www.biomerieux-diagnostics.com/vitekr-2-
compact-0 (accessed on 15 January 2021) Turbidity 2–18 h • • [185]

Adagio™ Antimicrobial
Susceptibility Testing System

(Bio-Rad Laboratories)

https://www.diagnostics-bio-rad.com/wp-content/
uploads/2016/11/2015-Adagio-Brochure-EN.pdf

(accessed on 15 January 2021)

Imaging device measuring the size of the
inhibition zone around antibiotic discs • • [180]

Accelerate Pheno™
(Accelerate Diagnostics, Inc.)

https://acceleratediagnostics.com/products/
accelerate-pheno-system/

(accessed on 15 January 2021)
Fluorescence in-situ hybridization (FISH) ≈ 7 • • • [186]

Alfred 60AST system
(Alifax S.r.l.)

https://www.alifax.com/products/bacteriology-
line/show/alfred-60 (accessed on 15 January 2021) Light Scattering Technology/ Turbidity 4–6 h • [187]

ProMax ®
(GeneFluidics, Inc.)

http://genefluidics.com/20151123/wp-content/
uploads/2018/08/ProMax.pdf
(accessed on 15 January 2021)

Electrochemical-based sensors based on
sandwich hybridization of capture and detector

probes with target 16S rRNA
3 h •

UtiMax®
(GeneFluidics, Inc.)

http://genefluidics.com/20151123/wp-content/
uploads/2018/08/UtiMax.pdf
(accessed on 15 January 2021)

Electrochemical-based sensors based on
sandwich hybridization of capture and detector

probes with target 16S rRNA
3 h • • [27]

BsiMax®
(GeneFluidics, Inc.)

http://genefluidics.com/20151123/wp-content/
uploads/2018/08/BsiMax.pdf
(accessed on 15 January 2021)

Electrochemical-based sensors based on
sandwich hybridization of capture and detector

probes with target 16S rRNA
9.5 h • • [188]

MicroScan WalkAway plus
System

(Beckman Coulter, Inc.)

https://www.beckmancoulter.com/es/products/
microbiology/microscan-walkaway-plus-system

(accessed on 15 January 2021)
Turbidity 4 h–

overnight • • • [189]

BD Phoenix™
(Becton, Dickinson and

Company)

https://www.bd.com/en-us/offerings/capabilities/
microbiology-solutions/identification-and-

susceptibility-testing/bd-phoenix-automated-
identification-and-susceptibility-testing-system

(accessed on 15 January 2021)

Turbidity and colorimetric change 4.5 h • • [190]

Sensititre™ ARIS™ 2X
(Thermo Scientific™)

https://www.fishersci.com/shop/products/
sensititre-aris-2x-id-ast-inst/stv3090

(accessed on 15 January 2021)
Fluorescence measurement Overnight

(18 h–24 h) • • [191]

1 TAT: turnaround time (TAT refers to both ID and AST when applicable), 2 ID: identification, 3 AST: antimicrobial Scheme, 4 MIC: minimal inhibitory concentration.

https://www.biomerieux-diagnostics.com/vitekr-2-compact-0
https://www.biomerieux-diagnostics.com/vitekr-2-compact-0
https://www.diagnostics-bio-rad.com/wp-content/uploads/2016/11/2015-Adagio-Brochure-EN.pdf
https://www.diagnostics-bio-rad.com/wp-content/uploads/2016/11/2015-Adagio-Brochure-EN.pdf
https://acceleratediagnostics.com/products/accelerate-pheno-system/
https://acceleratediagnostics.com/products/accelerate-pheno-system/
https://www.alifax.com/products/bacteriology-line/show/alfred-60
https://www.alifax.com/products/bacteriology-line/show/alfred-60
http://genefluidics.com/20151123/wp-content/uploads/2018/08/ProMax.pdf
http://genefluidics.com/20151123/wp-content/uploads/2018/08/ProMax.pdf
http://genefluidics.com/20151123/wp-content/uploads/2018/08/UtiMax.pdf
http://genefluidics.com/20151123/wp-content/uploads/2018/08/UtiMax.pdf
http://genefluidics.com/20151123/wp-content/uploads/2018/08/BsiMax.pdf
http://genefluidics.com/20151123/wp-content/uploads/2018/08/BsiMax.pdf
https://www.beckmancoulter.com/es/products/microbiology/microscan-walkaway-plus-system
https://www.beckmancoulter.com/es/products/microbiology/microscan-walkaway-plus-system
https://www.bd.com/en-us/offerings/capabilities/microbiology-solutions/identification-and-susceptibility-testing/bd-phoenix-automated-identification-and-susceptibility-testing-system
https://www.bd.com/en-us/offerings/capabilities/microbiology-solutions/identification-and-susceptibility-testing/bd-phoenix-automated-identification-and-susceptibility-testing-system
https://www.bd.com/en-us/offerings/capabilities/microbiology-solutions/identification-and-susceptibility-testing/bd-phoenix-automated-identification-and-susceptibility-testing-system
https://www.bd.com/en-us/offerings/capabilities/microbiology-solutions/identification-and-susceptibility-testing/bd-phoenix-automated-identification-and-susceptibility-testing-system
https://www.fishersci.com/shop/products/sensititre-aris-2x-id-ast-inst/stv3090
https://www.fishersci.com/shop/products/sensititre-aris-2x-id-ast-inst/stv3090
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6. Conclusions and Future Perspectives

