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Antibiotic susceptibility testing (AST) specifies effective antibiotic dosage and formulates a profile of empirical
therapy for the proper management of an individual patient’s health against deadly infections. Therefore, rapid

diagnostic plays a pivotal role in the treatment of bacterial infection.

antibiotic susceptibility tests resistance

| 1. Phenotypic AST Methods
1.1. Diffusion

The disk diffusion method is the gold standard for confirming the susceptibility of bacteria. Standardized disk
diffusion was introduced by Bauer and Kirby’s experiments in 1956, after finalizing all aspects of optimization by
changing physical conditions . In this method, the isolated bacterial colony is selected, suspended into growth
media, and standardized through a turbidity test. The standardized suspension is then inoculated onto the solidified
agar plate, and the antibiotic-treated paper is tapped on the inoculated plate. The disc containing the antibiotic is
allowed to diffuse through the solidified agar, resulting in the formation of an inhibition zone after the overnight
incubation at 35 °C. Thereafter, the size of the inhibition zone formed around the paper disc is measured; the size
of the inhibition zone corresponds to the concentration of antibiotic (Figure 1) 2. Assessing and determining the
susceptibility of bacteria generally takes 16—24 h. Several diffusion-based experiments have been performed prior
to the standardized disk diffusion method. In the 1920s, Fleming was the pioneering contributor to AST. Fleming’s
gutter method was the first method of antibiotic analysis where antibiotic was dispensed into a gutter made on solid
agar that allowed the antibiotics to diffuse through it Bl. A modification to this design, called the “Oxford cup
method,” was subsequently developed by Abraham et al. in 1941, where the gutter was replaced with a glass cup
for diffusion [!. Simultaneously, in the 1940s, Pope (1940), Foster and Woodruff (1943), and Vincet and Vincet
(1944) used an antibiotic-impregnated paper disc for the diffusion of antibiotics &, These methods were hindered
by inaccurate analysis due to evaporation, difficulty in handling, sterilization, and cumbersome operation . A

single antibiotic was focused on susceptibility testing (i.e., penicillin).
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Figure 1. Representation of various conventional antibiotic susceptibility testing methods. (a) Disk diffusion,
demonstrating of inhibition zones, adapted from Sageerabanoo €. (b) Etest gradient disk diffusion, adapted from
Sader &, under terms of the Creative Commons attribution license. (c,d) Broth macro and micro dilution, showing
bacterial susceptibility based on optical density and (e) Matrix-Assisted Laser Desorption lonization-Time of Flight
Mass Spectrometry (MADI-TOF MS), adapted from the MALDI Biotyper system (Bruker, Billerica, Massachusetts,

United States), Laboratory Information System (LIS) and Laboratory Information Management System (LIMS).

Recently, the emergence of various instruments for analyzing the zone of inhibition has added to the reliability of
the disk diffusion results by reducing variability due to operator handling and interpretation. The camera or scanner
takes the picture, and the inbuilt image analysis software displays the zone of inhibition and compares the obtained
results with the various guidelines present in the database. Accuzone (AccuMed International, Hillsboro, Oregon,
USA), Biomic (Giles Scientific, Santa Barbara, California, USA), Mastascan Elite (Mast, Bootle, UK), and Sirscan
(Becton Dickinson, Oxford, UK) are a few of the instruments capable of analyzing the zone of inhibition, but all

differ in data input, analysis, ease of use, and presentation of results 19,

1.2. Dilution
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Dilution was one of the earliest tools in microbiological practice, starting in the early 1870s, and it allows the growth
and identification of bacterial populations in suspension [11] pasteur, Lister, Koch, and Ehrlich were listed as the
pioneers in the field of bacteriology, and they worked on the concept of macrodilution 2. William Roberts and John
Tyndall further contributed to the macrodilution method and observed bacterial growth in a diluted medium 3!, The
two basic types of dilution are microdilution and macrodilution, wherein broth and agar are the most commonly
used mediums. In broth dilution, consecutive two-fold dilutions (1, 2, 4, 8, and 12 pL) of antibiotics are made and
dispensed into micro-centrifuge tubes containing bacterial growth medium, followed by making up the final volume
by adding the medium and incubating overnight at 35 °C. Finally, the growth examination is carried out for setting
the breakpoint through the turbidity of culture media (Figure 1) 24151 |n agar dilution, antibiotics are diluted into

the agar medium, followed by plate formation and application of bacterial cells to the surface of the agar plate.

