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Abstract

Antimicrobial resistance (AMR) poses a significant and difficult problem in public health. As a
result, there is an increasing need for techniques and technologies that can quickly determine the
susceptibility of microorganisms to antimicrobial agents (AST). The traditional approaches and
technology used for AMR diagnosis and AST in clinical microbiology are laborious, have long
turnaround times (TAT), and are often costly. Consequently, the prescription of empirical
antimicrobial therapy contributes to the spread of antimicrobial resistance (AMR), resulting in
greater death rates and increased healthcare expenses. This review provides an overview of the
latest advancements in techniques and technology for combating antimicrobial resistance
(AMR). The focus is on important research areas that enable the creation of cutting-edge
diagnostic tools for AMR. Initially, we provide a concise overview of the traditional approaches
used to tackle AMR detection, surveillance, and AST. Subsequently, we analyze the latest
unconventional techniques and the progress made in each area, which include whole genome
sequencing (WGS), matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
spectrometry, Fourier transform infrared (FTIR) spectroscopy, and microfluidics technology.
Here, we provide examples of commercially accessible diagnostic tools for AST. Ultimately, this
article discusses viewpoints about the use of new ideas in order to create revolutionary
technologies and procedures for AMR diagnostics.
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1. Introduction

Antimicrobial Resistance (AMR) has emerged as a prominent health issue in contemporary
society. Antibiotic resistance is a result of the normal process of evolution in bacteria, although it
may be sped up by many circumstances [1,2]. Specifically, the overuse and underuse of
antibiotics in both people and animals result in the widespread dissemination of bacteria that are
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resistant to antimicrobial drugs, together with their genes that confer resistance (ARGs) [3,4,5].
Antimicrobial resistance (AMR) has significant detrimental impacts on human health, healthcare
systems, livestock, agriculture, environmental well-being, and subsequently, national economy
[6].

Antimicrobial resistance (AMR) poses a formidable challenge to essential aspects of modern
healthcare, resulting in significant patient deaths and illnesses, as well as substantial treatment
expenditures [7,8]. The current antibiotic therapy techniques, which are widely accepted and
used, contribute to their own decline by favoring the development of resistant strains. This
emphasizes the need of continuously finding new medicines to stay ahead of the problem posed
by antimicrobial resistance (AMR). Hence, it is essential to extend the duration of effectiveness
of existing antibiotics while simultaneously pursuing the research and development of next-
generation antibiotics. Furthermore, it is crucial to enforce effective control strategies for
antibiotic use in order to decelerate the need for ongoing exploration of novel antibiotics [1].

If no action is done, the expenses associated with the increasing rates of AMR are projected
to significantly increase [10]. The absence of potent antimicrobial agents is resulting in ordinary
infections becoming potentially fatal, hence increasing the risk of life-threatening complications
in treatments such as chemotherapy and surgical operations. Therefore, it is essential to restrict
the improper and excessive use of antimicrobials in order to prevent the spread of antimicrobial
resistance (AMR). Recent research [10,11,12,13] indicate that over 33,000 individuals perish
annually in the European Union (EU) due to diseases caused by antibiotic-resistant bacteria. The
EU has a significant yearly economic impact due to AMR, amounting to an estimated 1.5 billion
euros. This includes healthcare expenses and losses in productivity [10]. Antibiotic resistance
causes about 500,000 deaths annually worldwide, with infants accounting for more than 40% of
these fatalities [14].

Timely identification of pathogens is necessary for the most effective management of
infectious illnesses. Despite significant advancements in medical technology, the time it takes to
identify and characterize microbial infections, known as the turnaround time (TAT), may still
range from several days [15,16,17]. Consequently, doctors are compelled to initiate empiric
antibiotic treatments, usually with broad-spectrum medications, prior to establishing a definitive
diagnosis. This approach may have harmful effects not only on the patient's health (specifically,
causing an imbalance in the microbiome), but also on the worsening of the existing problem of
antimicrobial resistance (AMR). Therefore, there is an urgent want for detection platforms in
AMR diagnostics that are quick, highly sensitive, inexpensive, and cost-effective. The use of
these platforms will greatly decrease the turnaround time (TAT) for determining antibiotic
susceptibility, allowing for the selection of more effective, targeted medicines [15].

Diagnostic tests are regarded as a crucial tool in any approach to combat antimicrobial
resistance (AMR). In the context of antimicrobial stewardship initiatives, rapid diagnostic tests
(RDTs) pertaining to infectious illnesses are regarded as an essential and irreplaceable
instrument. Rapid diagnostic tests (RDTs) have shown the ability to decrease death rates, shorten
hospital stays, and cut healthcare expenses. Undoubtedly, these diagnostic tests have shown their

Chelonian Conservation and Biology
https://www.acgpublishing.com/



2669 RAPID DIAGNOSTIC TESTS FOR IDENTIFYING ANTIBIOTIC-RESISTANT BACTERIA

cost-effectiveness, not only via substantial cost reduction, but also by reducing the use of
antibiotics [17,18,19,20].