The AMR crisis is imposing a joint response from academia, risk managers, risk
assessors, government, and industry to enhance the current methodologies, both for
diagnosis and treatment, by developing novel tools circumventing the drawbacks and
limitations of the golden standards and existing AST methods. The main limitations of
the currently available tools are: (i) the need for sample pre-treatment steps; (ii) their
low sensitivity; (iii) the incapacity of microorganism identification in some occasions;
and (iv) the lack of integration, automation, and portability. In relation to the three first
points, lengthy biological protocols (culturing, isolation, identification) are required in
order to detect a number of pathogens. It is highly important to focus on and strive
for substantial advancement towards the development of new testing platforms with
superior performance characteristics in this regard, in order to allow for their approval
and marketing as soon as possible. Spending time and effort on improvements on existing
methods, technologies, and platforms is also plausible.

According to MarketsandMarkets™, by 2025, the AST market is projected to reach
USD $4.2 billion. In this market report, it is highlighted that, despite the use of automated
AST platforms reducing both the incubation and detection times, the high prices of these
platforms are considerable constraining factors for the widespread adoption of such plat-
forms by end-users, principally for small-budget institutions [192]. In terms of product
type, manual AST products held the largest share of the overall AST market in 2019. This
is mainly attributed to the lower cost of such products. Based on the method, in 2019,
disk diffusion accounted for the biggest share of the AST market mainly attributed to
the relatively low cost and the diversity of the commercially available disks. Regarding
the end users, hospitals and diagnostic laboratories commanded the largest share of the
AST market in 2019 [193]. The cost estimation of the methods and technologies reviewed
in this paper is out of scope. Albeit some rough estimations on the cost related to AST
methods is described in the following publications of El-Bouri et al, Vrioni et al. and
Vasala et al. [26,114,194].

All of the methods and technologies described above have shown great potential
towards the AMR challenge, though various issues remain unanswered. For example, how
many of these methods are generally applicable? Have these methodologies been validated
against reference methods? For those not commercialized yet, when is it anticipated to
become commercially available on the market for broad use? Although many methods
presented in the literature claim to be capable of performing AMR detection in a short
amount of time (minutes–few hours), in reality, they do not consider tedious pre-treatment
steps, such as culture enrichment and culture isolation.

To sum up, standard cultivation tests for AST typically have a TAT of 18–36 h and can
provide MIC, though they are not suitable for non-culturable pathogens. The commercially
available automated platforms have a TAT of 2–24 h, some of them provide MIC, but
they are not compatible with non-culturable pathogens. MALDI-TOF MS has a lower
TAT of 2–4 h and, in some cases, MIC determination is also possible, though it shares the
same limitation as the two previous technologies. In addition, it is not yet endowed with
standardized AST protocols as well as companion software for data analysis. NAAT-based
approaches have a TAT of 0.5–4 h, though MIC determination is not possible. On the other
hand, NAAT is suitable for AST for non-culturable pathogens. In addition, NAAT-based
systems are capable of easily integrating the detection of emerging ARGs or mutations.
Nevertheless, new validations and standardization are needed for the diagnostics for each
update. As for the WGS, it is still relatively newly introduced in the field of rapid AST.
The biggest challenge related to WGS is the bioinformatics, since universal databases are
required for the result interpretation. Microfluidics is an ever-growing field with great
potential and versatility. Various microfluidic technologies, coupled with miniaturized
biosensing schemes, hold a great promise for the future. Such microfluidic devices offer
many advantages over conventional platforms, such as minimal resource (sample, reagents,
power) use, low cost, user-friendly handling, rapid TAT, integration (multimodal), automa-
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tion, and portability. Regarding the microfluidic approaches, apart from the upscaling of
the fabrication processes to allow for mass production at a low price [195], a high degree of
integration is needed for the pretreatment steps (e.g., sample preparation) and user-friendly
interfacing, so as to become more appealing to users.

Although all of these technologies struggle to meet the requirements for rapid AST,
none of them is optimal. It is highly probable that some of them will claim a large share of
rapid AST diagnostics market in the future. This market can be divided into two categories,
the central lab-based and the PON-based. The first refers to organized and well-equipped
labs (e.g., hospitals, research, and diagnostic centers) where WGS, WGM, PCR, MALDI-
TOF MS, FTIR, and automated AST platforms can also be integrated, and the latter would
be useful for small laboratories, practitioners, and pharmacists where microfluidic-based,
portable AST platforms would be more appropriate, as they are superior in terms of
portability and affordability, needing less laboratory space, and providing fast TAT at the
same time. Table 5 summarizes the main advantages and disadvantages of the methods
and technologies described.