Microdilution is a miniaturized prototype of the macrodilution method where susceptibility testing is performed on
disposable 96-well microtiter plates, where each well has a sample capacity of ~0.1 mL (Figure 1) 1€, To dispense
the samples into microwells, mechanized dispensers are used to avoid the handling error. After overnight
incubation, growth and MIC are assessed through specialized optical instruments. This method has been well

standardized for most fastidious bacteria [2l.

1.3. Etest

Epsilometer testing (Etest) is another significant development for the routine analysis of widespread antibiotic
resistance in bacteria. In the late 1980s, Bolmstréom and Eriksson developed this test 4. AB BIODISK
manufactured the first Etest plastic strip to inspect multiple antibiotics on a single platform in 1991 (Figure 1) 71,
Etest plastic strips are coated with pre-defined antibiotic concentrations, and the corresponding interpretive MIC
ranges are marked on the surface and back of the strip, respectively. For detection, multiple strips are placed on a
pre-inoculated streaked agar plate, followed by an overnight incubation; elliptical inhibition zones appear around
the strips, indicating the MIC at the intersection point between the inhibition zone and the strip edge 18 The
simplicity, accuracy, and reliability of the Etest makes it appropriate and convenient for Food and Drug
Administration (FDA) approved commercialization 22, The ability of convenient interpretations of MIC under
diverse physical conditions made the Etest a preferential method over standardized disk diffusion and dilution

techniques in clinical laboratories for AST [£120],

Besides several advantages, there are some limitations that cannot be ignored, primarily related to the inaccurate
and inconsistent behavior of the Etest for certain antibacterial agents, such as Penicillin, ciprofloxacin, ofloxacin,
and rifampicin 21, Some additional demerits that make the Etest complicated for routine test analyses are: pH-
sensitive coated antibiotics, expensive batch performance, strip storage, and laboratory set-up for proper plate

inoculation and incubation 221,

1.4. Matrix-Assisted Laser Desorption lonization-Time of Flight Mass Spectrometry
(MALDI-TOF MS)
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MALDI-TOF MS, introduced in 2000, is another sensitive method for bacterial identification. High sensitivity and
accuracy are the key characteristics that make it a useful method for clinical relevance. Assorted studies reveal its
significance in discriminating MRSA, MSSA, and other bacterial strains where susceptible and resistant bacteria
have been evaluated through spectral peak analysis. Even the subtle difference in expression profiles have been
noticed in isogenic strains of S. aureus [23124], The efficiency of MALDI-TOF MS has been further investigated on
vancomycin-resistant Enterococci, where sensitivity higher than 90% has been recorded. Furthermore, analysis of
multiple targets with different resistant strains of Pseudomonas spp. against ciprofloxacin, tobramycin, and
meropenem have been identified efficiently 22, The newly developed MALDI Biotyper antibiotic susceptibility test
rapid assay (MBT-ASTRA) is a more-straightforward and cost-effective modulation of MALDI-TOF MS used for
both AST and MIC determination (28], Despite all the advantage of MALDI-TOF MS, the expensive nature of the

instrument and its maintenance are prime disadvantages for mass application.

1.5. Automated Systems

Since the dawn of automated technologies in the 1980s, antibiotic susceptibility tests have been perpetually
improvised and, hence, have superseded conventional phenotypic methods [&. Automation, simplicity, and
compactness are the major reasons for their widespread acceptance in diagnostics. Computer integration has
allowed online analysis and data sharing, which is a giant leap for results validation, especially in remote areas 7.
Among the developed automated systems, MicroScan WalkAway (Beckman Coulter, Inc. Atlanta, Georgia, USA)
(1980), Micronaut (Merlin, berlin, Germany) (1990), the avantage test (Abbott Laboratories, Irving, Texas, USA)
(1980), Vitek 2 (bioMe’rieux, Marcy-I'Etoile, France) (2000), Phoenix (BD Diagnostics, Franklin Lakes, New jersey,
USA) (2001), and Sensititre ARIS 2X (Trek Diagnostic Systems, Oakwood Village, Ohio, USA) (2004) are the major
FDA approved systems for AST. Vitek and Pheonix detect growing bacteria on the basis of turbidity, whereas
comparable automated systems like MicroScan WalkAway (Beckman Coulter, Inc. Atlanta, Georgia, USA) and
Sensititre ARIS 2X (are based on fluorescence emission of the growing bacteria. The resistance in gram-negative,
gram-positive, and Streptococcus strains of bacteria can easily be estimated through Phoenix, and Vitek 2, but,
MicroScan WalkAway and Sensititre ARIS 2XESBL (Trek Diagnostic Systems, Oakwood Village, Ohio, USA) are
capable of detecting the extended-spectrum beta-lactamase (ESBL)-producing strains in the species mentioned
above 28, Micronaut and Avantage are capable of accurate direct susceptibility testing for gram-positive and gram-