The purpose of this study is to provide an overview of the techniques and technologies
currently being used or developed to quickly identify antimicrobial resistance. Furthermore, a
concise summary of the primary benefits and constraints of various methodologies and
technologies is provided. Existing methodologies, including phenotypic and molecular-based
techniques, as well as newer approaches like whole genome sequencing (WGS) and whole
genome metasequencing (WGM), MALDI-TOF MS, and IR spectroscopy, are also critically
evaluated. Emphasis is given on advanced techniques including microfluidics and lab-on-a-chip
technologies, which show great promise in detecting antimicrobial resistance (AMR). Lastly, we
provide a concise overview of the commercially accessible platforms specifically created for
AST. Figure 1 illustrates a concise graphic that summarizes the approaches and technology
examined in the current analysis.

AMR Diagnostic Methods/Technologies

» Phenotypic methods » Genome Sequencing and » Spectroscopy-based
* Manual metagenomics » Colorimetric-based
(e.g. agar dilution, gradient test, disk +  Pyrosequencing > pH-based
diffusion and broth microdilution) . )
* WGS » Quartz-Crystal Microbalance (QCM)
* Automated platforms L
* Combination of short and long based
(e.g. VITEK® 2 COMPACT, Sensititre™
ARIS™ 2X) read WGS sequencing » Point of Care (POC)
» Molecular-based methods * Nanopore sequencing » Multiplexing
« PCR-based methods » MALDI-TOF mass spectrometry » Single-cell or single-molecule
+ |sothermal amplification » Fourier transform infrared (FTIR)
methods spectroscopy

* DNA microarrays

Figure 1. A concise graphic that summarizes the approaches and technology.
2. Advancements in microfluidics and lab-on-a-chip technologies

Lab-on-a-chip (LoC) devices using microfluidics are a very promising technology in several
domains, including clinical diagnostics [21], food safety [22], and environmental monitoring
[23]. LoC technology has recently been used for detecting antibiotic-resistant bacteria [3]. The
LoC technology has many benefits over macro-scale approaches, including quick and high
throughput analysis, precise fluid manipulation, low cost, low reagent and power consumption,
lower sample volume, automation, integration, compactness, and portability [24-27].
Microfluidic-based detection techniques may be categorized into two primary groups: genotypic
assays and phenotypic assays. Genotypic microfluidic assays such as PCR and LAMP
specifically detect genetic markers, such as ARG, without the need for bacterial growth. This
enables a reduced turnaround time (TAT) of only a few hours [28]. The integration of
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microfluidics with isothermal DNA amplification techniques provides improved capabilities by
eliminating the need for heat cycling.

This technique has great potential in the creation of cost-effective, user-friendly, and
effective diagnostic instruments for ensuring food safety, clinical analysis, and environmental
monitoring [29]. Phenotypic microfluidic assays, in contrast, observe the development of
bacteria in the presence of antibiotics, providing precise data for antibiotic susceptibility testing
(AST). Typically, bacteria are contained in tiny spaces such as chambers, channels, or droplets.
This may be achieved by using antibodies on magnetic beads or membranes to catch the bacteria,
or by encapsulating them in chambers with agarose and using hydrodynamic trapping.
Hydrodynamic trapping is a technique used to immobilize bacteria, which may be effectively
combined with microfluidics. This technology allows for the creation of densely packed trap
arrays, seamless integration, scalability, and convenient biosensing.

However, it is worth noting that the trapping effectiveness is quite low. One disadvantage
associated with the use of antibodies is the elevated expense, as well as the limited accessibility
to certain strains. In regards to the droplet-based technology, it often necessitates costly and
advanced readout techniques. The agarose-based approach may be used with normal multi-well
plates, but the process of arraying is not simple. This complicates both the automatic detection
and the data interpretation. Further research and advancements are necessary to overcome these
constraints and make these systems economically viable. The next sections will explore many
methodologies, including spectroscopy-based, colorimetric-based, pH-based, and quartz-crystal
microbalance (QCM) based methods. Additionally, the discussion will include point-of-care
(POC), multiplexing, single-cell, and single-molecule techniques.

3. Summary of AST Platforms Currently in the Market

The Adagio™ Antimicrobial Susceptibility Testing method, developed by Bio-Rad
Laboratories, is an automated method that utilizes imaging equipment. It quantifies the diameter
of the area where the growth of bacteria is inhibited by antibiotic discs. The system is equipped
with advanced data management software that enables fast and precise creation of results and
automatic interpretation of AST [30]. The Adagio system underwent evaluation for the
automated analysis and interpretation of disk diffusion AST data in bacteria. The automated
findings were visually validated and found to have good category agreement [31].