In conclusion, the development of reliable, sensitive and affordable diagnostics will
facilitate combating the threat of AMR. Rapid diagnostic technologies employed mainly in
primary care locations (i.e., rapid diagnostic tests), could enhance and facilitate the effective
and targeted treatment. Moreover, advanced monitoring systems, such as mobile applica-
tions, coupled with surveillance programs, are essential to track antimicrobial consumption.
Emerging approaches, such as machine learning and data mining in combination with
automation, will play a key role for the next generation diagnostics. Epidemiological
surveillance is of upmost importance for AMR since it provides the necessary input for
developing and monitoring therapy guidelines, antibiotic stewardship programs, public
health interventions, and novel antimicrobials and vaccines [196]. The developments on
the cutting-edge methods and technologies addressing AMR and AST, coupled with the
surveillance programs allowing for increased and simplified data transmission, would
hugely contribute towards minimizing the detrimental effects of the AMR threat.

Table 5. Advantages and disadvantages of AMR diagnostic methods and technologies.

Method Advantages Disadvantages

Conventional methods

Phenotypic
methods

• Reference, validated methods
• Simple methodology
• MIC 1 values can be estimated
• Usually, pathogen identification is also

achieved

• Testing of individual, purified strains
• Previous cultivation is needed (difficult for fastidious

microorganisms, not possible for non-culturable ones)
• Some disagreements between standards
• For some taxonomic units, susceptibility cut-off values

have not been yet established

Molecular-
based
assays

• Elimination of sample purification
• Polymicrobial samples analyzed
• Multiplex targeting of AMR 2 determinants
• More precise detection and characterization

of ARG 3
• Relatively quick adaptation to newly

introduced resistance factors

• Need trained personal
• Expensive lab equipment
• Not capable of defining MIC
• Some ARGs could be missed (sensitivity and coverage)
• Diversity of ARG poses a difficulty in generating

assays due to the cost involved
• Not total correlation with phenotype
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Table 5. Cont.

Method Advantages Disadvantages

Non-conventional methods

WGS 4, WMS 5

• Adequate for fastidious, non-culturable
microorganisms

• For long-read sequencing platforms,
portability and affordability, less laboratory
space, and on-site sequencing

• Genetic basis of AMR established. Novel
mechanisms of resistance can be
characterized

• Simultaneous study of multiple AMR
determinants (for WMS, from different
hosts)

• Large equipment costs
• Complex, laborious methodology
• Trained personnel needed
• Sometimes discrepancies with phenotypic tests (false

positive, false negative results)
• For WMS, host of the AMR determinant is not known

sometimes
• Not capable of defining MIC
• Not total correlation with phenotype

MALDI-TOF
MS 6

• Fast analysis
• High throughput
• Automated procedure
• Simple sample manipulation
• Low running costs
• Small sample volume
• Molecular basis of AMR established

• Large equipment costs
• Testing of individual, purified strains. Previous

cultivation is needed
• Databases (including spectra from resistant and

susceptible strains) should be developed
• Need to find AMR biomarker (peak pattern). Not

applicable to all microorganisms
• Mathematical discrimination procedure needed
• No portability
• Not capable of defining MIC

FT-IR 7

spectroscopy

• Fast analysis
• High throughput
• Automated procedure
• Simple sample manipulation
• Low running costs
• Small sample volume

• Large equipment costs
• Testing of individual, purified strains. Previous

cultivation is needed
• Databases (including spectra from resistant and

susceptible strains) should be developed
• Need to find AMR biomarker (spectral pattern). Not

applicable to all microorganisms
• Mathematical discrimination procedure needed
• No portability
• IR 8 spectra influenced by culture conditions
• Not capable of defining MIC

Technology

Microfluidics
and

Lab-on-a-chip
(LoC 9)

• Fast and high throughput analysis
• Accurate fluid manipulation
• Low cost, low reagent and power

consumption
• Small sample volume
• Automated procedure
• Integration, compactness, portability
• Easy sample manipulation

• Not capable of defining MIC
• Scalability issues
• Reproducibility issues in terms of fabrication
• Large surface to volume ratio
• Surface treatment (minimize adsorption)
• Commercialization

1 MIC: minimal inhibition concentration, 2 AMR: antimicrobial resistance, 3 ARG: antimicrobial resistance gene, 4 WGS: whole genome
sequencing, 5 WMS: whole metagenome sequencing, 6 MALDI-TOF MS: matrix-assisted laser desorption/ionization- time of flight mass
spectrometry, 7 FT-IR: Fourier-transform infrared spectroscopy, 8 IR: infrared, 9 LoC: lab-on-a-chip.
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