negative bacteria, respectively 2239,

Detection incompatibility for many bacteria/antibiotics using Sensititre ARIS 2 and Vitek 1 have led to the
development of the updated Sensititre ARIS 2X and Vitek 2, which have better performances and are applicable to
a broader range of bacteria/antibiotics. Presently, all the automated systems are incorporated with advanced expert
system software for enhanced performance and online data processing [19. Every automated system has a specific
panel capacity and an average time for performing detection, which varies from 40 to 100 wells, and can vary in
time such as 20, 12 and 9 h, respectively. Certain models such as Phoenix AP, and Vitek 2XI, are dedicated

towards automated inoculation, enhanced card capacity and compactness.
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The aforementioned systems lack reproducibility, sensitivity, and reliability compared with the existing traditional
methods. Moreover, an inability to test a wide range of clinically relevant bacteria (e.g., S. pneumonia),
antimicrobial agents (e.g., vancomycin), and heteroresistant isolates, as well as a limited panel capacity and the
high cost of instruments and consumables, are all significant issues that restrict these systems from frequent

analysis (311,

| 2. Genotypic AST Methods

Molecular or genotypic AST are the effective direct methods that eliminate tedious bacterial cultures, long
incubation, chances of contamination, and the spreading of deadly infections 2. PCR, DNA microarray and DNA
chips, and loop-mediated isothermal amplification (LAMP) are some of the genotypic techniques for the detection
of antibiotic resistance. Mutational assessment of methicillin resistance in Staphylococcus spp., vancomycin
resistance in Enterococcus spp., and multi-antibiotic (isoniazid, rifampin, streptomycin, pyrazinamide, and the
fluoroquinolones) resistance in Mycobacterium spp. have been successfully estimated through various genotypic

techniques.

PCR is one of the most efficient and rapid molecular tools for quantification and profiling of bacterially infectious
genes. The first report on PCR diagnostic application was published by Saiki et al. [23l. The general methodology of
PCR includes cycles of denaturation, annealing of the primers, and elongation of the primers by a thermostable
DNA polymerase in a compatible buffer containing nucleotides, ions, and so on. Each cycle of amplification
doubles the target DNA molecule. The amplified target can be confirmed for the presence of resistance genes
through electrophoresis, southern blotting, restriction fragment-length polymorphism, single-strand conformation
polymorphism (SSCP), DNA fingerprinting, molecular beacons, and other DNA sequencing analysis methods
(Figure 2) [338134] Another tool developed on the basis of PCR is LAMP, which has also been used for the
evaluation of AST. In LAMP, the gene of interest is amplified at a constant temperature of 60-65 °C using
a Bst DNA polymerase instead of Taqg polymerase because of strong strand displacement activity (required in

isothermal techniques) 251,
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Figure 2. Digital PCR-High Resolution Melt analysis (HRM)-based bacterial identification from mixed bacterial

samples, reproduced with permission from 28 published by American Chemical Society, 2017. (SVM: Support-
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vector machine)

DNA microarrays and DNA chips are the other promising technologies utilized for screening susceptibility 7. DNA
arrays employ cDNA fragment probes on nylon membrane, where each DNA chip has a glass or silicon platform for
probe binding. The specific hybridization of the labeled probe with the target and its recognition help to determine
the resistance. Determination of isoniazid resistance in M. tuberculosis has been carried out successfully through
DNA microarrays and chips [B8I23 Colorimetric detection and multiplexing are the attractive features of these

techniques.