The VITEK® 2 COMPACT, developed by bioMérieux in Marcy 1'Etoile, France, is a small,
automated device designed to identify microorganisms and perform antimicrobial susceptibility
testing (AST). It does this by minimizing the need for human intervention, therefore improving
workflow efficiency and enabling faster reporting of results. The TAT (Turnaround Time) ranges
from 2 to 18 hours, but it is necessary to isolate the source organism. The VITEK® 2
COMPACT is regarded as a cost-efficient and space-efficient solution. VITEK® 2 COMPACT
utilizes a fluorogenic approach to identify organisms and a turbidimetric method for
antimicrobial susceptibility testing (AST).

The Accelerate Pheno™ system, developed by Accelerated Diagnostics in the United States,
is a completely automated system that can quickly conduct identification and antimicrobial
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susceptibility testing (AST) on samples without the need for culture. It can identify samples in
about 2 hours and perform AST in about 7 hours [32]. Gel electrofiltration is used to clean the
samples. Fluorescence in situ hybridization is used to rapidly and completely automate the
process of pathogen detection, species identification, and quantification. Additionally, it includes
an automated digital microscope for morphokinetic cellular analysis (MCA), which enables the
monitoring of phenotypic characteristics such as size, shape, and division rate of individual
living cells. This analysis may be conducted while the cells are exposed to antibiotics, and it can
also be used to estimate MIC values. The primary benefit of this system is its user-friendliness,
while its major drawbacks are the limited ability for any kind of intervention and the need to
exclusively process freshly obtained blood cultures.

The Alfred 60AST system, developed by Alifax, S.r.l. in Italy, is a highly advanced
automated system that can do several tasks such as bacterial culture, residual antimicrobial
activity (RAA) testing, and susceptibility testing. These tasks include sample inoculation,
reading, and result transmission. This device utilizes light scattering to identify living bacteria,
giving real-time information on growth curves and bacterial counts. Additionally, it can
determine the medication resistance of the bacteria within a few hours (4-6 h) with high accuracy
and precision. The combination of the Alfred 60AST system with MALDI-TOF MS for direct
identification is regarded as a fast antimicrobial susceptibility testing (AST) method. The
primary benefit of this system is its adaptability, since it permits user interventions. However,
this flexibility may also be seen as its primary downside, as it necessitates the presence of
experienced staff capable of interpreting the outcomes, such as development curves.

The MicroScan WalkAway + System, manufactured by Beckman Coulter, Inc., is capable of
identifying microorganisms and providing AST results in an efficient and automated manner. It
can process up to 40 or 96 panels at a time. The system requires minimum work and may provide
results within 4 hours, however certain samples may need overnight incubation. BD Phoenix™,
developed by Becton, Dickinson, and Company, is an antimicrobial susceptibility testing (AST)
system that delivers fast, dependable, and precise outcomes by analyzing colony inoculums. The
system utilizes an oxidation/reduction indicator and a turbidimetric growth detector. In addition,
it is possible to process 200 identifications (ID)/AST sets in under 4.5 hours.
The Sensititre™ ARIS™ 2X (Thermo Fisher) system utilizes broth microdilution, a well-
accepted method, to identify bacterial pathogens and detect growing antibiotic resistance. This
system incorporates automation, which saves time and improves efficiency in the laboratory,
ultimately leading to better patient care. The growth measurements and endpoint MIC
estimations rely on the bacterial isolates hydrolyzing a fluorogenic substrate.

GeneFluidics, Inc. provides automated systems for research purposes that may be used for
both identification and antimicrobial susceptibility testing (AST). The ProMax®, UtiMax®, and
BsiMax® platforms may provide identification and AST results from isolates, urine, and whole
blood samples. The TAT for identification is not applicable for ProMax®, 1 hour for UtiMax®,
and 6 hours for BsiMax®. The TAT for AST is 3 hours for ProMax®, 2 hours for UtiMax®, and
3.5 hours for BsiMax®. GeneFluidics' products use molecular-based identification of species-
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specific phenotypic indicators to identify resistance and susceptibility. This is achieved by
analyzing the change in 16S rRNA content of each target pathogen under different antibiotic
settings, without the need for PCR. The detection method is dependent on an array of
electrochemical sensors.

4. Summary

The emergence of antimicrobial resistance (AMR) has prompted a collaborative effort among
academia, risk managers, risk assessors, government, and industry to improve the current
methods for diagnosing and treating AMR. This involves the development of innovative tools
that overcome the limitations of existing diagnostic and treatment approaches, including the gold
standard methods and existing antimicrobial susceptibility testing (AST) methods. The primary
constraints of the already accessible tools include: the need for preliminary sample processing
procedures; their limited sensitivity; the inability to identify microorganisms in some instances;
and the absence of integration, automation, and portability. To identify certain infections, it is
necessary to follow extensive biological methods including culture, isolation, and identification.
It is crucial to prioritize and work towards significant progress in developing new testing
platforms that have higher performance characteristics. This will enable their timely approval
and commercialization. Devoting time and exertion to enhancing current techniques,
technologies, and platforms is also feasible.
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