| 3. Emerging Methods for AST

Microfluidics-based diagnostics are one of the most promising emerging tools for AST. Microfluidics is an evolving
field characterized by the manipulation of fluids in micro-volume, thereby offering portability, cost-effectiveness,
multiplexing, reproducibility, and a controllable environment in an in vitro system . The concept was first
introduced in the semiconductor and micro-electromechanical systems (MEMS) industries, then further extended to
the field of biomedical research #9. Integrated microfluidic devices, generally referred to as micro total analysis
systems (UTAS), are proficient in performing molecular diagnostics 4],

The quantity of samples has always been the biggest challenge for biological studies in general, and pathological
analysis in particular. Since microfluidics is capable of dealing with the minimal quantity of samples, it has therefore
emerged as a promising tool for pathologists. Currently, microfluidics platforms are capable of single-cell analysis,
and can even analyze the single-cell interrogation of signaling networks in cultured cell lines. In the past decades,
numerous conventional and automated strategies have been successfully embraced to diagnose the ever-
increasing antibiotic resistance in bacteria 42, Nevertheless, the most-practiced techniques, such as disk diffusion
and microdilution, have a high chance of cross-contamination, laborious protocols, lengthy processing times,
improper power supplies, and cumbersome set-ups that render their application in resource-limited regions, and
unfortunately, these regions have a higher rate of resistance too 43441 The rise of microfluidics as a diagnostic tool

has shown promise in addressing the abovementioned shortcomings 4311461,

Progression in optical imaging has developed various image sensors with high sensitivity and resolution that are
capable of biological analysis. These imaging systems are frequently used for morphological and growth studies of
bacteria. Generally, owing to real-time analysis and minimum culture dependency, microfluidic devices coupled
with an optical sensor can perform AST and detect the MIC in few hours 7. Recent reports based on single
bacterial cell analysis have claimed that optical sensor-based nanofluidic (30 nl) can finish AST within 30 min 48],
This direct imaging of single bacterium requires simple sample preparation steps, but eliminates the tedious steps

of continuous sample injection, loading of cells, and counting-based cell identification 4.

Fluorescence proteins and dyes are commonly used for tagging resistant biomarkers. These proteins/dyes can be
of biological or chemical origin. One of the pioneer proteins used for imaging is green fluorescent protein (GFP).

GFP, obtained from jellyfish Aequoria victoria, is essential for the noninvasive real-time monitoring of antimicrobial
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susceptibility 421, Adding to this, the same group was able to evaluate multiple antibiotic sensitivities in real-time in
polymicrobial culture bacterial strains (namely, E. coli, P. aeruginosa, and K. pneumoniae) simultaneously. Green
and red fluorescent protein tagging have been utilized for real-time growth quantification in the presence of multiple
antibiotics on a multiplexed microfluidic platform (Figure 3) B9, All these methods are sensitive and reliable, but
creating these recombinant bacteria requires molecular handling, which is a challenge for routine clinical
observations. Fluorescent dyes are another means for optical fluorescence tagging. These chemicals, with all the
benefits of the fluorescence protein, can avoid stearic hindrance due to their small size, and elimination of cloning
or transformation. SYTOX green and resazurin (alamarBlue; inactive precursor of resazurin) are two common
fluorescence indicator dyes used for viability testing in AST BB2. Similarly, resazurin can be utilized in colorimetric
detection. When the culture media is supplemented with antibiotic and resazurin, a uniform intense blue color is
obtained in the beginning. In the presence of resistance, the resazurin is reduced to resafurin, and the intense blue
color changes to pink and leuco; in the absence of resistance in bacteria, the blue color sustains. This method is
also translated to a microfluidic chip for MIC estimation for four different antibiotics against 20 clinical strains
of Escherichia and Shigella 321,

Figure 3. Demonstration of sensors for antibacterial susceptibility testing involving (a) an optical microfluidics
biosensor, showing optical detection of microbial cultures, reproduced with permission from BY, published by RCS
Advances, 2015; and (b) an electrochemical biosensor, detection was based on hybridization of the target bacterial
16S rRNA with a detector probe, adapted with permission from Liu B3 (under terms of the Creative Commons

attribution license).
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